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1 Introduction

1.1 General introduction

Porous materials are solid structures that permanently contain pores. On a macroscopic level, the
porosity can be illustrated by a pumice (Figure 1.1), which rough surface with vesicles reflects the
porosity that porous materials contain on a nanolevel. Based on the size/diameter of these pores,
porous materials can be classified as macroporous (pore size >50 nm), mesoporous (2-50 nm) and
microporous (<2 nm).[ These pores lead to large, accessible surface areas, which make these
materials interesting for, amongst others, energy storage, 28l catalysis, @4l sensing,@? and gas
separation (Section[1.4.2)

Figure 1.1: Photograph of a pumice. The rough surface with its vesicles can be used to illustrate the porosity of nanomate-
rials on a macroscopic level.

The history of porous materials goes back into the 18" century, when zeolites were discovered
as natural minerals. ™ At that time, their porosity remained unknown and was only discovered later.
Zeolites are inorganic materials, consisting of aluminosilicates, which are bridged by oxygen atoms.
Based on the geometry, they can form several different types of pore architectures and pore sizes.
Besides the naturally occurring minerals, zeolites have to date also been synthesised artificially.
In the 1990s, porous inorganic-organic hybrid materials were discovered, namely metal organic
frameworks (MOFs). They consist of metal ions that are coordinated by multivalent organic
linkers. That way, one linker coordinates several metal ions, and a regular framework structure with
voids is formed.[2 In 2005, Yaghi and co-workers designed covalent organic frameworks (COFs),

which are the fully organic equivalent of MOFs. 3!
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To this end, two or more multivalent building blocks react with each other forming the polymeric COF
linkage. In this thesis, valency refers to the number of functional groups in building blocks that are
used to form the COF linkages. The terms 'functionalised' and 'functionalisation' refer to any additional
functional groups that are present in the COF but that are not involved the linkage formation. Other
relevant terms that are part of the COF nomenclature are related to the position of the building block
in the framework: linkers and nodes, which at least should be a combination of a divalent and trivalent

building blocks to enable the formation of a framework.

1.2 Covalent organic frameworks

The first COFs consisted of boronic esters and boroxine anhydrides and were synthesised by
dynamic covalent chemistry (DCC).H3%15 Dynamic covalent chemistry refers to reversible reactions
carried out under thermodynamic reaction conditions. A requirement for a dynamic covalent reaction
is a reaction rate high enough to have an equilibrium during the framework formation, but low enough
to form stable products. Typically, dynamic covalent bonds are often only broken by a catalyst.[4! The
constant cleavage and reformation of bonds can transform amorphous polymers and oligomers into to
crystalline frameworks with long-range order. Alternatively, DCC enables the opportunity for exchange

reactions with a different monomer to form new COFs. 1618l

Powder X-ray diffraction (PXRD) measurements and high-resolution transmission electron mi-
croscopy (HR-TEM) images have revealed the crystalline nature of COFs and the regular structure of
pores. 19201 One advantage of COFs over MOFs is that they combine several advantages of dynamic
chemistry with a high chemical stability due to the formation of covalent bonds. In more detail, the
dynamicity enables error correction during the framework formation, which results in higher degrees
of crystallinity, and it also opens the possibility for linker-exchange reactions. Based on their type of
linkage (Section[1.2.1), COFs can retain their crystallinity and chemical composition in acidic and/or

alkaline solutions. 2124l

COFs can be synthesised based on tetravalent, tetrahedral building blocks to form a three dimen-
sional (3D) framework. [25%29 Alternatively, aromatic building blocks, for example trialdehyde nodes
and diamine linkers, are linked together, leading to two dimensional (2D) polymeric sheets, which form

a 3D structure with channel-like pores due to 7-w-stacking (Figure 1.2).[630
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Figure 1.2: Schematic representation of 2D COF condensation. The building blocks react with each other, forming regular,
2D polymeric sheets, which stack upon each other by 7-7-stacking.

Several different reaction conditions have been reported for COFs, including microwave-assisted
synthesis, mechanochemical synthesis and solvothermal synthesis. 2l For many COFs, the reaction
conditions — such as temperature, inert atmosphere, catalyst, solvents — have been optimised to

achieve high porosity. 2151331

Most COFs have been synthesised by via solvothermal synthesis.[?l The term 'solvothermal syn-
thesis' refers to a synthesis in a closed reaction vessel under elevated temperatures, leading to a
reaction under a higher than atmospheric pressure. Typically, the building blocks are dissolved in the
optimised solvent mixture in the reaction vessel, subjected to three freeze-pump-thaw cycles and then
often closed by flame sealing. As flammable organic solvents are used, the flame sealing requires
special knowledge to perform it safely. The reaction is then mostly left for three several days to allow

the reaction to reach the thermodynamic minimum for a high crystallinity and porosity.

These harsh conditions led to the development of milder methods. It was found that the reaction
of a hydrazine COF at room temperature for three days led to a moderate Brunauer, Emmett, Teller
(BET) surface area (Sgpr) (Section of 446 m2/g.l24 Only 2 h at room temperature were
needed when transition-metal nitrate catalysts were used to synthesise imine-linked COFs. 133l As an
alternative to decrease reaction times, microwave-assisted synthesis can be employed. High surface

areas (Sppr > 1000 my/g) were achieved within a reaction time of 3 h.1

The solvent-free mechanochemical synthesis, developed by Banerjee and co-workers, illustrates
the large variety of synthetic methods to obtain COFs. 23 Grinding the building blocks in a mortar
can lead to 3-ketoenamine COFs with moderate crystallinity within 40 min. The reaction uses the
mechanical energy instead of thermal energy and the absence of solvents is advantageous, as it is

more environmentally friendly, and intrinsically leads to a high concentration of all reagents involved.
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The variety of different linkage motifs, the large diversity of building blocks and the different synthetic
methods illustrate the tuneability of COFs, which further shows their potential as promising candidates

for many applications.

1.2.1 Linkage chemistry

The classification of COFs is not only based on the dimension (2D/3D), but also and mainly based
on the linkage chemistry that connects the building blocks in COFs. Each different type of linkage
has certain advantages and disadvantages, which can be explained by the COF trilemma. 8l Three
different features are important to obtain ideal COFs: stability, crystallinity, and functionality. However,
these features compete with each other. By employing reversible reactions, a higher crystallinity
is achieved through a better reversibility of the reaction, as this enhances the correction of any
crystallinity error to reach the thermodynamic minimum. Concomitantly, a higher reversibility means
that the bonds are more easily cleaved, yielding structures that are more susceptible to hydrolysis,
deteriorating the COF stability. Harsher reaction conditions, i.e., higher reaction temperatures and
pressures, can also enhance the reversibility of the reaction. Unfortunately, functional groups attached
to the building blocks are often not compatible with these harsh reaction conditions. Therefore, a
compromise must be found between stability, crystallinity, and functionality of the resulting COF. 138l
This can be done by choosing a specific COF linkage. The most common COF linkages will be

discussed in this section.

As already mentioned, C6té et al. synthesised the first COF in 2005, which was based on boronic
esters or boroxine anhydrides. 13 Boronic esters are formed by the condensation of catechol units
with a boronic acid or boroxines, also termed boronic anhydrides, are formed through dehydration
of boronic acids. While boronic acids are attractive for the synthesis of COFs given their large
diversity and commercial availability, boron based COFs suffer from hydrolytic instability, reducing
their applicability (Table 1.1). 7 The BET surface area of the boroxine COF-1 and the boronic ester
COF-5 were reported to be 711 m?/g and 1590 m?/g, respectively.

Covalent triazine frameworks (CTFs) can be considered as a subclass between COFs and porous
organic frameworks (POFs), which are the non-crystalline equivalent of COFs. 28l CTFs are formed
through the ionothermal synthesis of nitrile monomers in the presence of zinc chloride. B9 lonothermal
synthesis uses ionic liquids as solvents, but they can also function as template for the pre-organisation

of monomers. #% During the reaction, the nitrile groups react to triazine rings and form pores. The

11
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high nitrogen content, which can interact with analytes, and the high chemical and thermal stability
make this subclass of COFs interesting for a large variety of applications, such as gas adsorption
and storage, heterogeneous catalysis and photocatalysis. %8 However, not all CTFs are crystalline,

and the reaction conditions are usually very harsh, i.e., > 400°C or requiring superacids as catalysts

(Table 1.1). %8

One of the most common types of linkages in COF chemistry are imines.® Imines are synthesised
via a condensation reaction from an aldehyde and an amine under acidic catalysis (Scheme 1.1),
which is also known as Schiff base chemistry. [2314142] Schiff base chemistry was already developed
in the 19t" century 2l and is therefore well known, and well understood. Furthermore, a large variety
of aldehyde and amines are commercially or easily synthetically available, which results in a large

number of different COF structures.

. [H*] .
R R/QN'R . H,0

X -
RS0 ¢ HN

Scheme 1.1: General scheme for the condensation reaction of an aldehyde and an amine forming an imine.

The advantage of imine-based COFs compared to boron-based COFs is their increased hydrolytic
stability (Table 1.1). Imine COFs are stable in most organic solvents, water and alkaline condi-
tions. 43l The first imine COF was synthesised by Uribe-Romo et al. in 2009, via the condensation of
tetrakis(4-aminophenyl)methane with terephthalaldehyde (PDA) using acetic acid as a catalyst. 23
The crystallinity was confirmed by PXRD measurements, and the BET surface area was determined

to be 1360 m?/g based on argon adsorption at 87 K.

Up to July 2022, the number of publications of imine COFs has reached over 650,44 and a
large variety of functionalised and non-functionalised building blocks has been employed, of which
some are depicted in The building blocks vary in geometry, size, symmetry, reactivity,

functionalisation, and valency.

The work on imine chemistry was the starting point to develop similar, yet different linkages such as
azines, B745l hydrazones, 4648 imides, #91l and 3-ketoenamines for COFs (Scheme 1.2). [821135552]
Azine COFs are of interest, because of their good chemical and thermal stability (Table 1.). Moreover,
the short hydrazine unit makes them interesting for applications that require small pores. 2l Hydrazone
COFs possess weaker interlayer interactions, which makes it easier to exfoliate the stacked COF

layers to achieve nanosheets. 8 Stegbauer et al. reported on a hydrazone COF that was the first
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Figure 1.3: Selection of a series of aldehyde and amine building blocks to illustrate the variability of imine COFs.
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Scheme 1.2: Overview of the building blocks and the chemical structure of the azine, hydrazone, and imide linkages.

to produce hydrogen (Hz) from water under visible-light irradiation. #Z Imide COFs are known for
their great chemical and thermal stability. However, the formation of high porosity imide COFs can
be challenging because the reaction is limited in dynamicity (Table 1.1). Additionally, to form imine
COFs harsh reaction conditions, e.g. temperatures up to 150-200°C, are needed, which limits the

compatibility with functional groups. #2-%1l

B-Ketoenamine COFs are based on aldehyde-amine condensation, first forming an imine bond
(Scheme 1.3). In contrast to imine COFs, the aldehyde building block is mostly 1,3,5-triformylphloro-
glucinol (TFP). The additional hydroxy groups tautomerise irreversibly to form g-ketoenamines. This
irreversible tautomerisation leads to an enhanced chemical stability with respect to imine COFs
(Table 1.7). At the same time, this irreversible step hampers the error-correction that is required to
obtain a porous framework structure that is highly crystalline. The group of Banerjee of reported the
first 8-ketoenamine COF in 2012. 121 They used TFP, 1,4-phenylenediamine (PA) and 2,5-dimethyl-
1,4-phenylenediamine (PA-2) as building blocks for their COFs. Both COFs showed an exceptionally
strong resistance towards aqueous solutions of 9 N HCI and 9 N NaOH. Soon after, Banerjee and
co workers reported on a possibility to synthesise these COFs via a mechanochemical synthesis. 3!
Moreover, mechanical grinding can be used to delaminate the COFs into nanosheets. 23l Karak et
al. further optimised the mechanochemical grinding by using p-toluenesulfonic acid.®? The acid
ensures the reversibility of the reaction and leads to higher crystallinity and porosity in comparison to
grinding without acid. This process allows for large-scale synthesis of 3-ketoenamine COFs with up
to 10 g/s. The resulting COFs exhibit very high BET surface areas of approximately 3100 m?/g after
60 s reaction time. The authors demonstrated that COFs could be processed in situ into a variety of

different shapes.

So far, all examples for COF formation rely on the formation of different types of C-B, O-B or

C-N bonds during the reaction. In 2016, the synthesis of fully C=C linked COFs was achieved by



1 Introduction

OH

NH,

Scheme 1.3: 1,3,5 Triformylphloroglucinol reacts with 1,4-phenylenediamine forming an imine-linked COF, which can then
tautomerise into the 3-ketoenamine COF.

Knoevenagel polycondensation.®¥ C=C bonds enhance the conjugation with respect to the C=N

bonds of imines, which leads to a better ion conductivity. % On the one hand, the chemical stability of

C=C bonds is much higher compared to bonds including heteroatoms, which makes vinylene COFs

advantageous for applications. On the other hand, the synthetic control to achieve regular pores

remains a challenge, because the C=C bond formation is less dynamic (Table 1.1). 8!

Table 1.1: Summarised overview of the advantages and disadvantages of COF linkages related to the COF trilemma.

COF Chemical stability  Crystallinity  Functionality
Boronic ester hydrolytically poor high high
Boroxines hydrolytically poor high high
CTFs good varies limited
Imines good high high
Azines good high medium-low
Hydrazones great high high
Imides great low low
B-Ketoenamines great low-medium medium-high
Vinylene great low medium

15
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With respect to the COF trilemma and considering the advantages and disadvantages for all different
linkages, we have chosen to focus on imine COFs. Compared to hydrazones — the type of linkage
that shows the best specifications in — imines are more widely used, and their chemistry is
well understood. Moreover, the large variety of potential building blocks (aldehydes and amines) also
allows for a wider COF tuneability. With gas interactions and related applications in mind, we aimed

for highly crystalline COFs in order to have many gas adsorption sites.

1.2.2 Pore architecture

Besides the type of COF linkage, also the pore size and pore geometry determine the COF structure
and its properties to a large extent, which can be rationalised by their impact on the high surface to

volume ratio of COFs. Control over pore size and pore geometry is therefore crucial.

Reticular chemistry is the concept to pre-design a framework/COF structure based on rigid building
blocks by strong, covalent bonds. It is a prerequisite to use well-defined, rigid building blocks that
maintain their structure during the reaction.’®4 Therefore, COF synthesis makes usually use of
aromatic building blocks. These conjugated molecules do not possess many degrees of freedom
and maintain their structure. The valency of the building blocks and their angles predetermine
the pore shape.®! One of the most studied COFs — TFB-PA — is synthesised based on 1,3,5-
triformylbenzene (TFB) and PA.¢! The combination of a (3,2)-connected 2D framework leads to the
formation of hexagonal pores, forming a honeycomb (hcb) topology. The pore size can be varied
by the size of the building blocks. In more detail, the use of benzidine (BD) instead of PA leads to
larger pore sizes.® The hcb topology is also available from (3,3)-connected building blocks. In that
case, the building block at the vertices alternate, and the resulting pores consist of less molecules per
pore, which results in smaller hexagonal pore sizes. 4-Connected building blocks can form different
types of topologies based on the angle between the linkages. A 4-connected porphyrine derivative,
which has 90°angles, can react with a ditopic linker. This geometry combination forms the rectangular
'square grid like' sql topology (Figure 1.4). However, a building block with 120° and 60° angles, such
as tetraphenyl ethylene-based building blocks, would form the kagome (kgm) topology with a ditopic
linker. The kagome topology consists of two different pore geometries, i.e., triangular and hexagonal,

and sizes. 28!

Reticular design refers to the pre-design of a preferred topology. The chosen topology is decon-

structed into the underlying geometric units, for which then molecular equivalents can be found. This
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sql kgm

Figure 1.4: Schematic representation of square grid-like sql and kagome kgm topology and an example of the building
blocks forming such a topology.

concept gave rise to the development of many different topologies with one, two or more different pore

geometries. [28160-62]

In this thesis, the honeycomb topology was chosen due to the commercial availability and facile

synthesis of the respective building blocks.

1.2.3 Functionalisation

The advantage of COFs over other porous nanomaterials lies in the huge diversity of building blocks
and synthetic possibilities to modify organic molecules. The aluminosilicates of zeolites consist of
only three different atoms: aluminium, silica, and oxygen. In MOFs, the structural variety is already
enhanced due to variation of the metal centres and due to the organic linkers, which are easily
functionalised and varied. COFs possess an even broader building block library. Besides changing
the valency and geometry of the respective building blocks, functional groups can be incorporated.
The functional groups can enhance COF properties and additionally they can play an active role in
the desired application and/or facilitate COF characterisation. 83 However, the use of functionalised
building blocks in the synthetic scheme is limited by the tolerance to the reaction conditions and the
reactivity of the building block itself. Two different ways to functionalise a COF can be differentiated:

pre-synthetic and post-synthetic functionalisation (Figure 1.5). In pre-synthetic functionalisation,

17
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Figure 1.5: Schematic COF synthesis with a functionalised building block (step 1) and the post-synthetic conversion into
different functionality (step 2).
the building blocks carry already the functional group of choice during the polymerisation and in

post-synthetic functionalisation, the already existing COF is further modified.

The structural variety of potential building blocks is huge, and it is not possible to give a complete
overview of all moieties involved. The standard phenyl substitutions such as hydroxy, ! methoxy, (6463l
fluoride 8l or isopropy! 257 are the classical strategy for functionalisation as indicated in[Figure 1.3}
The hydroxy group was for instance employed to vary the push-pull electronic effect by tautomerisation
in a series of imine- and B-ketoenamine-linked COFs. B! The isopropyl substituent was used to tune the
COF stacking to achieve staggered AB or ABC stacking in contrast to the usually obtained eclipsed AA
stacking. 84 The hydrophobic isopropyl groups also protected the imine bonds from hydrolysis, leading
to more chemically robust COFs. Recently, ionic COFs have been synthesised with guanidinium or
sulfonic acid moieties. 6869 Both moieties are known for their interaction with either cations® or
anions, 7% which could be beneficial for ion sensing or desalination purposes. Next to ionic groups,
functional groups can also possess redox activity. 8! A whole range of functionalised 3-ketoenamine-
linked COFs has been synthesised by Biswal et al. and studied for water adsorption.!”!! The functional
groups on the phenylenediamine or benzidine core included methyl, methoxy, tetrafluoro, and nitro

groups. They also used azodianiline to incorporate a group that can isomerise upon irradiation.

The dynamic chemistry of COFs enables the use of monovalent building blocks, termed modulators.
Due its monovalency, the modulator would terminate the reaction, but it can be replaced by a building
block to continue polymerisation again. Mostly non-functionalised modulators were employed in
studies and it was shown that they slow down the polymerisation, resulting in COFs with higher
crystallinity and higher porosity. 72°89 Calik et al. studied the position of the modulator by using a

thiol-functionalised modulator to enable staining with iridium clusters. 8! High-angle annular dark-field
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Figure 1.6: Schematic overview of the different post-synthetic functionalisation possibilities.

scanning TEM showed that the stained modulators were mainly located at grain boundaries. In
addition, Lee et al. reported on modulators used for SO, capture. 8!l In more detail, they synthesised
imide COFs with a dimethylamine functionalised modulator and obtained a high uptake of 6.30 mmol/g,

which equals 40 wt%.

Alternatively, the functionalisation can be achieved post-synthetically. The good stability of COFs
is advantageous for one or more following reaction(s). Post-synthetic functionalisation has been
widely studied and several different approaches have been reported. 13! Metalation is by far the most
reported post-synthetic modification, but also linkage conversion, functional group interconversion or
linker-exchange have been described (Figure 1.6). Imine linkages are the most extensively studied

COFs for post-synthetic modifications. 63!

Post-synthetic metalation has been carried out with a large variety of different metal ions, such
as main group elements (Ca, 8 Srl8l) early transition metals (Ti, 83 V84 Mn, [8218586] \jpl67]),
typical metals for heterogeneous catalysis (Fe, 88790 Co, [85188190792] Nj [83190i93] Gy, 85194195 Rpy [96]
Pd 61861965981y " and also rhenium, 8899 and iridium18Z have been incorporated into the frameworks.
The organic ligand can be the COF linkage with or without additional functional groups on the
building blocks. Diaminobipyridines are typically used as building blocks for post-synthetic metalation.
The diamine groups can react with the aldehyde groups of a second building block to form the
imine linkages, while the bipyridine moiety can coordinate the metal ion.®1! Furthermore, porphyrin
derivatives have been of particular interest, because the tetrapyrrole core can coordinate a large

variety of metal ions and the framework pores can be doped with different metals. 16388l Such bimetallic
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doping has been utilised in cascade reactions. 8826 |n many cases, metalation is used to obtain
heterogeneous catalysts. The applicability of COFs in catalysis has been shown by a variety of
reactions, such as Suzuki-Miyaura and Heck cross couplings, addition reactions, cyclisation and
one-pot cascade reactions, as well as oxidation and reduction reactions. 3! In more detail, metalated
COFs can, for example, catalyse the reduction of carbon dioxide (CO2) to carbon monoxide, which is
an industrially used precursor for many processes. 22 Kushwaha et al. reported on an iron-metalated,
azine linked COF.11% This Fe-COF maintained the magnetic properties of iron and the large surface
area allowed for a high level of dispersion of the magnetic iron particles within the COF. The Fe-COF
was used as a coating of clothes to form a magnetic vest. Only 72 mg of Fe-COF were able to lift a
mannequin doll of 10 g in weight, which is a 12-fold increase compared to the performance of pure
nanoparticles. The authors suggest that such vests, which would contain 550 g Fe-COF for a 75 kg

person, can be used to rescue people with a drone.

Post-synthetic modifications allow to change the COF linkage after the formation of a regular
framework. This strategy can make inaccessible COF linkages accessible or it can be used to
enhance the crystallinity and porosity of the COF. Amides, for instance, are stable bonds that are
difficult to break, and therefore not good for the use in dynamic COF chemistry. One approach to
generate highly crystalline COFs with amide linkages includes the syntheses of an imine-linked COF
initially, which was then, in a second step, oxidised into its amide equivalent.l1%l The symmetry
and crystallinity as well as the porosity of the imine COF were retained during the oxidation step.
Soon after, the same research group reported a strategy to access oxazole and thiazole COFs from
imine COFs in a two-step reaction. 192 Again, an imine COF was synthesised in the first step. In a
second step, the amine building block was exchanged by a hydroxy- or thiol-functionalised amine.
The hydroxy or thiol group can react with the imine bond, followed by an oxidation to yield oxazole or
thiazole linkages with retained porosity. The conversion was confirmed by solid-state nuclear magnetic
resonance (ssNMR) and the new linkages were more stable compared to the pristine imine COF.
A direct synthesis of crystalline COFs with oxazole and thiazole linkages is difficult due to the final
irreversible oxidation step. The backbone modification is not limited to intramolecular reactions but
can also involve additional molecules. For example, Li et al. locked the imine linkage through the
subsequent reaction with phenylacetylene via an aza-Diels-Alder cycloaddition.! 1% The obtained
quinoline-linked COF displayed retained crystallinity and enhanced chemical stability in strong acidic

and alkaline solutions and in redox environments compared to the pristine imine COF.
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Functional groups in the COF building blocks can be further reacted after the polymerisation,
which is often termed as 'pore-wall engineering' or 'channel-wall modification'. The functional group
interconversion reactions require good conversions and high specificities to ensure that most functional
groups have been transformed. The insolubility of COFs further complicates the analysis of the
resulting material so that the material composition is not always unambiguously clear, which is a
disadvantage of post-synthetic modifications. Click reactions are known for their good yields as
well as their regio- and stereospecificity and therefore they are an attractive tool in post-synthetic
functionalisation. 1% The first example of a copper(l)-catalysed alkyne-azide cycloaddition (CuAAC)
for the post-synthetic modification of a COF was reported in 2011 by Jiang and co-workers. 103l
They employed an azide-functionalised building block for their boronic ester COF, which could click
with different alkynes to show the large diversity of the modification. Huang et al. employed an
alkyne-functionalised porphyrin COF in a CuAAC reaction to incorporate different functional groups
(Et, EtOH, AcOH, MeOAc, EtNH>) into the pores.!1%! Besides the widely used CUAAC reaction,
strain-promoted cycloadditions, and also addition and substitution reactions were used in pore wall
engineering. 831071 Next to click reactions, etherifications can be employed to attach, for instance,
zwitterionic molecules or tetraethylamine bromide containing moieties at the pore walls. 108109 The
resulting COFs catalyse the reduction of CO5 in the presence of N-methylaniline and phenylsilane, or

the formylation of amines with CO» and phenylsilane.

The dynamic chemistry also allows COF-to-COF transformations by building block exchange. This
strategy offers the possibility to enhance the crystallinity of COFs or to obtain COFs that were not
accessible via direct synthesis. 18118l Qian et al. reported the first COF to COF linker-exchange by
replacing PA with BD in an imine linked COF, which yielded an almost complete transformation. 119
This way, pristine imine COFs have been exchanged to oxazole, 1% thiazole, 122 imide, 18l azo 111!
and amide COFs.12l A varied size of the building block molecule changes the pore size of the
COF. Cao et al. exchanged PA with hydrazine to obtain smaller pore sizes to enhance the sieving
properties of their pristine COF. 113l The reversibility of this exchange becomes apparent through the
reversible linker-exchange in which hydrazine got replaced by PA.14 The authors reported on a
time-dependent linker-exchange. As long as not all linkers were exchanged, the effective pore size
was narrowed, allowing them to control the pore size needed for the desired membrane separation.
Ma et al. exchanged Cx,-symmetric building blocks for Cs-symmetric ones.13 This difference in

building block symmetry expanded the scope of the linker-exchange strategy. Furthermore, this
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linker-exchange strategy can be used to incorporate functional groups into the framework or transform
a 3D COF into a 2D COF by varying the geometry of the building block. 18117 This approach has

also been employed to transform linear polymer into 2D COFs, l1181119]

To conclude, functionality plays an important role in COF design, because it can enhance the
material quality and tailor the structure towards the desired application. Expanding the scope of
COF functionalisation enhances the understanding of structure-property relationships and can help to

improve the already existing COFs.

1.2.4 Stability

As discussed in the COF trilemma, stability is one of the key aspects for COFs. Stability refers to

several different aspects: chemical, thermal, activation stability and stability over time (Figure 1.7).

The chemical stability was discussed in Section[1.2.7]to illustrate the advantages and disadvantages
of the different linkages. The thermal stability refers to the temperature at which the material degrades,
e.g. the covalent bonds are broken. COFs usually start decomposing at temperatures of 300°C or
higher, indicating high thermal stability. ©59120] Evans et al. found that the thermal degradation of
boronate and imine COFs occurs in two steps. 121l First, at a certain temperature, the COF loses its
crystallinity before the chemical decomposition starts at a higher temperature. Additionally, boronate
COFs were found to be more robust compared to imine COFs and smaller pore sizes lead to higher
thermal stability. While Evans et al. report on a decreased thermal stability for functionalised COFs,
Emmerling et al. found a beneficial effect of methoxy groups on the thermal stability.[122l They

specifically studied the thermal stability and the slipped layer stacking of COFs with large pore sizes

Figure 1.7: Schematic illustration of the four different aspects of COF stability: chemical stability, thermal stability, stability
against pore collapse, and bench (time) stability.
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(4.8 nm and 5.8 nm). They concluded that methoxy groups act as anchors by strengthening the
interlayer interactions to prevent a slip between the COF sheets. Thereby, the accessibility of the pores
and therefore large surface areas were maintained. Moreover, the increase in interlayer interaction

was beneficial for the thermal stability.

Activation stability refers to the stability of the crystalline framework and possible pore collapse.
In that case, the chemical bonds are not broken, but distorted and the COF sheets misalign. Such
distortions and shifts lead to a loss of crystallinity and the pore collapse affects the pore shape, pore
size and the surface area. Spectroscopic techniques like Fourier-transform infrared spectroscopy
(FT-IR) or ssNMR, allow one to obtain information on the chemical structure of the COF sample and
can therefore not display the distortions and misalignments of the COF sheets. For nearly 15 years,
the synthetic reaction conditions and careful optimisation have been considered as most important
for high-quality COFs. Only recently, the phenomenon of pore collapse has attracted attention in
COF research, and by thorough analysis of the BET surface area it was found that the work-up and
drying (referred to as COF activation) conditions are important to obtain high surface areas and

crystallinity, [641651123]

Pore collapse is mainly caused by capillary forces. Capillary forces do not only increase with
decreasing pore sizes, but also increase with increasing surface tension. This means that the
commonly applied process of vacuum drying to remove solvent molecules damages the pores. [641651123]
Zhu et al. have developed a washing protocol that uses solvent exchange from polar solvents to wash
out oligomers and impurities to apolar solvents, ending with perfluorohexane, which has a low surface
tension. %3 A similar, yet different, approach uses supercritical CO». The supercritical conditions
remove the surface tension and clean, intact pores can be obtained. 64123 Both methods rely on the

reduction of surface tension to reduce capillary forces during COF activation.

Furthermore, the degree of pore collapse depends on the type of COF. A conclusive picture of what
makes a COF more robust or fragile with respect to another COF is still not known and remains
research of interest. It has been hypothesised that the interlayer interactions are important for the
stability of COFs. To stabilise the interlayer interaction, Braunecker et al. employed Cs aldehyde
and amine building blocks of the same core; the aldehyde was fluorinated while the amine was
not.[%® The resulting heb COF can stack via an eclipsed stacking, where fluorinated molecules
and non-fluorinated building blocks alternate along the stacking axis. This leads to an enhanced

face-to-face w-m-stacking and therefore to an enhanced interlayer interaction. It was found that
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with this improved stacking the COFs had higher BET surface areas and crystallinity. Employing
intermolecular hydrogen bonds is an alternative way to lock the COF in a more planar structure, which
also enhances the interlayer interaction and therefore leads to higher crystallinity and porosity. 124
Feriante et al. found that methoxy-substituted terephthaldehyde (OMePDA) formed a more robust
COF (TAPB-OMePDA) with 1,3,5-tris-(4-aminophenyl)benzene (TAPB) in terms of vacuum activation
compared to the unsubstituted equivalent, i.e., the TAPB-PDA COF. 84 The reason why the methoxy
group leads to a more robust framework is still not fully known, but it is assumed that a stronger
interlayer interaction and steric hinderance of the methoxy groups stabilise the COF during vacuum
activation. The same study shows that a larger extended w-system serves as a better docking site for

adjacent sheets and reduces the interlayer distance, which makes the COF more robust. 64

These few studies show that research on the structure-stability properties of COF is still in its
infancy. Systematic, in-depth studies in this field would facilitate the optimisation of COF synthesis
and activation and could provide a guideline for the development of pre-designed building blocks
that would form more robust frameworks by themselves. Additionally, to the best of our knowledge,
it is still unknown whether — and how long — a specific COF is bench stable, which is a crucial

parameter for all types of application, further motivating the need to explore COF stability in more detail.

1.3 COF characterisation
1.3.1 Physisorption

Knowledge on the material's porosity is an immediate need when characterising COFs. Porosity
can be expressed by surface area and pore size distributions. Both play an important role in tuning
material properties for desired applications. Both are determined by nitrogen (N2) physisorption
measurements at 77 K. Physisorption refers to weak, unspecific interactions of an adsorptive with the
adsorbent, mainly covered by Van der Waals forces. 1! The adsorbed molecules are called adsorbates.
In a physisorption measurement the adsorptive will adsorb to and desorb from an adsorbent until
an equilibrium is reached at which the adsorption rate equals the desorption rate (Figure 1.8). The
quantity adsorbed is measured at different pressures at a constant temperature (isothermal) and the
overall measurement gives the adsorption-desorption isotherm. During this physisorption process,
N2 will first be adsorbed at specific preferred adsorption sides, which leads to a monolayer formation.

Continuous adsorption then leads to multilayer formation and eventually to pore filling. Based on the
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Figure 1.8: Schematic representation of the physisorption process. Adsorbed molecules in red, molecules in bulk in blue.

pore sizes present in the material, the isotherm has a certain shape that can be classified according

to IUPAC convention. !

Furthermore, the surface area can be derived out of the isotherm. Several different theories have
been developed to describe adsorption processes on surfaces. For the determination of surface area,
two models are particularly important: the Langmuir model describes the monolayer formation and
Brunauer, Emmett and Teller extended this theory for multilayer adsorption. 251281 The multilayer has
an infinite thickness and in each layer the adsorptive will need the same space to adsorb onto the
already existing layer. It is also assumed that the enthalpy of adsorption for the first layer is larger
than the second and higher layers. The enthalpy of adsorption of the second and higher layers equals

the enthalpy of liquefaction.
Based on these assumptions, the BET equation (Equation[T.1) can be derived:

=By = (1.1)

o[(B) =1 vme p° vme

where v is the quantity of adsorbed gas, p and p° are the equilibrium and saturation pressure of
the adsorptive, respectively, c is the BET constant and v,, is the adsorbed quantity needed to form a

monolayer.

This is the linearised version of the isotherm, and its plot contains a linear region, usually between

0.05-0.3 p/p°. The surface area can be calculated out of the slope and intercept of this linear range.

In principle, the BET theory can only be applied to mesoporous materials. However, Rouquerol et

al. 27 have developed criteria that make the BET theory applicable to microporous materials:
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(a) The parameter c is related to the adsorption enthalpy and must therefore be positive;
(b) v(1— p%) must be continuously increasing;

(c) The pressure corresponding to the monolayer capacity (v.,) should be within the selected
pressure range of the linear fit;

(d) The obtained value of ﬁ should not differ more than 10% from the relative pressure p/p°

belonging to the monolayer capacity v, .

It has recently been shown that the selection of the pressure range varies for different persons and
that automated selection ranges can provide better tools for the selection of the appropriate pressure

range. 11281

As a second key parameter for the characterisation of porous materials, the pore size distribution
is of interest. Besides many classical models, that are all based on one single pressure to define
the pore size, non-local density function theory (NLDFT) has been developed applied to compute
adsorption isotherms. 122! For each pressure, a model isotherm is computed and several of those
isotherms are collected in one Kernel that is used to fit the experimental isotherm. The development

of more and newer DFT models for various adsorbents enhanced the quality of the fitted isotherms.

1.3.2 Powder X-ray diffraction

Powder X-ray diffraction (PXRD) is a technique that can be used to evaluate the crystallinity of a
sample, and has proven to be an important, if not standard, technique in characterisation COFs. Max
Laue discovered in 1912 that X-rays can diffract by crystalline materials. 139 Due to their long-range
order, crystalline materials are acting as diffraction gratings with the atomic spacing as the spacing of
the grating. In more detail, the X-rays can diffract at the atoms and constructively interfere when the

Bragg equation 31 (Equation[1.2) is fulfilled:[32

2d X sinf =n x A (1.2)
where n is a diffraction order, ) is the wavelength of the X-ray, d is the distance between parallel
lattice planes, and 6 is diffraction angle (the angle between X-ray radiation and lattice plane).

In a measurement, the only detected lattice plane is the one parallel to the surface. The high surface
area of a powder ensures that, theoretically, each lattice plane is represented, resulting in all lattice

planes being detected. This can be used to, amongst others, identify the phase (specific atomic
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arrangement), determine the unit cell dimensions and the crystalline domain size. Domains should
not be confused with particles. A polycrystalline particle can consist of several crystalline domains. If

the domain size equals the particle size, one obtained a single crystal. 133l

In a PXRD diffractogram the diffraction angle is plotted against the intensity of X-rays. The phase
can be identified based on the peak positions, as well as by comparison with a reference structure
or a modelled crystal structure. The relative intensities of the peaks can give information about the
morphology of the material. The unit cell dimension can be obtained via Pawley refinement of the

patterns. (1331

Besides obtaining structural information, the peak width can give information about the domain size
of the material. The sharper the patterns, the larger the domain sizes within the material. 133 The
Scherrer equationt34 (Equation Eb is used to calculate the domain sizes based on the full width at

half maximum of a diffraction peak:

K x )\

- B X cosf (1:3)

where D is the crystalline domain size, K is the Scherrer constant (usually 0.9, but can vary

depending on the morphology), and S is the full width of a peak at half maximum.

1.3.3 Solid-state nuclear magnetic resonance spectroscopy

Usually, the chemical structure of molecules is elucidated by NMR spectroscopy. However, COFs
are insoluble in any solvent, which makes it impossible to perform solution NMR. The utilisation of
solid-state NMR offers an alternative for such structural characterisation. As this technique does not
belong to the standard methods in COF characterisation, the most important differences and features

will be highlighted in this section.

NMR uses radiofrequencies that resonate with spin state transitions of certain nuclei that are
exposed to an external magnetic field. NMR analysis relies upon the relative frequency shifts between
nuclei with different chemical environments, usually expressed as the chemical shift (§). Together
with the difference in the relative integrated peak intensities and peak characteristics, which reveal
spin-spin coupling effects, one can identify connections between atoms within a molecule at such a

level of detail that has proven to be very powerful in elucidating the structure of a molecule. Therefore,
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NMR has become one of the standard analysis techniques in organic chemistry. Most NMR analyses

focus on the 'H or 13C, but also '°F or 3P can be probed with NMR.

To understand the differences between solution NMR and ssNMR, it is important to realise that
the chemical shift depends on the orientation of the molecule in the magnetic field. This anisotropy
is caused by the asymmetric distribution of electrons in a molecule, which interact with the applied
magnetic field, affecting the effective magnetic field experienced by the probed nuclei. This leads to
broad signals, which may negatively influence the interpretation of spectra and signal assignment. In
solution NMR spectra, the Brownian motion averages this anisotropy out. In a solid sample, this is
solved by using a fine powder to make sure that all crystal orientations are present. Not only electrons,
but also nuclei, like 'H and '3C, interact with the magnetic field. Each nucleus is by itself a small
magnet and influences therefore the surrounding nuclei, which is called 'dipolar coupling ' and is
also orientation dependent. Therefore, also dipolar coupling broadens the signals of the spectra.
The closer two nuclei are, the stronger is the dipolar coupling. By spinning the sample at a specific
frequency, external motion is introduced, which can average out the chemical shift anisotropy as
well as the dipolar coupling. The angle at which the sample is spun is ideal at ~54.74°, which is
also referred to as 'magic angle' and its use in NMR therefore as 'magic angle spinning ' (MAS). To
average all anisotropic components out, the magic angle spinning must be performed at high spinning
frequencies. If the frequency is not high enough, spinning side bands can appear in the spectrum.
Spinning side bands appear as sharp and intense signals that are separated from the isotropic shift
by exactly the spinning frequency (Figure 1.9). Therefore, they shift based on the spinning frequency
applied during the measurement. By comparing spectra at two or more different spinning frequencies,

the isotropic signals and the spinning side bands can be differentiated from each other. {35/136]

As it is difficult to obtain high-resolution *H ssNMR spectra, which can only be obtained at high
spinning frequencies (~60 kHz), solid-state NMR measurements focus on the detection of 13C spectra.
However, the low abundancy of '3C leads to a low signal to noise ratio and the relaxation time, i.e.,
the time related to the process by which the magnetic nuclei reach thermal equilibrium, can be very
long. Both together lead to long measuring times. A solution to reduce the measurement time and
to enhance the signal-to-noise ratio is cross-polarisation (CP), in which the magnetisation of an
abundant (often *H) nucleus is transferred to the dilute nucleus (*3C). Both magic angle spinning and
cross-polarisation are combined in most of the ssNMR sequences, which are applied in 13C CPMAS

analyses. 13°1136]
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Figure 1.9: Solid-state NMR spectra at 7 kHz and 11 kHz spinning frequencies of the same compound. The chemical shift

of the signal (dashed line) does not shift at different frequencies in contrast to the apparent chemical shift of
the spinning side bands (asterisk).

Cross-polarisation can also be used to obtain additional information about the chemical structure,
because it is dependent on the strength of the dipolar coupling between both nuclei. That is to say
that a carbon atom bonded to one or more hydrogen atoms polarises faster compared to a quaternary
carbon atom. Variation of the cross-polarisation time in the pulse sequence can probe the build-up
rate of each atom and CP build-up curves can be obtained. Based on faster or slower build-up curves
for the respective signals, the signals can be correlated to the chemical structure, enabling a more

complete assignment. (136

While the variation of the CP contact times is not yet frequently used in ssNMR analysis of COFs, in
the timeframe of this PhD project, it has proven to provide advantageous information in the assignment
of COF spectra. Samori and co-workers acquired 2D ssNMR spectra at two different contact times for
the structural assignment of their imine COF. 134 This 2D experiment requires specialised ssNMR
probes, which was overcome by Zhu et al. who measured spectra at 15 different CP contact times to
assign a methoxy-functionalised, imine-linked COF. 123! The relative comparison of the signal build-up
provided enough information for them to assign the COF structure. However, the analysis of the full

CP build-up curve for structure elucidation of COF is still in its infancy.
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1.3.4 Ideal adsorption solution theory

The ideal adsorption solution theory (IAST) was developed by Myers and Prausnitz to predict
mixed gas adsorption behaviour. 138! To simulate the adsorption behaviour of gas mixtures, the pure
component isotherms must be measured at the same temperature and on the same adsorbent. The
basis of IAST is analogous to Raoult's law for vapour-liquid equilibrium. 138! For IAST, the adsorbed
phase is assumed to behave like an ideal solution that is in an equilibrium with the bulk adsorptive.

Furthermore, the underlying assumptions of the theory are: 138!

(a) The adsorbent is thermodynamically inert;
(b) The surface area is universally accessible and temperature invariant;

(c) The Gibbs definition of adsorption applies.

These assumptions apply to almost all theories of physical adsorption. The only difference between
a fluid and an adsorbed phase is the substitution of spreading pressure for pressure and area for
volume. 38 The spreading pressure can be interpreted as the negative surface tension, 3% and can
be derived by integration of the adsorption isotherm. This integration is very sensitive at low surface
coverage. Therefore, the adsorption isotherms have to be accurately measured in this regime. Based
on these assumptions, thermodynamic equations can be derived to calculate the adsorbed solution
equilibrium. In the end, seven equations are derived to solve nine unknown variables. Therefore, the
pressure and the mole fraction must be defined prior to the calculations. 138 The simplicity of these
calculations makes IAST a widely used method for selectivity determination in gas separation. The
IAST selectivity (S) of a binary gas mixture is defined as the ratio of the mole fractions in the adsorbed

state (g) over the mole fractions of the bulk phase (p) of components 1 and 2 (Equation [1.4). 140

§= /e (1.4)

p1/p2
It must be noted that IAST is only of limited validity for polar adsorptive or mixtures, in which one
component strongly adsorbs and the other one weakly. Other limitations are heterogeneous adsor-
bents and low loadings as they can lead to poor predictions of mixture adsorption. In more detail, for
example, low loadings can lead to inaccurate spreading pressures, falsifying the selectivity calculation.
If the fitted isotherms do not accurately reproduce the Henry constant for the specific adsorbate, the

IAST calculation will predict incorrect selectivity values. 139
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1.4 COFs in applications

The large variety of functional building blocks to prepare COFs and the high porosities that can be
obtained has led to the discovery of many applications for COFs. This ranges from the use of COFs
as adsorbents, for example for heavy metal ions or toxic organic pollutants, 141! over catalysis 14 and
chromatography 43l to even biomedical applications, such as cancer therapeutics. 144! This project
focuses on studying the effects of functional groups in COFs on the properties of COF materials,
mainly within the context of targeting COF-gas/vapour interactions. For that reason, the next paragraph

focus on the role of COF in the fields of chemical sensors and gas separation.

1.4.1 Chemical sensors

Chemical sensors are needed to detect toxic or harmful compounds to prevent, for example, health
problems or environmental damages. COFs can be employed as sensors, because the analytes
can adsorb on the large surface area, which leads to a steep response in the read-out of the sensor.
The read-out can be optical or electrical and for both, a variety of COF applications have been

reported. [11711421145[146]

A simple optical read-out or the detection via a change in fluorescence has been applied to sense
Bransted acids. 147150 The proton attaches to a nitrogen lone pair of either the imine linkage or a
bipyridyl moiety of the building block, which changes the absorption properties or switches fluorescence
on/off, enabling acid detection. The sensing of iront2l and nitroaromatic compounds works in a
similar manner. 152 Additionally, solvents, for instance water, can be sensed by a colour change due

to a solvatochromic response. 1

Digital read-outs can be achieved by electrochemical sensors that either measure impedance, 1123/154]
the semiconduction behaviour of COFs, 123! resistance 129 or capacitance. 34 Impedance electro-
chemical spectroscopy has been used to build COF gas and vapour sensors that can detect ammonia
and small amines. The S-ketoenamine COFs could sense those molecules without interference from
COa, N2, and methane (CH4), which is an important property towards the development of real-life
applications. 123! In another example, Zhang et al. used Ag-Pd interdigitated electrodes (IDEs) and
coated them with an ionic 5-ketoenamine COF for the detection of relative humidity. 154 A semicon-
ducting gas sensor for the detection of nitrogen dioxide was built with exfoliated COF nanosheets and

could detect the analyte down to 20 ppb unaffected by the relative humidity. 122
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More commonly known from daily life are resistance measurements, such as the resistance mea-
surement of a light bulb. Ding et al. used this physical principle to construct an ammonia sensor. 126l
In more detail, an Au-IDE was coated with a disordered COF. The sensor had a constant baseline,
which changed upon exposure to ammonia with only short response time and large response value.
Other gases (NO2, NO, SO, HsS, Hs, CO, CO2) were tested, but the response was significantly lower,
resulting in a good selectivity towards ammonia. Next to the resistance, also capacitance can be
measured. When a gas or vapour gets adsorbed by the affinity layer, the dielectric constant of this
sensor coating changes, which results in a change of the layer capacitance that can be detected
by the underlying sensor platform. An imine-linked COF was grown on a Pt-IDE with integrated
micro-hotplate. 134 The authors reported on the preferred detection of benzene vapour over CO-,
CH,4 and propane at room temperature. The applied COFs possess large w-systems with which
aromatic compounds can interact via 7-7 stacking, explaining the differences in responses of the

various analytes.

1.4.2 Gas separation

Gas separation is a process, in which a target gas is separated from a mixture of gases by, for
example, a membrane or an adsorbent. 128 |n order to achieve an efficient separation, the process
needs to be selective towards the target gas, which can either mean to separate the desired product
from the gas mixture or an unwanted gas from the mixture. COFs have been used for the separation
of, amongst others, acetylene from propylene, 159 H, from CO,, CHy4, propylene or propane, 8 CO,

from Hs 149 or CO, from N. 160

In particular, the separation of CO2 from N2 and the corresponding CO2/N; selectivity is relevant as
COs is known for its contribution on global warming and N- is the most abundant gas in air (about
78%). The current concentration of CO; in the atmosphere is rather low with 0.042 vol% in 2021.
However, it has considerably risen in the last 250 years by approximately 50% and is currently about
40% higher than the previously highest reported atmospheric concentration 300,000 years ago. 1611162l
The low CO> concentration makes it difficult to capture it directly from the atmosphere. However,
under flue gas conditions, the CO4 concentration is significantly higher (10-25 vol%), which means it
is advantageous to remove the CO- before its emission into the atmosphere. 183l For the materials
involved in carbon capture it is relevant to have a large CO- uptake capacity and high CO2 selectivity

over other gases, for instance N». The material needs to be stable under the process conditions,
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particularly also in humid atmospheres. The performance needs to be repeatable without a loss in

performance and the regeneration should require only little energy. 164

Several classes of porous materials have been studied for CO2/N5 gas separation. Herein, the focus
will be on the separation under flue gas conditions (0.15/0.85 CO2/N3) of COFs and non-crystalline

porous materials, such as benzimidazole-linked porous organic polymers and imine-linked networks.

Benzimidazole-linked porous organic polymers are promising candidates for CO2/N2 gas separation,
because of their high CO, adsorption quantities (up to 5.19 mmol/g at 273 K and 1 bar for TLIP-2). 163l
TBLIP-2 does not only contain the benzimidazole linkage, that can interact with CO, but also triazine
rings, which are beneficial for CO, adsorption as the w-conjugated 1,3,5-triazine core acts as an
electron donor, enhancing CO2-COF interactions. The IAST CO2/N; selectivity value was determined
to be 63 at 298 K and 1 bar in a 0.1/0.9 mixture. Islamoglu et al. have shown that post synthetic
modification with nitro groups — which were subsequently also chemically reduced to amine groups
— leads to an increase in CO» adsorption and CO2/N- selectivity compared to the pristine porous
polymer. 188 While the total CO, adsorption increased even further for COFs with amine groups
compared to nitro-containing COFs, the CO4/N selectivity was better for the nitro-functionalised

porous polymer.

Covalent triazine frameworks have also been studied for gas separation and are reported to have
high CO2/N- selectivity. 187 To the best of our knowledge, the highest CO2/N, IAST selectivity value
under flue gas conditions so far was reported by Mahato et al. to be 185.8 at 273 K with a CO,

adsorption of 3.50 mmol/g. 168l

Imine-linked materials, which are comparable to the COFs presented in this thesis, often have
CO2/N2 IAST selectivity values in the range of 10-30. Pore-wall functionalisation can enhance the
CO2/N2 IAST selectivity significantly. 169170 To give a few examples, Popp et al. studied a porous
imine-linked network that adsorbs 1.8 mmol/g and 1 mmol/g at 273 K and 298 K.l The CO2/N2
IAST selectivity was determined to be 31 at 298 K and 1 bar. Another imine network, consisting of
melamine and 1,4-piperazinedicarboxaldehyde, adsorbed 3.3 mmol/g CO; at 273 K, and 2.4 mmol/g
CO- at 298 K. The CO2/Ny IAST selectivity was found to be 211 and 100 at 273 K and 298 K,
respectively. 22l Huang et al. studied a channel-wall-functionalised, imine-linked, porphyrin COF. 173l

Carboxyl groups were post-synthetically attached to the channel walls. The COOH-COF adsorbed
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3.95 and 1.73 mmol/g of CO- at 273 K and 298 K, respectively, and the CO2/N2 IAST selectivity was

found to be 77. Compared to the non-functionalised COF (S = 9), this was a ninefold increase.

Wang et al., have revealed that a 5-ketoenamine COFs outperforms imine COFs with similar pore
sizes. 74 In their study, they did not find a direct relation between the CO» uptake and the pore size.
However, by comparing different studies with each other, it becomes apparent that 5-ketoenamine

COFs adsorb higher CO, quantities compared to imine COFs, H401750176]

Recently, Yaghi and co-workers studied the incorporation of aliphatic amine groups into a tetrahy-
droquinoline COF, because amine groups are known for their interaction with CO,.118% They found
high CO2 adsorptions of 0.304 mmol/g at 0.4 mbar and 298 K, which are relevant conditions for direct
air capture. 50% Humidity even enhances the CO uptake to 0.393 mmol/g. Based on solid-state
NMR, they could show that carbamates were formed during the adsorption, therefore confirming

chemisorption interactions.

1.5 Aim and outline of the thesis

The different classes of dynamic covalent chemistry have enabled many different COF linkages and
the variety of COF structures is large. A lot of research focuses on the applicability of the synthesised
COFs to develop new or better catalysts, sensors, stationary phases for chromatography or make use
of the large surface area for gas capture and separation. However, not much research has focused on
the fundamental structure-property relationships, which is important to pre-design COFs. Especially,
the knowledge about pore stability during the activation process and the stability of COFs over time
is limited. Therefore, the aim of this thesis is to explore COFs with different functional groups and
to thoroughly characterise them. The impact and tuneability of several functional groups on COF
crystallinity, porosity, which includes surface area, and stability were studied. To this end, we have
chosen imine COFs due to the good reversibility of the reaction and due to the easy accessibility
and large diversity of building blocks. Several functionalisation strategies (pre-synthetic, modulators,
linker-exchange) have been utilised and the resulting COFs were applied for vapour sensing and

CO2/N2 separation.

In Chapter [2] a new, trimethylated aldehyde building block was used to synthesise imine-linked
COFs, which were studied in terms of thermal and activation stability and stability over four weeks.

Unmethylated COFs were synthesised for comparison and the effect of the methyl groups on crys-

34



1 Introduction

tallinity and porosity was investigated by density functional theory computations. In addition, the effect
of the exposure of acid vapour onto the UV/vis absorbance properties of the COFs was examined.

Furthermore, the reversibility of the sensor and its mechanism were investigated.

Chapter|§|bui|ds on the results of Chapter|2|and deepens the understanding of methyl-functionali-
sation by synthesising several imine-linked COFs with methylated and unmethylated building blocks.
Thorough characterisation of similar, yet different COFs, revealed trends and tuneability based on the
methyl substitution in terms of porosity, activation stability, UV/vis properties and optical band gaps.
Additionally, the obtained COF series was analysed with solid-state NMR to facilitate the experimental

assignment of the various carbons present in the COF structures.

Chapter@investigates functionalisation beyond methyl groups via the incorporation of a series of
para-functionalised modulators (OMe, Me, F, Cl, CF3, NO2) into the COF structure. The crystallinity,
porosity, the fraction of modulator incorporated in the COF, and the position of the modulator within
the framework were analysed. The direct synthesis of functionalised COFs was explored, and the
results were compared to the modulated COFs. Furthermore, the modulated COFs were explored for

their ability to separate CO- from N2 under flue gas conditions.

Amines are known for their interaction with CO.. To optimise the CO2/N; separation, an aromatic
amine-functionalised COF was synthesised via linker-exchange in Chapter[5] This COF was not
accessible via direct condensation. First, the linker-exchange was studied by FT-IR and solid-state
NMR and the porosity was investigated. Then the CO2/N2 separation was studied under flue gas and

direct air capture conditions.

The IAST calculations of the previous chapters required programming knowledge that not every
material scientist has or has access to. Therefore, in Chapter|§| a graphical user interface (GUI)
software for IAST calculations is presented to predict IAST loading and selectivity of binary gas
mixtures. The existing Python package was extended to three-dimensional selectivity predictions
within a GUI and just a few clicks, providing a ready-to-use platform for non-programming scientists.

This package was used in Chapter [@]and[5]

In Chapter[7]the results of Chapter [2}f|are summarised and discussed in a broader context. Based

on these results, future research suggestions are outlined.
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2 Enhanced surface area & reduced pore collapse of methylated COFs

2.1 Abstract

Covalent organic frameworks (COFs) are thermally and chemically stable, nanoporous materials
with high surface areas, making them interesting for a large variety of applications including energy
storage, gas separation, catalysis and chemical sensing. However, pore blocking and pore collapse
may limit their performance. Reducing the capillary forces by using solvents with low surface tension,
like supercritical CO2, for activation, and the introduction of bulky isopropyl/methoxy groups were found
to reduce pore collapse. Herein, we present an easy-to-use alternative that involves the combination
of a new, methylated building block (2,4,6-trimethylbenzene-1,3,5-tricarbaldehyde, Mes; TFB) with
vacuum drying. Condensation of Mes TFB with 1,4-phenylenediamine (PA) or benzidine (BD) resulted
in imine-linked 2D COFs (Mes TFB-PA and Me3s TFB-BD) with higher degrees of crystallinity and higher
BET surface areas compared to their non-methylated counterparts (TFB-PA and TFB-BD). This was
rationalised by density functional theory computations. Additionally, the methylated COFs are less
prone to pore collapse when subjected to vacuum drying and their BET surface area was found to
remain stable within at least four weeks. Within the context of their applicability as sensors, we also
studied the influence of hydrochloric acid vapour on the optical and structural properties of all COFs.
Upon acid exposure their colour and absorbance spectra changed, making them indeed suitable
for acid detection. Infrared spectroscopy revealed that the colour change is likely attributed to the
cleavage of imine bonds, which are only partially restored after ammonia exposure. While this limits
their application as reusable sensors, our work presents a facile method to increase the robustness of

commonly known COFs.

2.2 Introduction

Covalent organic frameworks (COFs) are a class of nanoporous materials first discovered in 2005 by
Yaghi and co-workers. 13l Since then, COFs have gained increasingly more interest and a huge variety
of different materials and applications have been reported. 243l COFs consist of fully organic building
blocks linked by dynamic covalent chemistry. 14115 Dynamic covalent chemistry refers to reversible
reactions carried out under thermodynamic reaction conditions. This enables error correction, leading
to crystalline frameworks with a long-range order. The symmetry of the building blocks is determining
the crystal structure. In the case of 2D COFs, the third dimension is formed by 7-7 stacking. The
layers usually stack in an eclipsed structure leading to channels in the framework which results in

high surface areas. These high surface areas are of interest for, amongst others, energy storage,
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gas separation, catalysis, and chemical sensing. 268 The variability in organic building blocks in
terms of functional groups or symmetry allow a high control over the COF properties and thus leads
to tailor-made materials. However, the boronic esters used to make the first COFs were susceptible to
hydrolysis. This has been improved by using imine-linked COFs or even more stable g-ketoenamine
COFs. The latter first forms imine bonds which then tautomerise irreversibly into the 3-ketoenamine
linkage. The irreversible tautomerisation results in a lower crystallinity and surface area compared
to their imine counterparts. 3 The chemical stability of COFs does not only depend on the type of
linking chemistry, but can also be affected by the nature of the core of the organic building blocks. Ma
et al. reported two highly porous 3D COFs of terephthalaldehyde or 4,4'-biphenyldicarboxaldehyde
and a tetrahedral amine with isopropyl groups in ortho position. 2% Isopropyl groups are hydrophobic
and their steric demand protects the imine groups from hydrolysis. The COFs are reported to be
stable in acidic and strong alkaline solutions without a decrease in surface area and crystallinity. Such
stability was also achieved by methoxy substitution of the aldehyde node.F72 In another study, Wang
et al. reported enhanced BET surface areas for ortho methoxy substituted aldehyde nodes and meta

methyl substituted amine linkers. 178l

COF stability is not only about the chemical stability of the functional groups involved, but also
about the stability of the physical properties such as pore size, pore shape and surface area. It has
been identified that the conditions for work-up and COF activation are crucial to get accessible pores
and high surface areas. After synthesis, COFs are most commonly washed with several solvents
to remove impurities and water from the pores prior to drying. Vacuum drying has often been used,
but was identified to induce partial pore collapse due to capillary forces. 64 Capillary forces increase
with decreasing pore size and COFs with typical pore sizes around a few nanometres are therefore
subjected to strong capillary forces. To overcome pore collapse, milder activation methods such as
supercritical CO» drying €4 or washing with ultra-low surface tension solvents prior to drying €2 were
suggested to keep the framework intact upon activation. Feriante et al. and Zhu et al. both reported
methoxy-functionalised, imine-based COFs which were less prone to pore collapse compared to the
non-methoxylated equivalent. 8463l |n the current paper, we introduce methyl groups in the synthesis
of imine based COFs as alternative to the bulky isopropyl and the smaller methoxy groups. Depending
on the COF application, the use of this smaller — but still hydrophobic — group can be advantageous

as it has less impact on the pore size.
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Scheme 2.1: Different aldehyde and amine building blocks used for introducing methyl groups in COFs and their resulting
structures.

Herein, we present 2,4,6-trimethylbenzene-1,3,5-tricarbaldehyde (Mes TFB) as building block for two
novel COFs, namely Me3TFB-PA and Me3TFB-BD, which are compared with two reference COFs
TFB-PA! and TFB-BD. 52178 The methylation significantly increases the BET surface area by a factor
of 1.8 and 1.4, respectively. The physical stability of the framework towards pore collapse during
vacuum activation also profits from the methylation. This work shows a facile approach in stabilizing
COFs by methylating the aldehyde. The novel COFs maintain their high surface area on the bench for
at least four weeks. Finally, the effect of acid vapour on the optical and structural properties of the

COFs was studied.
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2.3 Results and discussion

2.3.1 Synthetic procedures

1,3,5-Benzenetricarbaldehyde (TFB) and 2,4,6-trimethyl-benzene-1,3,5-tricarbaldehyde (Mes TFB)
were condensed with two different amines, namely 1,4-phenylenediamine (PA) and benzidine (BD)
to yield the novel 2D imine-linked COFs (Me3 TFB-PA and Mes TFB-BD) and their non-
methylated equivalents (TFB-PA and TFB-BD). Each COF has been synthesised and characterised
thrice. We selected this set of COFs, because TFB-PA and TFB-BD have been widely studied in
literature. I615911791180] The synthesis was carried out at 70°C and atmospheric pressure with acetic acid
as catalyst and water to enhance dynamic covalent chemistry in a mixture of mesitylene:1,4-dioxane
1:4 v/v for three days. B A washing protocol from Vitaku et al. has been used for the work up. Bl
Afterwards, half of the obtained powder was dried overnight in a vacuum oven at 120°C and the other
half at 120°C in a regular, air ventilated oven before the COFs were characterised. The characterisa-

tion for the reference COFs can be found in the Supporting Information (Section [2.5).

2.3.2 Characterisation

FT-IR spectroscopy on the novel COFs confirmed the formation of imine bonds (Figure 2.TA).
Me; TFB-PA shows a characteristic imine stretch at 1623 cm~—!, demonstrating a successful reaction.
A weak band at 1693 cm~—! indicates low fractions of aldehyde bonds. This IR characteristic has also
been reported by others and may origin from unreacted side-groups at the outside of the 2D polymeric

sheet. [60164165]

The formation of imine bonds was also confirmed by 3C cross-polarisation magic angle spinning
solid-state NMR (*3*C CPMAS ssNMR) (Figure 2.2A) as the signal at 162 ppm is typical for imine
carbons. The signal at 194 ppm points to aldehyde carbons, but compared to the starting compound

this is strongly attenuated and just the above noise level.

Comparable FT-IR results can be found for Mes TFB-BD COF with an imine band at 1627 cm~—! and a

small carbony! stretch at 1693 cm—! (Figure 2.1B). Again, an ssNMR signal at 162 ppm confirms the
formation of an imine (Figure 2.2B). All FT-IR spectra of the triplicates can be found in the Supporting
Information.
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Figure 2.1: Characteristics of Mes TFB-PA (top) and Mes TFB-BD (bottom): FT-IR spectra of COFs and starting materials
(A and B), PXRD spectra including simulated PXRD patterns (C and D), nitrogen sorption isotherms including
their non-methylated references (E and F) and pore size distributions (G and H).

Thermogravimetric analysis (TGA) revealed that Me3TFB-PA is thermally stable up to 355°C and

Me3sTFB-BD up to 390°C (Section[2.S), which is in line with several previously reported imine linked
COFs. 161591651120]

Powder X-ray diffraction (PXRD) was performed on all samples to determine the crystallinity of the
materials. The obtained spectra were compared to the simulated diffraction patterns of optimised
crystal structures obtained from density functional theory (DFT) calculations (coordinates in Supporting
Information). Me3sTFB-PA COF displays several diffraction peaks which are clearly baseline separated
from each other at 4.8°, 8.2°,9.4°, 12.5° and a broader signal around 24° (Figure 2.1[C). Two different
stacking structures have been computed for comparison: an eclipsed and a staggered structure.
Comparing peak positions and relative intensities of the peaks, it can be concluded that Me; TFB-PA
COF crystallises in an eclipsed stacking conformation. For all three samples, Scherrer analysis was
performed and gave an estimated average domain size of 15.14+1.5 nm. The PXRD diffractogram of
MesTFB-BD COF also shows several narrow diffraction peaks, especially at low angles: 3.6°, 6.1°,
7.0°,9.3° 12.1°,12.6°, 15.3° (Figure 2.1D). The peak at 3.6° was confirmed by a second low angle
PXRD measurement with different settings which only scanned angles from 1.5-10° to be able to
detect signals in this low-angle region without detecting the source. The diffractogram can be found
in the Supporting Information (Section[2.S) as well as the low angle diffractogram of Me3;TFB-PA.
Scherrer analysis for this sample results in an approximate domain size of 20.5+2.1 nm. Comparison

with the computed PXRD diffraction patterns leads again to a preferred eclipsed stacking.
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Figure 2.2: Solid-state NMR spectra of Me3 TFB-PA (A) and Me3TFB-BD (B). The signal at 162 ppm can be assigned to

the carbon of an imine-bound nitrogen, indicating the formation of imine bonds. Spinning side bands, here
indicated with an asterisk, were determined by comparing different MAS frequencies.

2.3.3 BET surface area

Nitrogen sorption measurements were carried out to determine the surface area of the COFs
(Section [2.5). For Me3 TFB-PA, the adsorption-desorption isotherm can be classified as a type |
isotherm (Figure 2.1E). ¥ This is characteristic for microporous materials of which most of the surface
area is internal surface area within the framework. The micropores lead to rapid pore filling at low
pressures and a nearly horizontal plateau with increasing relative pressures. Also TFB-PA yields a
type | isotherm, including an H4 hysteresis loop, which is absent for Me3 TFB-PA. Hysteresis loops can
be a result of capillary condensation and/or pore blocking. 181! The pore volume was determined in the
adsorption branch at p/p° = 0.95, yielding a value of 0.88+0.04 cm3/g. The BET surface area (Sger)
was calculated using the Rouquerol criterial?Z to apply the BET theory to microporous materials. For
all samples of the same COF, the same pressure range was used for the linear regression. Afterwards,
the obtained BET surface areas were averaged. For Mes TFB PA Sggr was found to be 1877420
m2/g. To determine the pore size distribution, HS-2D-NLDFT analysis was carried out using the
isotherm data and a model with cylindrical micropores for carbon surfaces with No. MesTFB-PA COF
shows a narrow pore size distribution with a clear maximum at 1.9 nm (Figure 2.1/G). The pore size
is slightly larger compared to TFB-PA which exhibits a broader pore size distribution with only one

maximum at 1.7 nm.

Me;TFB-BD COF on the other hand, has a type IVb isotherm (Figure 2.1F). The microporosity
is shown by a large adsorption of nitrogen in the low pressure range (p/p® < 0.1). The step in

the isotherm at p/p° = 0.1 indicates capillary condensation. The lack of hysteresis is in line with
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Figure 2.3: BET surface areas with different activation methods (oven-dried and vacuum-dried) and after four weeks stored
on the bench. The retained BET surface area gives the ratio how much Sg g has been left after vacuum
drying. The errors result from the analyses of three different batches.

the cylindrical shape of the pores. !l The pore volume at p/p° = 0.95 and BET surface areas were
measured to be 1.244-0.03 cm?/g and 2115450 m?/g, respectively, while the pore size distribution
has a narrow maximum at 2.7 nm (Figure 2.1H). With this analysis, where the Rouquerol criteria 127
were prioritised, R? values in the range of 0.996-0.997 were found for the benzidine COFs. The same
HS-2D-NLDFT model has been used for the pore size distribution calculation. Comparing the pore
size distribution of Mes TFB-BD with the pore size distribution of the non-methylated TFB, which shows

a pore size of 2.1 nm, results again in a larger pore size for the methylated COF.

By comparing the BET surface area of the methylated COFs with their non-methylated equivalents
after oven activation, it can be clearly seen that the methylated aldehyde building block significantly
increases the BET surface area (Figure 2.3). The methylated building block increases the BET
surface area by a factor of 1.8 and 1.4 for TFB-PA and TFB-BD, respectively. We would have expected
that two ortho methyl groups would sterically hinder the reaction which would have resulted in lower
BET surface areas. Therefore, we used theoretical modelling to further study this increase in BET
surface area. The crystal structures of DFT optimisation reveal the Cs symmetric incorporation of
the aldehyde building block into the framework (Section [2.S). Additionally, TFB and MesTFB were
geometry optimised by DFT calculations and the rotational barriers for the rotation of the carbonyl
groups were modelled (Section[2.5). It was found that the methy! groups hinder the full conjugation of
the carbonyl groups with the 7 system of the aromatic Me3 TFB ring, leading to a non planar structure
with lower symmetry compared to TFB. For methylated and non-methylated aldehydes, the resulting
rotational energy profiles show two minima with a difference in energy of 4.2 kJ/mol, which means

both conformations can be present in the system at 70°C during the reaction. The rotational barrier,
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which has to be overcome to change conformation, is lower for Mes TFB compared to TFB. This is
due to the enhanced conjugation and full symmetry in TFB while Me3sTFB does not have such a
strong conjugation and symmetry. The rotational barrier is hence smaller and the reaction rate for the
conformational change is magnitudes higher. This implies that, during COF condensation, favoured
C3 symmetric aldehyde conformations are re-formed faster from the Cs symmetric conformation
for Me3TFB, which is in line with the experimentally found larger domain sizes and higher BET
surface areas. Furthermore, to evaluate the effect of methyl groups on the stability of the thus-formed
MesTFB-BD and Mes TFB-PA COF materials, the formation energies all for COFs were calculated
according to the reaction formula shown in Section [2.5] based on the assumption that all aldehyde
groups react with all amine groups to form the imine linked COF. The results (Section [2.5) indicate
that formation of both Me3s TFB-BD and Mes TFB-PA, i.e., the COFs featured with methyl groups on
the aldehyde node, are thermodynamically more favourable than their non-methylated counterparts,

indicating a higher stability of the methylated COFs compared to the non methylated COFs.

To study whether the addition of methyl groups also results in a more stable framework, we studied
the pore collapse by re-measuring the BET surface area of all COFs after vacuum activation (120°C,
vacuum oven, overnight). To correct for the difference in BET surface area due to different pore sizes,
the retained BET surface area has been calculated as the ratio of the vacuum activated Sggr over
the oven activated Sggr, given in area in percentages. Both methylated COFs have a higher BET
surface area compared to their non methylated equivalents (Me3TFB-PA, Sgr1=20614+218 m?/g;
Me3TFB-BD, Sprr=2057+276 m?2/g; TFB-PA, Sprr=398+72 m?2/g; TFB-BD, Sprr=1008+109
m?/g) after vacuum activation (Figure 2.3). The retained BET surface area for TFB-PA is only 39-£8%
which means the framework collapses when exposed to vacuum. A comparable trend, though less
prominent, can be observed for TFB-BD with a retained Sgrr of 67+12%. In the case of the
methyl containing COFs, the vacuum activation is qualified as the better method for Mes TFB-PA
COF (retained Sprr 110+13%), while both activation processes are equally good for Mes TFB-BD
(retained Sprr 97+15%). In other words, the BET surface areas increase by a factor of 2.8 and 1.4
for Mes TFB-PA and Mes TFB-BD, respectively. The methylated COFs are hence less prone to pore

collapse.

In addition, we noticed that the BET surface area of TFB-PA decreases already drastically to
113+53 m?/g in the first four weeks which means only 11% of the original BET surface area are

accessible after one month. Therefore, we investigated the air stability of the other three COFs as well,
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by leaving the oven activated samples for four weeks in an open vial on the bench, before determining
the BET surface area again. These three COFs did not show such a large drop in the Sg g values.
Instead, on average a slight increase is observed (up to 8% for Mes TFB-BD), although the differences
are within the standard deviation. In any case, as no decrease is observed, we conclude that TFB-BD,
MesTFB-PA, and Me3TFB-BD are stable for the reported conditions. Again, this shows that the

introduction of methyl groups stabilises the phenylenediamine COF.

2.3.4 Acid-vapour sensing

The optical properties of some COFs are reported to respond to change under acidic conditions
and with different solvents, enabling them to be used as chemical sensors. In more detail, Ascherl
et al. observed a solvatochromic effect, which has been visible in diffuse reflectance spectroscopy,
before employing the pyrene containing COF for the development of a humidity sensor. Several
studies report on COF-based chemosensors for the detection of gaseous hydrochloric acid, 147148l
and a series of aqueous Brgnsted acids. 148149 Recently, Yang et al. have studied the effect of
imine-protonation on the optical properties of three imine-linked COFs. It was found that all COFs
showed a bathochromic shift after acid exposure due to the protonation of the imine bond. 182l Based
on both findings, we looked into the absorption spectra of Mes TFB-PA and Mes TFB-BD and their
response towards hydrochloric acid vapour. To this end, samples of the new COFs were pressed
as a thin film between two glass plates. Absorption spectra were collected before treatment with
acid by measuring the samples in an integrating sphere and collecting diffuse reflectance and diffuse
transmission to calculate the absorbance. Both absorbance spectra have an inverse S curve shape,
start absorbing between 400-450 nm, and have absorption edges around 378 nm for Me3TFB-PA and
385 nm for Me3sTFB-BD (Figure 2.4)A,B). To facilitate the comparison between the different samples,
the inflection point was used and the first derivative was calculated in Origin to determine the minimum
(Figure 2.4[C,D), which were found to be similar for both COFs (414 nm for Me3TFB-PA and 419 nm
for Mes TFB-BD COF).

As the two-plate configuration does not allow vapour exposure experiments, a new sample was
taken from the same synthetic COF batch, which was subjected to hydrochloric acid vapour for
30 min. Within minutes, a colour change (paler powder for methylated COFs, red for non-methylated
equivalents) was observed by the naked eye which was confirmed by an absorbance

measurement of the acid exposed COF sample. The original inverted S curve was blue shifted and
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Figure 2.4: Absorbance spectra (A and B) and their first derivative (C and D) for a better comparison of Me; TFB-PA and
MesTFB-BD, as well as optical photographs of all stages in the sensing process.

additionally became more stretched for methylated COFs. In comparison, the spectra of the non

methylated COFs were red shifted, but also stretched.

In order to study the applicability of this interesting property, we investigated whether the COF's
response towards hydrochloric acid vapour is reversible by subjecting the acid exposed material
towards ammonia vapour for 30 min. Within minutes, another colour change could be observed
(Figure 2.4), back more towards the original yellow, but going even further to brown. This was the
case for both methylated and non methylated COFs. To study this in more detail, the absorbance
was once more measured. The absorbance curve resembles more its original shape for Me3TFB-PA
COF, although the first derivative indicates a wider range in which the absorbance changes and the
absorption edge is red shifted with respect to the acid exposed sample. For MesTFB-BD COF, the
spectrum also shifts back to higher wavelength, but even wider. The first derivative indicates two small
minima with shifted positions that do not overlap with the original minimum, so the acid has an impact
on the COF structure. The absorbance spectra for the non methylated COFs can be found in the
Supporting Information (Section @ No change in absorbance could be found for just exposing the

samples to ammonia vapour (Section[2.5).

We speculate that the acid protonates the nitrogen atom (Figure 2.5C). In a second step, this
protonation could lead to a bond cleavage, affecting the COF structure, which is expected to limit
the sensor performance. In an attempt to gain insight into the sensing mechanism, FT-IR spectra
were recorded in all stages of the sensing process (Figure 2.5)A,B). Upon exposure to acid vapour

the FT-IR spectra do not show any imine stretching vibration anymore. Instead, strongly increased
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Figure 2.5: FT-IR spectra (A and B) to elucidate the sensing mechanism (C).

bands at 1688 cm~! are observed, leading to the conclusion that the exposure of acid breaks down
the framework, explaining the observed colour changes of the materials. After exposure towards
ammonia, equally strong bands near 1621 cm~—1 (imine stretching vibration) and 1685 cm~! (carbonyl

stretching vibration) are visible, indicating a partial recovery of the imine bonds.

2.4 Conclusions

In conclusion, a new methyl substituted aldehyde building block has been used for COF synthesis,
resulting in two novel frameworks, namely Me;TFB-PA and MesTFB-BD. They have been compared
with non methylated reference COFs regarding their BET surface area, pore collapse and their
applicability as optical acid sensors. With a facile synthetic approach, which does not require any
specialised equipment, we found that methylation of the aldehyde node results in enhanced BET
surface areas up to ca. 2000 m?/g and high degrees of crystallinity compared to their non methylated
equivalents. The obtained BET surface areas are comparable to the ones achieved by supercritical
CO-, activation. The higher surface areas and crystallinity are in line with DFT-calculated reaction rates.
With respect to TFB, MesTFB loses symmetry and its full conjugation due to the ortho-substituted
methyl groups. This leads to a smaller rotation barrier towards the favoured Cs conformation for
crystallisation and therefore to higher reaction rates. Additionally, the novel methylated COFs are less
prone to pore collapse during vacuum activation and the BET surface area remains stable within at

least four weeks.
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The COFs can be used as an optical sensor to detect hydrochloric acid based on a change in colour.
The sensing mechanism reveals that the colour change is likely attributed to the cleavage of the imine
bond, which is partially restored after exposure to ammonia vapour. Even though this limits their
applicability as a reusable sensor for hydrochloric acid, our approach enables the facile synthesis of
high surface area COFs that are more robust compared to commonly known COFs. The effect of
ortho-substituted methyl groups of the amine building block and systematically increasing the number

of methyl groups on the resulting COF properties are currently under investigation.

2.S Supporting Information

The Supporting Information is available free of charge on the website of the Royal Chemical Society:

Or it can be accessed via the following link:

https://drive.google.com/file/d/1gRVaPBHOwPtisWFIVKEb7MtNDxx0Z4Sq/view?usp=sharing
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3 UV/vis absorption of methylated COFs

3.1 Abstract

Covalent organic frameworks (COFs) are porous materials with high surface areas, making them
interesting for a large variety of applications including energy storage, gas separation, photocatalysis
and chemical sensing. Structural variation plays an important role in tuning COF properties. Next
to the type of the building block core, bonding directionality and linking chemistry, substitution of
building blocks provides another level of synthetic control. Thorough characterisation and comparison
of various substitution patterns is relevant for the molecular engineering of COFs via rational design.
To this end, we have systematically synthesised and characterised multiple combinations of several
methylated and non-methylated building blocks to obtain a series of imine-based COFs. This includes
the experimental assignment of the COF structure by solid-state NMR. By comparing the properties
of all COFs, the following trends were found: (1) upon methylation of the aldehyde nodes, COFs
show increased Brunauer-Emmett-Teller (BET) surface areas, reduced pore collapse, blue-shifted
absorbance spectra and 0.2 eV increases in their optical band gaps. (2) COFs with N,N-dimethylated
amine linkers show a lower porosity. (3) In tetramethylated amine linkers the COF porosity even
further decreases, the absorbance spectra are clearly red-shifted, and smaller optical band gaps were
obtained. Our study shows that methyl substitution patterns on COF building blocks are a handle to

control the UV absorbance of the resulting frameworks.

3.2 Introduction

Porous materials are a class of solids with pore sizes of a few to several hundred nanometres. These
pores can be classified into macro- (> 50 nm), meso- (2-50 nm) and micropores (<2 nm). ! Besides
zeolites and metal organic frameworks (MOFs), crystalline covalent organic frameworks (COFs) 3l
have gained increasing interest, and a huge variety of different materials and applications have been
reported. 243l The permanent porosity and the channel-like structure of COFs lead to high surface
areas, which are of interest for, amongst others, energy storage, 28! gas separation, 2®! chemical
sensing, 7 and photocatalysis. 249l |n the last-mentioned example solar energy was used to split,
for instance, water or CO, into Hy and O, gas or hydrocarbons, respectively. ¥ These gases can be
used as energy sources or starting materials for other chemical processes. COFs have been reported
as good photocatalysts for such clean and green transformations. #l The first COFs were linked by
boronic esters, which were susceptible to hydrolysis. This has been improved by using imine-linked

COFs or even more stable 8-ketoenamine COFs. 2!l |n the latter case, imine bonds are formed first,
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which then tautomerise irreversibly into the 8-ketoenamine linkages. The irreversible tautomerisation
results in lower crystallinity and surface area compared to their imine equivalents, which is the reason
why imine COFs are widely used. 3 Imine COFs can be synthesised in a condensation reaction
from aldehyde and amine building blocks under acidic catalysis, which is also known as Schiff base
chemistry. B814142] vyacyum drying has often been used, but was identified to induce partial pore
collapse due to capillary forces.®4! Capillary forces increase with decreasing pore sizes and COFs,
which usually have pore sizes around a few nanometres, are therefore subjected to strong capillary
forces. To overcome pore collapse, milder activation methods such as supercritical CO, drying 64
or washing with ultra-low surface tension solvents prior to drying®® were suggested to keep the
framework intact. Feriante et al.l®4l and Zhu et al.l%® both reported an methoxy functionalised,
imine-based COF, which was less prone to pore collapse compared to the initial unfunctionalised
COF. Recently, we have found that COFs consisting of 2,4,6-trimethylbenzene-1,3,5-carbaldehyde
(Me3s TFB) lead to more robust frameworks compared to non-methylated 1,3,5-benzenetricarbaldehyde
(TFB). k83l

While COF stability is essential for virtually all applications, other properties, like selectivity and cat-
alytical performance, require tailor-made approaches. Identification of structure property relationships
of COFs would facilitate the process of controlling such properties. Karak et al. reported on how an
acidic catalyst influences the porosity of obtained COF materials. 184 Namely, they studied the effect
of amine substitution on 3-ketoenamine-linked COF properties. They investigated the porosity based
on differences in hydrogen-bonding in an intermediate to be able to predict the porosity of the resulting
COFs. These S-ketoenamine-linked COFs were synthesised via a mechanochemical synthesis of
1,3,5-triformylphloroglucinol (Tp) with several functionalised phenylenediamine (PA) and benzidine
(BD) linkers, catalysed by different toluenesulfonic acids or hydrogen chloride. During this process,
the diamine first forms an acid-diamine salt with the toluenesulfonic acids, which then further reacts
with Tp to the final COF. The hydrogen-bond distance of the acid-diamine salt was found to affect the
COF porosity. While the hydrogen-bond distance was tuned by the choice of toluenesulfonic acid, no
trend between the BET surface area and their methylated amine linker was observed. Additionally, the
applied mechanochemical synthesis — especially the intermediate acid diamine salt — differs from
COFs synthesised in solution. In another study, Singh et al. reported on the possibility to fine-tune the

optical band gap by changing the number of hydroxyl groups on the TFB aldehyde node by varying
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the push-pull electronic effect. ®l The authors found that a more pronounced push-pull effect leads to

lower resulting band gaps.

Combined with the earlier reported increased stability of methyl-substituted COFs, 183 these two
studies motivated us to systematically investigate the effect of methyl groups on the porosity and UV
absorbance of imine-based COFs. To this end and given their pore stability and utilisation potential of
their UV absorbance, we decided to introduce an increasing number of methyl groups, this time also in
the amine linkers. Such thorough comparison of similar, yet different structures enables a fundamental
understanding, which can be employed to rationally design COF materials with tailor made properties.
By expanding our methylated imine-based COF library and by thoroughly characterising, including
detailed solid-state NMR (ssNMR) measurements as well as experimental band gap analyses, we
investigate the influence of methylation of aldehyde nodes and amine linkers on the resulting COF

crystallinity, BET surface areas, the tendency for pore collapse and the UV absorbance of the COFs.

3.3 Results and discussion

We synthesised a full range of COFs with a) methylated (Me3sTFB) and non-methylated (TFB)
aldehyde nodes and b) varying numbers of methyl groups on two different amine linkers (1,4-
phenyleneamine derivatives: PA, Me2PA, MesPA and benzidine derivatives: BD, Me2BD, Me4BD)
whose structures are presented in[Figure 3.1] Systematic combination of all building blocks leads to a
series of twelve different COF materials of which five have not been reported in literature to the best of
our knowledge (Figure 3.7). We successfully synthesised five novel COFs: Me3TFB-Me4PA, Me3TFB-
Me2BD, Mes TFB Me4BD, TFB-Me2PA, and TFB-Me4BD. Keeping the synthetic and experimental
conditions similar for all COFs within this and our previous study — in which we compared TFB-PA
and TFB-BD to Me3TFB-PA and Me3; TFB-BD for acid vapour sensing 83l — we also synthesised
the COFs that have been published before (TFB-Me2PA, 1183 TFB-Me 4 PA L8 and TFB-Me,BD87),

completing the matrix in|[Figure 3.7]and facilitating a direct comparison.

3.3.1 Synthesis and Characterisation of COFs

In a classical Schiff base condensation reaction, two equivalents of aldehyde node and three
equivalents of amine linker were reacted at 70°C for three days in 1,4-dioxane:mesitylene 1:4 v/v at

atmospheric pressure. While reactions with unmethylated amines were carried out with additional
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Aldehyde Nodes:

CHO CHO
OHC /@cm OHC CHO
TFB Me,TFB
TFB Me,TFB

PA ﬁ

Amine Linkers:

NH, NH, NH, Me,PA
Me,PA
NH, NH;, NH;,
PA Me,PA Me,PA BD
NH NH NH
2 2 2 Me,BD

» (J 7 e

NH; NH, NH,
BD Me,BD Me,BD

Figure 3.1: Structures of the aldehyde nodes (top left), amine linkers (bottom Ieft% and matrix of the synthesised COFs
(right) - plain blue: published in peer-reviewed literature before, blue diagonal stripes upward:
synthesis reported in a patent and characterisation data not shown, plain green: novel COFs, green
diagonal stripes downward: published by our group.

water to enhance the dynamic covalent chemistry (DCC), methyl-containing amines were reacted only
with acetic acid acting as catalyst. The additional water can not only enhance error-correction via DCC,
but in the case of methylated amines, the equilibrium was also shifted towards the starting materials
as indicated by fourier-transform infrared spectroscopy (FT-IR), which showed a higher intensity for
the C=0 stretch of the aldehyde around ~1690 cm~—1. Furthermore, the BET surface area was found
to be lower for COFs based on methyl-containing amines when additional water was added during
the synthesis. After this reaction optimisation, all COFs have been synthesised and characterised
in triplicate. The COFs were isolated by Blichner filtration and subjected to an extensive washing
procedure developed by Dichtel and co-workers. Bl The material was then divided into two batches
for different COF activations (drying). One batch was dried at 120°C overnight in an air ventilated

oven and the other one was dried at 120°C overnight in a vacuum oven.
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First, based on new bands that appeared near 1620 cm: (Section [3.5), FT-IR spectroscopy
confirmed the successful formation of imine bonds. All COF spectra show an attenuated C=0 stretch
of the aldehyde around ~1690 cm—!, which is likely due to unreacted side groups at the outside of
the 2D polymeric sheet. 6065188 Thege relative intensities vary, depending on the number of methyl
groups attached to the amine linker. The more methyl groups are attached, the stronger is the residual
aldehyde vibration in the spectrum. The repeatability for TFB-Me4PA is less good compared to the
other COFs of this series. To shed light on the full COF series, this sample was still included in the

further analysis. The lower repeatability is expressed by the larger error margins.

The crystallinity of the COFs was confirmed by powder X-ray diffraction (PXRD) analysis. The
crystallinity and the BET surface areas of COFs are typically closely related, so both measurements
were taken into account together for the characterisation of the materials. All diffractograms, except
for TFB-Me4BD, show diffraction peaks (Section [3.S). Some diffraction peaks are low in intensity
and broad, but together with the BET surface area determination, we concluded that the obtained
structures are COFs. However, based on its PXRD and BET characteristics, TFB-Me4BD is considered

as COF-like porous organic polymer (POP).

Pawley refinement was performed in triplicate with the PXRD diffractogram using the space group
P6/m, which corresponds to an eclipsed stacking structure. The unit cell dimensions and R,,, and R,
values are given in[Table 3.1] For TFB-PA and TFB-BD, Pawley refinement was not performed, be-
cause the stacking conformations have been published previously. 5911791 For TFB-Me»BD, compared
to literature, a larger interlayer stacking distance (3.7340.02 A vs 3.4 A) and lower R,,, and R, values
were obtained. 182 For TFB-Me,PA, the refinement matched better to the space group P71 with lattice
parameters of a=22.80+0.46 A, b=22.214+0.26 A, ¢=6.7440.24 A, ¢=89.5+1.21°, 3=91.1+3.82°and
~v=59.1£1.10° with R,,,=3.42+1.24% and R,=2.23+0.60%. For TFB-Me4BD, no Pawley refinement
was conducted, because of the non-existing crystallinity. The Pawley-refined PXRD patterns were
compared to the simulated diffraction patterns of optimised crystal structures obtained from density
functional theory (DFT) calculations. To compare experimental COF with simulated PXRD patterns,
Zhang et al. suggested to use simulated patterns of statistical COF models, consisting of more than
one single stacking order, to accurately model the PXRD diffractions of COFs. 18 To obtain insight in
the effect of stacking on the characteristics of PXRD patterns, the two extreme models “eclipsed” and
“staggered” were simulated. Small local disorders were neglected to reduce computational complexity.

Such small deviations in peak position and peak broadening can also be observed in our materials. It
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Table 3.1: Unit cell dimensions for all uncharacterised COFs within this manuscript with the space group P6/m, both as
determined by Pawley refinement and as computed by DFT calculations.

Pawley-refined unit cell dimensions Computed unit cell dimensions

coF a=b [A] c[A] Ruwp (%] R, [A] a=b [A] c[A]
TFB-Me,PA 23.54+0.66 3.76+0.06 2.13+0.81  11.48+0.55 22.69 3.78
MesTFB-PA 21.96+0.07 3.774+0.04 5.77+2.57 3.97+1.67 22.52 3.75
MesTFB-Me;PA  21.87+.012  3.73+0.01  4.08+0.81 2.7940.51 22.56 3.80
Mes TFB-Me,PA 23.17+0.21 3.7340.02 2.9243.16 2.094+2.13 22.69 3.78
TFB-Me2BD 30.35+0.29 3.724+0.02 2.9243.16 2.094+2.13 29.95 3.74
TFB-Me4BD not crystalline 30.24 3.80
Mes TFB-BD 29.64+0.11  3.67+0.11  6.79+0.56 4.7440.46 30.01 3.72
Me3TFB-Me>BD  29.86+0.55 3.65+0.08 2.04+1.33 1.51+0.90 30.02 3.72
Me3;TFB-Me,BD  28.98+0.74  3.52+0.13  0.70+0.08 0.564-0.06 30.12 3.78

was therefore hypothesised that the small deviations in peak position between the experimental and
the DFT-computed PXRD patterns are related to stacking disorder. All COFs — except for TFB-Me4PA
— crystallise predominantly in an eclipsed stacking conformation including some stacking disorder.
The deviations between the computed unit cell dimensions and the Pawley-refined values is below
5%, which is within the expected accuracy of the DFT calculations, further supporting the formation of
eclipsed COFs. Only the deviation in interlayer stackings of Mes TFB-Me4BD is slightly higher (6.8%).
The diffraction patterns (Section [3.S) and unit cell dimensions of TFB-Me4PA exhibit a better match

with the staggered model as already indicated by the different space group.

Upon increasing the number of methyl groups in the amine linker, the crystallinity decreases. This
can be rationalised by a less reactive tetramethyldiamine due to steric hinderance. The more unreacted
aldehyde groups remain at the outside of the 2D polymeric sheets, the higher is the intensity of the
C=0 stretch in the FT-IR spectra. For aldehyde nodes, the crystallinity is larger when using methylated

building blocks.

To study the COF stability in water, 1 M NaOH, 1 M hydrochloric acid, dichloromethane (DCM) and
N,N-dimethylformamid (DMF), COFs were immersed for five days into the respective solvents and
upon re-isolation and drying in a regular oven at 120°C overnight, the PXRD patterns were recorded
again. To investigate the chemical stability of the novel COFs, representative samples (methylated
aldehyde, fully methylated amine, different amine) were chosen: MesTFB-PA, TFB-Me4,PA, Me; TFB-
Me4PA and Me; TFB-BD (Section [3.S). Wang et al. 74 and Daugherty et al. @ studied already the
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chemical stability of TFB-PA and TFB-BD, respectively. MesTFB-PA, TFB-Me,PA, Me3TFB-Me,PA
and Me3; TFB-BD were found to be stable in 1 M NaOH and DMF. All tested COFs are chemically
stable in DCM except for Mes TFB-BD, which is only partially stable in DCM. All COFs are stable in
water, except for Mes TFB-Me4PA. The instability of Mes TFB-Me4PA in water is surprising, because
the high number of hydrophobic methyl groups was anticipated to prevent water from a nucleophilic
attack.

The thermal stability was determined by thermogravimetric analysis (TGA), Me3; TFB-Me4PA and
TFB-Me4PA started to decompose at 363°C and 412°C, respectively (Section[3.5). This is comparable
to the thermal stability of Me; TFB-PA and Me3; TFB-BD. 183 |t is anticipated that the stability of the

other COFs in this series will be similar.

3.3.2 Solid-state NMR assignment

13C cross-polarisation magic angle spinning solid-state NMR (*3C CPMAS ssNMR) spectra were
recorded to investigate the structure of the COFs. We used two different spinning frequencies to
distinguish COF signals from spinning side bands (Section 3.5). Compared to the spectra of the
starting materials, the 13C CPMAS NMR spectra of COFs show a strongly attenuated signal around
190-200 ppm, characteristic for aldehyde carbons, and a signal around 160 ppm, which can be
assigned to the imine carbons, (Figure 3.2A1-C1). These observations lead to the conclusion that
imine-linked COFs have indeed been formed. Based on the '3C CPMAS NMR spectra, structural

assignments for COFs have been proposed. 16159

As a next step, CP contact time-dependent CPMAS NMR analysis provides added value for an
evidence-based assignment of such materials. 74 By varying the CP contact time and recording the
respective spectra, the ssNMR signals of differently substituted carbon atoms show a different relative
cross-polarisation build-up, which enables the assignment of the signals to the carbons present in the
COF structure. This is a facile and straightforward strategy for structure elucidation of solid materials
in general and was only recently employed in COF characterisation. Acquiring 2D HETCOR ssNMR
spectra at two different CP contact times enabled Samori and co-workers to fully assign the 3C
spectrum of TFB-PA. 74 To acquire 2D HETCOR spectra, a ssNMR probe with a spinning rate as
high as 60 kHz is required and such a special probe is not widely available. Recently, Zhu et al.
assigned the 13C spectrum of a methoxy-functionalised, imine-linked COF based on 15 different CP

contact times by comparing the relative CP data, which was obtained at lower spinning rates. 23 We
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built further on this approach, expanded it to a more complex COF structure, and also analysed the
ssNMR spectra with the open source software ssNnake 12918 to obtain the CP build-up curves. The
advantage of CP build-up curves over measuring at two CP contact times is that they directly visualise
the rate of each signal build-up. Based on these curves, the required CP contact times for structure
elucidation can be identified and selected to save measurement time for future structural assignments

of similar COFs.

The assignment of the NMR spectra of the starting materials in[Figure 3.2A1-C1 has been done
by solution NMR measurements (12C and '3°DEPT), before double-checking whether the signals
appear at approximately the same chemical shifts in ssNMR. At first, we applied our CP contact time
dependent analysis to assign TFB-PA with the help of MesTFB-PA and TFB-Me4PA (Section[3.5). As
the methylated COFs are derivatives of the unmethylated COFs and a methyl substituent typically
has only a small effect on arylic chemical shifts, we expect comparable chemical shifts, enabling
one to assign all NMR signals by comparing the spectra and CP build-up curves (Figure 3.2A2-C2).
We found for both combinations (TFB-PA/MesTFB-PA and TFB-PA/TFB-Me4PA) that the assignment
matches the one measured with 2D HETCOR NMR. 1371 We now implemented this method in its full
potential to our extended series, including TFB-BD and its methyl derivatives. TFB-BD has also been
assigned previously, though no experimental support was shown. ®% Hence, we measured the CP
build-up for TFB-BD (Figure 3.2A2), Me; TFB-BD (Figure 3.2B2) and Me; TFB-Me4BD (Figure 3.2C2).
Each COF is symmetrical and in this sequence each COF has one quaternary carbon more than the
previous one. It is noteworthy, that the crystallinity of the COF is also reflected by the width of the
signal. The sterically demanding Mes TFB-Me4BD has a lower crystallinity and thus more signals that
overlap in the spectrum. The best resolution was obtained for MesTFB-BD (Figure 3.2B1), which

therefore was taken as a starting point for the assignment.

The eight different carbon atoms in Me3 TFB-BD — as labeled in the chemical structure depicted in
(Figure 3.2B1) — yield seven separate signals, indicating that two carbons have an identical chemical
shift. First, the methyl group could be assigned to the signal at 15 ppm and the imine-carbon to the
signal at 160 ppm, both based on their chemical shift. For the next step in the assignment, it is our
experience that it is best to first look at the spectrum of TFB-BD (Figure 3.2A1). It shows only one
slow CP build-up (Figure 3.2A2), which means that out of the three quaternary carbons, two are
overlapping with a tertiary carbon. Based on the chemical shift, the carbon is deshielded, indicating an

electronegative atom in its surrounding. In addition, the quaternary carbon from the amine linker could
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Figure 3.2: Solid-state 1>C CPMAS NMR spectra of respective COFs at 11 kHz spinning frequency at 3.2 ms CP contact time (black): TFB-BD (A), Mes TFB-BD (B) and
Mes; TFB-Me4BD (C), aldehyde node at 3.0 ms CP contact time (green) and amine linker at 3.0 ms CP contact time (red) in the top (A1-C1) and CP build-up curves
in the bottom (A2-C2). Spinning side bands are denoted with an asterisk.
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be assigned to ~148 ppm in the spectrum of TFB-PA, supporting the same assignment for TFB-BD,
MesTFB-BD and MesTFB-Me4BD. The signals at 134 ppm and at 131 ppm (Figure 3.2B1) can be
assigned to the aryl carbons from the aldehyde node based on the chemical shifts of the starting
materials. In the spectra of TFB-BD (Figure 3.2A1) and Me3TFB-Me4BD (Figure 3.2C1) these two
signals overlap which is also supported by the relatively fast CP build-up for TFB-BD (Figure 3.2]A2)
due to the tertiary aryl carbon and the slow build-up after methylation when both aryl carbons are
quaternary. We assume that the signal at 134 ppm belongs to the carbon next to the imine carbon
based on the assignment found for TFB-PA. By now, only three carbon atoms are not assigned yet.
Based on the starting material, we hypothesise the signal at 123 ppm belongs to the meta position
and the signal at 118 ppm belong to the ortho position with respect to the former amine. The carbon
atom, which links the two phenyl rings in benzidine, cannot be assigned to a specific signal. Its signal
seems to overlap with other signals and based on the chemical shift in the starting material, it can
either overlap with the carbons from the aldehyde node or with the carbons from the benzidine. The
same order for the assignment was applied to TFB-BD and MesTFB-Me,BD. The ssNMR spectra for
different CP contact times and the spectra of the other COFs can be found in Section 3.5

3.3.3 BET surface area dependencies

Nitrogen sorption experiments have been carried out to determine the porosity and BET surface
area of all COFs. All samples were measured in triplicate to check the repeatability. The isotherms
can be found in Section[3.5] The adsorption branches were used to calculate the BET surface area
(SeeT). All samples are microporous, which means the original p/p° range from 0.05 to 0.3 is not
applicable. Therefore, lower relative pressures have been used for the linear fit and the Rouquerol
criterial’?Zl were applied. The same pressure range has been used for the linear fit of the same COF.
The BET surface areas for all COFs and both activation methods are displayed in[Figure 3.3] The BET
surface areas vary over a very broad range from 28 to 2215 m?/g. For TFB-PA, 18] TFB-Me,PA, 1183l
TFB-BD, "1 and TFB Me»BD, 184 Sz has been reported before and the highest reported values
are 1571 m2?/g, 144 m2/g, 1948 m?/g, and 821 m?/g, for these COFs respectively. For TFB-Me4PA,
which is reported in a patent, we could not find any Sg g1 value. However, TFB-Me;PA was measured
to have a Sprr of 680455 m?/g and TFB-Me2BD of 10264168 m2/g, which are, to the best of our
knowledge, the highest reported values so far for these specific COFs. For TFB-BD, the BET surface

area was found to be 1514497 m2/g. The reported value in literature is approximately 29 % higher,
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which is likely due to the supercritical CO» drying. This is a mild activation method that prevents pore

collapse. The exact values of all BET surface areas can be found in[3.5]

We recently reported that the BET surface area increases due to methylation of the aldehyde for
Me;TFB-PA and Me; TFB-BD. 83! [Figure 3.3| shows that methylation of the aldehyde leads to an
increase in BET surface area for five out of the six pairs synthesised in this study. The only exception
is TFB-Me,PA/Mes TFB-Me,PA for which the BET surface areas are approximately the same. It
must be noted that the synthesis of TFB-Me4PA is challenging and shows low repeatability. The
increase in Sppr for MesTFB COFs is in line with the crystallinity of the COFs. The magnitude of this
increase varies for the different COFs. The expansion of this previous results implies an overall trend
of increasing BET surface area by employing a methylated aldehyde node. It is, however, important
which building block is methylated, because Sgrr decreases when the amine linker is methylated. In
[Figure 3.3]the BET surface area continuously decreases upon attaching more methyl groups ortho
to the amine group. This trend is visible for all four COF series (TFB-PA, Mes TFB-PA, TFB-BD and
MesTFB-BD), in which we added increasingly more methyl groups. These findings are in line with a
higher C=0 aldehyde to C=N imine stretch ratio in FT-IR spectra for non-methylated COFs compared
to their methylated counterparts. This leads us to the conclusion that the position of the methyl group
is crucial for the porosity of the COFs. We hypothesise that the steric demand of the methyl group
plays a role in the COF formation and that this affects the COF formation in two ways. As reported
previously, 183! the methyl groups reduce the conjugation of the carbonyl groups with the 7-system of
the aromatic Me3TFB ring, leading to a smaller rotational barrier after methylation. The smaller barrier
enhances the reaction rate of the conformational change by several magnitudes and the preferred
orientation of the aldehyde node for the framework formation is achieved faster, which results in a
more regular framework. On the other hand, when the steric demand is present on the amine linker,
the nucleophilic attack of the amine group at the carbonyl group can be already more difficult and is
less likely to happen, which leads to the observed decrease in BET surface area. This line of thought
fits with the restricted synthesis based on steric hinderance as discussed based on the FT-IR and

PXRD patterns.

Not only the structure, but also the activation method plays a crucial role in the porosity of COFs.
To investigate the stability of the COFs in this study, all COFs were activated at 120°C in the two
different ways as mentioned before: vacuum vs ambient pressure. Afterwards, the BET surface

area was measured for all samples and to correct for the difference in BET surface area due to
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Figure 3.3: BET surface areas and retained BET surface areas for PA-COFs (A) and BD-COFs (B) after oven- and
vacuum-activation. The retained BET surface area gives the ratio how much S g has been left after vacuum
drying. The errors are based on the analyses of three batches. The asterisk indicates already published data
which is shown to illustrate the trends better.

different pore sizes, the retained BET surface area has been calculated (Section 3.5). Again, the
methylated aldehyde nodes lead to an increase in retained Sg g1, meaning the frameworks are less
prone to pore collapse. The magnitude of this effect varies from COF to COF, being the smallest
for TFB-Me,BD/Me3TFB-Me,BD with only 5% difference and the largest with 70% difference for
TFB-PA/Me3; TFB-PA. For most methylated COFs also the standard deviations are lower than the
ones for the non-methylated aldehyde COFs with the exception of TFB-PA/MesTFB-PA and TFB-
BD/Mes TFB-BD which have roughly the same standard deviations. Based on these findings, Mes TFB

can reduce pore collapse and lead to robust COFs.

3.3.4 UV absorbance

The UV absorbance of the COFs was determined with diffuse reflectance spectroscopy. In[Figure 3.4
the absorbance spectra are displayed for the different COFs and the first derivatives of these plots are
given in the insets. The absorption edges of all COFs are within 370 to 450 nm (Table 3.2), thus in the
purple and blue region of the visible spectrum, explaining the yellow color of all samples. The intensity
depends on the thickness of the sample film, but the shape of the curve does not change. However,
it is observed that sometimes the plateau is reached relatively fast, whereas for other samples the
curve changes only slowly before reaching the plateau. As the shape of the spectra does not depend
on the amount of sample, we believe that the slope of the curve is also characteristic for a specific

material, supporting the use of the inflection point as a new data analyses approach.
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Table 3.2: Overview of absorption edges, inflection points and the calculated band gaps for all COFs.

Estimated Derived Derived optical
COF absorption edge inflection point band gap*

[nm] [nm] [eV]
TFB-PA 429 449 2.70
TFB-Me2PA 448 469 2.64
TFB-Me4PA 438 484 2.52
Me3 TFB-PA 377 414 2,94
Mes; TFB-Mes PA 380 427 2.83
Me; TFB-Me4PA 370 435 2.85
TFB-BD 435 447 2.70
TFB-Me»BD 441 459 2.72
TFB-Me4BD 432 482 2.54
Me3TFB-BD 390 419 2.93
Me; TFB-Me2BD 410 444 2.80
Me; TFB-Me4BD 435 460 2.56

*Based on Tauc plot analysis

Hence, we used Origin to calculate the first derivative and used the inflection point for additional
information. Data analysis with this approach shows, that for COFs with a methylated amine linker,
the absorbance spectra red shifts whereas a blue shift is observed for methylated aldehyde nodes
(Figure 3.4). Methylation therefore gives a handle to tune the UV absorbance of COFs. Methylation
of both aldehyde node and amine linker results in an inflection point in between the COFs with only
one methylated building block. By increasing the number of methyl groups on the amine linker, the

bathochromic shift of the absorbance spectrum gradually becomes more pronounced (Section 3.5).

Traditional analysis of the absorption edge leads to the same findings with one exception: the trend
in which the spectra red shifts based on the number of methyl groups does then not apply anymore.
Additionally, from Mes TFB-PA to Me3 TFB-Me,4PA the absorption edge does not increase, but for the
other three COF series, this trend still applies. These findings further strengthen our mathematical

approach to analyse diffuse reflectance spectra by comparing their inflection points.

All changes in absorbance are also visible by eye, because the isolated COF powders have different
shades of yellow (Section[3.5). All the trends we found lead to the possibility of pre-designing the UV

absorbance based on the choice of building blocks.
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Figure 3.4: Absorbance spectra of TFB-PA, TFB-Me,PA, Me3; TFB-PA and Me; TFB-Me,PA (A), TFB-BD, TFB-Me4BD,
Me3TFB-BD and Me3 TFB-Me4BD (B) and TFB-Me2PA, Me; TFB-Me; PA, TFB-Me2BD, Me; TFB-Me2BD (C)
and their first derivatives as insets for a better comparison.

The bathochromic shift upon methylation of the amine linker can be explained by the inductive,
electron-donating effect of methyl groups. The hypsochromic shift for methylated aldehydes can,
however, not be explained by this effect. The DFT structure optimisation of the COF sheets (Section
[.S) shows that the Me; TFB-COF structures are bended, while the TFB-COF structures are flat. Such
a difference was not found upon the methylation of the amine linker. We hypothesise that the observed
bending from the methylated aldehyde node decreases the delocalisation of the entire conjugated

system, which would result in an increased excitation energy, leading to a blue shift.

Fundamental knowledge on how the UV absorbance and the optical band gap are influenced by its
COF structure is of importance to further develop photocatalytic applications. To study the effect of
methyl groups on the optical band gaps, we converted our absorbance spectra into the Kubelk-Munk
function, 122l assuming a direct allowed transition. Plotting this data in an adapted Tauc plot, 193l
enables one to obtain the optical band gap (Section @ The optical band gaps for TFB-COFs are in
arange of 2.72 to 2.52 eV and methylated aldehyde nodes result in slightly higher band gaps of 2.94

to 2.56 eV. This result matches with the observed blueshift upon methylation of the aldehyde node.
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Upon tetramethylation of the amine linker, the optical band gap decreases. The energies of the band
gaps as well as the observed trends show a better match with the analysis of the UV spectra via their
inflection points compared to the traditional analysis via the absorption edge. This supports again that
diffuse reflectance spectra with S shaped curves can be analysed by their inflection point. Overall, the
band gaps do not change considerably, which means methylation can be used to fine-tune the UV

absorbance towards the desired application while getting a predictable porosity.

3.4 Conclusions

Multiple combinations of non-methylated (TFB) and methylated (MesTFB) aldehyde nodes with
either methylated or non-methylated p-phenylenediamine or benzidine linkers, have been synthesised
and imine COF formation was proved by FT-IR, BET surface area analysis and PXRD measurements.
Pawley refinement yielded the unit cell dimensions, which were compared to the computationally
modelled structures. For the first time, the signals of the ssSNMR spectra of TFB-BD, Me3TFB-BD and
Mes TFB-Me4BD could experimentally be assigned using contact time dependent CPMAS NMR and
comparing the different COF derivatives. An in-depth study of the COF series revealed several trends
in their properties based on the methyl substitution pattern of their corresponding building blocks.
First, COFs with Me3 TFB show larger crystallinity and therefore increased BET surface areas up to
approximately 2100 m?/g. In addition, the COFs are less prone to pore collapse which was proven by
comparing vacuum activation with drying in a regular oven. Second, it is of importance which building
block is methylated (aldehyde vs amine), since — in contrast to their aldehyde counterparts — COFs
with methylated amine linkers show a decrease in crystallinity and BET surface area. This is likely
attributed to the higher steric demand of the methyl groups, which is supported by the third trend: the
more methyl groups are attached to the amine linker, the stronger are the decreases in crystallinity
and BET surface area. In addition to the steric influence on the conjugation of the carbonyl groups
with the aromatic ring, we hypothesise that the methyl groups on the amine linker sterically hinder
the COF formation. An amine methylation does not show a significant effect on the robustness of the
COF against vacuum activation, which is again in contrast to their aldehyde counterparts. Therefore,

the position of functionalisation within the COF building blocks is crucial.

Fourth, the absorbance spectra blue shifts if MesTFB is used as a building block, which leads to a
small increase in the optical band gap compared to TFB-COFs. We hypothesise that this is caused

by the decreased conjugation caused by the methyl groups. COFs with methyl groups on the amine
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linkers show a red shift of the absorbance and smaller optical band gaps, which is in line with the

bathochromic effect expected from methyl groups.

To conclude, the effect of methyl substitution patterns on high surface area COF properties can
serve for an enhanced rational design of COFs. Furthermore, it allows one to fine-tune the optical

band gaps, which can be relevant for photocatalytic applications of COFs.

3.S Supporting Information

The Supporting Information is available free of charge on the website of the American Chemical

Society:

Or it can be accessed via the following link:

https://drive.google.com/file/d/1wjErpqvsad4qjE3KKERW11JKmuy_c4Zr7/view?usp=sharing
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4 Functionalised modulators in COFs

4.1 Abstract

Covalent organic frameworks (COFs) are porous materials with high surface areas, making them
interesting for a large variety of applications including energy storage, chemical sensing, and gas
separation. In gas separation and sensing, functionalisation beyond the COF linkage can result in
selective COF-gas interactions, tailoring the properties for the desired application. However, not all
functional groups are compatible with the synthetic conditions needed for COF formation. Modulators,
which are typically monovalent building blocks that would terminate the reaction, have been shown to
maintain or even improve the COF porosity by slowing down the reaction kinetics. Herein, we report
on a series of several para-functionalised (OMe, Me, F, Cl, CF3, NO2) amine modulators to introduce
additional functionality into the framework to study the selective CO2/N> gas separation under flue
gas conditions. Thorough characterisation of the modulated COFs showed that the modulators are
located on the outside of the polymeric sheet and get replaced by benzidine molecules, favouring a
regular network formation over a homogeneous modulator distribution. The fractions of eventually
incorporated modulator vary per functional group between 2.1 mol% (NO2-modulated COF) and 8.9
mol% (Me-modulated COF) while maintaining high BET surface areas (> 1800 m?/g). It was found
that all modulated COFs adsorb moderate quantities of CO2 and show comparable CO2/Ny IAST
selectivity values under flue gas conditions. A higher number of functional groups in the framework

was shown to enhance the IAST selectivity.

4.2 Introduction

Porous materials are solid materials, possessing permanent pores with pore sizes of a few to
several hundred nanometres. These pores can be classified into macro- (> 50 nm), meso- (2-
50 nm) and micropores (<2 nm). 1 In 2005, Yaghi and co-workers reported the first covalent organic
framework (COF) as a new type of fully organic porous nanomaterial. 13! Since then, COFs have
gained increasingly more interest and a huge variety of different materials and applications have been
reported. 243l The permanent porosity and their channel-like structure lead to high surface areas,
which are of interest for, amongst others, energy storage, 123! chemical sensing, 27! photocatalysis 245l
and gas separation. 28l COFs are usually synthesised via polycondensation of two multivalent building
blocks. The formed COF linkages are based on dynamic covalent chemistry (DCC). 1412l DCC refers
to reversible reactions carried out under thermodynamic reaction conditions, which enable error

correction within the reaction. This leads to a crystalline framework with long-range order. Imines are
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known for DCC, which makes them interesting for COFs. They can be synthesised in a condensation
reaction from aldehyde and amine building blocks with an acidic catalyst, which is also known as

Schiff base chemistry. [281141142]

In the context of gas separation applications, COFs are exposed to a mixture of gases of which one
gas would — ideally — selectively adsorb onto the COF surface and inside the COF pores. Here,
the porosity of COFs is advantageous to store large quantities of gas, which has, for instance, been
used for carbon dioxide (CO2) capture and storage. As the term 'gas separation' already states, it
is important to have a selective adsorption of one gas over another, in order to achieve the desired
separation. In fact, the development of new, more selective, porous materials for CO» capture crucially
depends on the ability to determine this gas selectivity. Measuring mixed-gas adsorption requires
specialised and expensive equipment.1% The measuring principle relies on dynamic methods, in
which the gas mixtures are constantly flowing over the sample and so-called breakthrough curves are
recorded to determine how much of which gas is adsorbed. In contrast, measuring the adsorption
isotherm of a pure component is far more straightforward and is possible with common physisorption
instruments. Physisorption instruments measure the quantity of gas adsorbed at each pressure,

leading to isotherms of the pure gases.

In order to determine gas separation selectivity values out of pure component isotherms, the so-
called ideal adsorption solution theory (IAST) was developed by Myers and Prausnitz. 138 The basis
of IAST is analogous to Raoult’s law. 138 Both theories assume a linear dependence between gas
pressure and the mole fraction of the gaseous component; in case of Raoult' s law the vapour pressure
and in IAST the equilibrium gas-phase pressure. 138 The simplicity of these calculations makes IAST
a widely used method for selectivity determination in gas separation. The IAST selectivity S of a
binary gas mixture is defined as the ratio of the mole fractions in the adsorbed state (q) over the mole

fractions of the bulk phase (p) of components 1 and 2 (Equation [4.1). {40

_ Q1 X Pp2
g2 X p1

S (4.1)

The validity of IAST has been studied by comparing the IAST results with grand canonical Monte
Carlo (GCMC) simulations for metal organic frameworks (MOFs).1% Despite the development of
more accurate GCMC simulations over the past decades, the obtained selectivity predictions, as well

as experimentally obtained data, are still comparable to IAST predictions. 19672021 The comparable
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results of IAST with GCMC simulations, its simplicity and general applicability are the reason why

IAST is still the benchmark theory for mixed adsorption studies.

Being a primary greenhouse gas, CO; plays an important role in climate change. Strategies to
mitigate global warming include the reduction of CO» emissions via carbon capture and storage. The
separation of CO2 from N2 — and the associated CO2/N; selectivity — play a crucial role in such
strategies. In this context, the porosity of COFs is advantageous to store large quantities of gas. [732203]
Computational studies have shown that metal doping significantly increases the CO- uptake at 298 K
and 1 bar.12% Among the screened metals (Li, Na, K, Be, Mg, Ca, Sc, Ti), the CO,-metal interaction is
best in terms of adsorption and desorption for Li. The CO, uptake and CO42/N2 selectivity have been
investigated under high pressure (> 1 bar) or flue gas (15% COx, 1 bar) conditions for example. It was
found that the CO2 adsorption increases with increasing pressure. At 5 bar pressure, triazine-based
B-ketoenamine COF reached a CO4 adsorption of 12.97 mmol/g and 3.64 mmol/g at 273 K and 298 K,
respectively. 2 Flue gas conditions are relevant for the purification of industrial exhaust gases and
several COFs have been investigated under those conditions. Covalent triazine frameworks (CTFs), a
special type of COFs, are reported to have high CO2/N2 selectivity values. Mahato et al. reported
the highest CO2/N2 IAST selectivity value for COFs under those chosen flue gas conditions so far of
185.8 at 273 K with an CO» adsorption of 3.50 mmol/g. %8 Among COF materials, imine COFs are
most commonly used and Huang et al. synthesised an porphyrin COF, whose channel-walls were
post-synthetically functionalised with carboxyl groups. 1738 The selectivity under the above mentioned
conditions was enhanced by more than ninefold compared to the pristine COF to S=77. Das et
al. studied an imine network and determined CO2/N. selectivity values of 211 at 273 K and 100 at
298 K.[172l These values were validated by breakthrough experiments, leading to a selectivity values
of 125 at 298 K, which is even higher than predicted by IAST. Structure-performance studies of six
different COFs, carried out by Wang et al., have revealed that 3-ketoenamine COFs outperform imine
COFs with similar pore sizes. 74 They did not find a direct relation between the CO» uptake and the

pore size.

Research has not been limited to CO, separation, but also sulfur dioxide (SO3) removal from
flue gas by COFs has been studied. €1l Imide-linked COFs were functionalised by incorporation of
4-[(dimethylamino)methyl]aniline and the SO, uptake was measured over time, leading to 6.30 mmol

S0, g1, which is equivalent to 40 wt%.
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Such monovalent amines or aldehydes can be used as modulators. Modulators would terminate the
polymerisation. Due to the dynamic nature of imine chemistry, the imine bonds can react back to the
starting materials and the modulator can be replaced by a diamine to continue polymerisation or the
imine bonds can undergo metathesis. This dynamic behaviour enables two different possibilities how
the modulator acts during polymerisation: (1) the modulator is homogenously distributed, leaving some
pores unclosed and therefore disrupts the regular framework, resulting in a non-ideal honeycomb
structure or (2) the modulator is heterogeneously distributed. In several studies, it has been shown
that the mostly unfunctionalised modulator was mainly located on the outside of the 2D polymeric
sheet, acting as a capping agent. 2773 Calik et al. studied the position of the modulator by using a
thiol-functionalised modulator to enable staining with iridium clusters. ¢! High-angle annular dark-field
scanning transmission electron microscopy showed that the stained modulators were mainly located at
grain boundaries. Moreover, Lee et al. used a dimethylamine-functionalised modulator in imide COFs
for SO, capture. 8! Since the polymerisation is dynamic, the modulator gets constantly replaced by
diamine molecules. This exchange reaction slows down the framework polymerisation and leads to
a more regular framework. [22123I75-80] |n general, such modulators can additionally contain different
functional groups, ! ranging from electron-withdrawing groups to electron-donating groups. The
influence of such functional groups was studied by Hammett et al. who derived an equation that
correlates the chemical structure with the corresponding reactivity. 2052001 | ater Hansch et al. compiled
extensive lists of Hammett parameters for a broad library of functional groups. 207208 The applicability
of the Hammett equations has been shown in several studies, amongst others the hydrolysis of
p-nitrophenyl benzoate esters, 2% imine exchange in multistep metallo-organic transformations 1% or

imine exchange in covalent adaptable networks. 11

As shown by these examples, functional groups play an important role in tailoring the selectivity of
COFs for gas adsorption and modulators have proven to form COFs with high porosity. Therefore, we
decided to extend this approach by employing a series of functionalised modulators, which are even
commercially available. The obtained materials were thoroughly characterised and the modulator con-
centrations within the framework were determined. Additionally, the impact of the different functional

groups on CO2/N; selectivity under flue gas conditions was systematically studied.
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Scheme 4.1: Schematic showing the synthesis of modulated COFs in a two-step reaction. In the inset all para-substituted
modulators used in this study, including their Hammett parameters, are given.

4.3 Results and discussion

In a first approach to introduce functional groups in our imine-linked COFs, 1183l we have tried to
react several ortho-substituted (OMe, OH, F, NO2) benzidine building blocks with our recently reported
methyl aldehyde building block. 183 While the methoxy-substituted benzidine resulted in a COF, the
hydroxy-substitution led to an amorphous network, and fluoride- and nitro-substitution did not react at
all (Section[4.S). The electron-withdrawing character of fluoride- and nitro-substitution leads likely
to a decrease in reactivity and thus no reaction could be observed. We therefore looked into a

different strategy to incorporate those functional groups in our COFs and decided to continue via
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4.3.1 Synthesis, reaction optimisation and characterisation of COFs with modulators

In a classical Schiff base condensation reaction, two equivalents of aldehyde node and three
equivalents of amine linker were reacted at 70°C in 1,4-dioxane:mesitylene 1:4 v/v at atmospheric
pressure. The three equivalents of amine linker consist together out of benzidine and the respective
modulator. With the amount of modulator added, we were aiming for approximately 30 mol% of
modulator of all amines in the framework. This will be abbreviated as “mol% modulator”. With the
chosen building block, more than 30 mol% of modulator would decrease the number of functional
groups for imine formation per monomer below two, which would interfere with the formation of a

regular framework.

In a one pot synthesis of CF3-modulated COF, only ~3% modulator was found based on digestion
'H-NMR. In order to get higher quantities of modulator incorporated into the framework, the reaction
conditions were optimised. In a first step, the modulator was reacted quantitatively with all aldehyde
groups of Me3 TFB, to which then 70 mol% benzidine was added in situ, and an immediate precipitation
could be observed (Scheme 4.1). The precipitate was isolated after 6 h, 1 d, 2d and 3 d and the
BET surface area was determined to check the porosity. It was found that the BET surface area after
1 day of reaction time was 2028 m?/g and did not change much anymore upon further increased
reaction times (Section[d.S). Since a trade-off between the concentration of functional groups within
the framework and porosity is needed, the COFs were also digested in DCI/D>O, before *H-NMR
analyses to calculate the fraction of modulator. The concentration of modulator decreases over
time, which means that the reactivity of benzidine is higher compared to the reactivity of modulator.
This indicates that it is thermodynamically advantageous to form a crystalline framework rather than

incorporating all functional monomers into the polymers, as that would lead to interrupted networks.

The synthesis of methoxy-modulated COFs required different reaction conditions, because initially,
before optimisation, no precipitate and thus no COF was formed. Instead, MesTFB and 30 mol%
OMe modulator were reacted for one day before benzidine was added and allowing the reaction to

proceed for another two days.

After this reaction optimisation, all modulator-functionalised COFs have been synthesised and
characterised in triplicate. The COFs were isolated by Biichner filtration and subjected to Vitaku et al.'s
extensive washing procedure. Bl The material was then dried at 120°C overnight in an air-ventilated

oven. The characterisation of modulated COFs is exemplarily demonstrated for CFs-modulated COF,
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Figure 4.1: Characterisation of the CF3-modulated Me3z TFB-BD COF: FT-IR spectrum (A), PXRD diffractogram (B),
adsorption-desorption isotherm (C), and NMR digestion to quantify the modulator content (D).

because this modulator can easily be recognised by fourier-transform infrared spectroscopy (FT-IR).

The characterisation for the other modulated COFs can be found in the Section [4.S]

As a first step, to confirm the successful COF formation, FT-IR was performed, yielding an almost
identical spectrum as the spectrum of Me3 TFB-BD COF (Figure 4.T|A). Additionally, characteristic
bands of the modulator 4-trifluoromethylaniline can be identified, i.e., the strong bands at 1319, 1099
and 1061 cm~1, which are characteristic for CF5 groups. 212l The absence of bands at 1319 cm~"! and
1061 cm~1! in the FT-IR spectrum of Me3 TFB-BD shows that the that modulator has been incorporated.
The band at 1099 cm~1! overlaps with other COF related bands and is therefore not clearly visible.

The incorporation of the other modulators is less visible in the FT-IR spectra (Section 4.S).

Powder X-ray diffraction (PXRD) analysis was carried out to study the crystallinity. The diffractogram
of CF3-modulated COF — as well as the diffractograms of all other modulated COFs (Section —
show the same diffraction peaks as Me3; TFB-BD (Figure 4.1B), confirming the crystallinity of all COFs.

Pawley refinement was performed in triplicate with the PXRD diffractograms using space group P6/m,
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which corresponds to an eclipsed stacking structure. The unit cell dimensions and R.,, and R, values
are given in Section[d.S] The unit cell parameters match with those of MesTFB-BD, confirming the

same crystal structure. 213!

Nitrogen (N2) sorption experiments have been carried out to determine the porosity and BET surface
area of all COFs. The type IVb isotherm of Mes TFB-BD with a pore size of 2.7 nm is retained in
CFs-modulated COF (Figure 4.1C). All other modulated COFs also have a type IVb isotherm with a
pore size distribution centered at 2.7 nm (Section[d.S). A pore size of 2.7 nm is just in between micro-
and mesoporosity and the microporosity is shown by a large adsorption of N2 in the low pressure range
(p/p°<0.1). A step in the isotherms at p/p°=0.1 indicates capillary condensation. The isotherms do
not show a hysteresis during desorption. The comparable isotherm shape and pore size distribution of
MesTFB-BD and all modulated COFs is in line with the comparable PXRD diffractograms and the low
fractions of modulators in the COFs, pointing to the similarities in the structures of the functionalised,
modulated COFs and Me3TFB-BD. The adsorption branches were used to calculate the BET surface
area (Sprr). All samples are microporous, which means the original p/p° range from 0.05 to 0.3 is
not applicable. Therefore, lower relative pressures have been used for the linear fit and the Rouquerol
criterial’??l were applied. The same pressure range has been used for the linear fit of the same COF.

A BET surface area of 1966+54 m?/g was found for CF3-modulated COF.

Since the IR spectra could not unambiguously show the presence of the modulator inside the COF,
it was proven and quantified by NMR digestion. In NMR digestion, the COF sample is cleaved into
its monomers again for the purpose of COF analysis (Section[4.S). In more detail, the sample was
exposed to DCI in D2 O solution in deuterated DMSO-ds, and the 'H-NMR spectrum was measured
(Figure 4.1D). The resulting spectrum shows a signal at 10.47 ppm, which is a characteristic chemical
shift for aldehyde protons, indicating that the COF is depolymerised. The four doublets between
7-8 ppm correspond to the arylic protons of the benzidine and the modulator. After phase and
baseline correction, the signals were integrated and based on the integrals, the amount of modulator
in mol% was calculated. For CF3-modulated COFs, 7.4+0.4 mol% modulator is incorporated within
the framework, which is significantly less than the 30 mol% feed. This shows that the polymerisation
with benzidine is favourable compared to maintaining the modulator-aldehyde imine bonds. Since
there is not enough benzidine to react with all aldehyde groups, the yield of COF precipitate would

also reduce, which was confirmed by our experiments.
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Figure 4.2: Average BET surface areas (left axis) of all modulated COFs and the concentration of modulator incorporated

into the framework in mol% of amines (right axis). The errors bars result from the analyses of triplicates, apart
from the modulator concentration of F-modulated COF, which were performed in duplicate (Section @

Comparing the entire range of modulated COFs, the BET surface areas are between 18574247 m2/g
and 2097141 m?/g and do not vary much depending on the modulator used (Figure 4.2). Such
high BET surface areas translate to a high number of adsorption sides for gases, which make these
materials promising for gas applications. The amount of modulator that has been incorporated into
the framework is repeatable for a specific modulator, which can be seen by the small error margins.
The amount of modulator varies significantly depending on the modulator used and ranges from
2.140.2 mol% for NOz-modulated COFs to 8.9+0.1 mol% for Me-modulated COFs
Section[d.S). There is no trend from the Hammett parameter to the amount of modulator within the
COF, which allows to synthesise COFs with varying functional groups to get comparable materials in

terms of their BET surface area, crystallinity, and degree of functionalisation.

To investigate the spatial arrangement of the modulator, X-ray photoelectron spectroscopy (XPS)
wide scans have been measured for the F-modulated COF in triplicate at two different spots for
each sample (Figure 4.3). XPS is a technique to analyse the surface of a sample and it has a high
sensitivity for fluorine. 2142213l Based on the F1s signal intensity, the fraction of modulator at the surface
of the COF sample is estimated to be 22+8 mol% (Table 4.7). As this value is much higher compared
to the 5.340.6 mol% determined by 'H-NMR digestion of the bulk powder, the modulator is mostly

located at the surface.

The diffraction pattern indicates a regular framework formation, which means that a MesTFB-BD
framework is formed in the bulk, containing modulator units on the outside of the 2D polymeric sheets.

This finding is in line with recent literature. 22776l
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Table 4.1: Atomic ratios and modulator concentration as determined by XPS. Two spots on each sample were measured
and analysed. The modulator concentration is approximated based on the integration of the wide scan.

Atomic ratios Modulator concentration
COF
Cis Nis Oi1s Fis CI2p [mol%]
F-modulated Me3 TFB-BD 88.8 9.5 1.0 0.7 - 21149
Cl-modulated Me3sTFB-BD  90.8 8.3 - - 0.9 2442

The thermal stability was studied by thermogravimetric analysis (TGA). Me3; TFB-OMeBD started to
decompose at 366°C and all modulated COFs started to decompose between 410-418°C (Section
[@.S). The type of functional group of the modulator therefore has no effect on the thermal stability of

the COF. All thermal stabilities are comparable to the one of Me; TFB-BD. 83l

To study the stability in water, all modulated COFs and Mes; TFB-OMeBD were immersed for five
days into deionised water and upon re-isolation and drying at 120°C overnight, the PXRD patterns
were recorded again. All COFs could be isolated from the vials used for the water stability test,
which allowed re-analysis by PXRD, showing that none of the harvested materials were completely
amorphised. Except from Cl-modulated COF and Me3; TFB-OMeBD, all other COFs were found to be
stable under the tested conditions, as indicated by the retained PXRD patterns (Section[4.S).

To investigate the morphology of the COFs, scanning electron microscopy (SEM) was carried out
(Section[@.5). The samples do not have spherical particles with a certain particle size distribution,
but the COF powder consists of aggregates of different sizes. Mes TFB-BD and all modulated COFs
consist of worm-like cylinders grown together in an irregular fashion. The diameter of the cylinders

is in the range of a few hundred nanometres while their length is in the micrometre regime. In the

Fls O1ls Nis Cis ClI2p

Cl-modulated
Me,TFB-BD

CPS

1000 800 600 400 200 0
Binding Energy [eV]

Figure 4.3: XPS survey scan of Cl-modulated and F-modulated COFs.
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case of OMe-modulated COF, the porous surface of those cylinders was observed (Section [4.5).

Me3 TFB-OMeBD shows a fluffy morphology as also observed for other benzidine-based COFs. 1216l

4.3.2 Gas adsorption studies

In order to determine whether the modulated COFs are promising candidates for gas separation
applications, Ny and CO. sorption measurements have been conducted at 273 K and 295 K (Section
[4.S). While the CF5-modulated COF was a good example to demonstrate the characterisation, the gas
adsorption and IAST selectivity is exemplary discussed based on the OMe-modulated COF. We have
chosen the OMe-modulated COF because the directly synthesised Mes TFB-OMeBD was the only COF
that we could obtain for a comparison between the direct, i.e. modulator-free, condensation and the
modulator approach. The adsorption isotherms at 273 K and 295 K of N2 and CO, of OMe-modulated
COF are linear (Figure 4.4)A). The maximum quantity adsorbed of N at 273 K was 0.14 mmol/g at
1.33 bar and for CO2 0.84 mmol/g at 1.05 bar. The quantities adsorbed of N2 and CO- for the other
modulated COFs can be found in Section[d.S] At 273 K, many adsorption isotherms were not well
resolved in the low pressure range due to the low adsorption quantities, which were most probably not
well resolved anymore due to the accuracy of the pressure transducer. This inaccuracy became even
more pronounced in the adsorption isotherms at 295 K. The same OMe-modulated COF adsorbed
0.08 mmol/g of N2 and 0.64 mmol/g of CO, at 1.33 bar and 295 K. These values are significantly
lower than those reported for various related systems. For example, for porous imine based networks
the quantity of adsorbed COx, are reported to be ~1.8-3.3 mmol/g at 273 K, and ~1.2-2.5 mmol/g at
298 K. 1711172 Benzimidazole COFs are reported to have 2.68-3.45 mmol/g CO- adsorption at 273 K
and 1.82-2.32 mmol/g at 298 K. 217 A carboxylic acid-functionalised imine-linked COF even showed
CO, adsorptions of 3.95 and 1.73 mmol/g at 273 K and 298 K, respectively.'Z3 These differences
can be rationalised by the relative low number of polarisable groups in our modulated COFs compared

to those reported in literature.

These isotherms were then used to calculate the IAST selectivity with our recently developed
GraphlAST 218l over pressures from 0.1-1.0 bar and mole fractions ranging from 0.05-0.95. The
obtained three dimensional IAST selectivity plots at 273 K and 295 K are shown in and
[Figure 4.4C. At lower mole fractions or pressures, the selectivity drops below 10. Overall the IAST
selectivity is lower compared to existing literature that reports selectivity values between 31 and 100

for imine networks 1172 and benzimidazole, azine 2% or imine 123l COFs, and Mahato et al. studied
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Figure 4.4: Ny and CO- adsorption isotherms at 273 K and 295 K (A), CO2/N5 IAST selectivity of OMe-modulated COF
at 273 K (B), and CO2/N; IAST selectivity of OMe-modulated COF at 295 K (C).

a covalent triazine framework (CTF) with a CO42/N; selectivity as high as 185.8 at a mole fraction of

0.15 CO,, 1 bar and 273 K. 88l

The low quantities adsorbed and the low selectivity values of our modulated COFs are not high
enough to compensate for the energy and resources needed to synthesise them. Therefore, the
modulated COFs are not suitable for gas separation applications. From Figure 4B and Figure 4C, it
also becomes apparent that the CO2/N2 IAST selectivity significantly increases at higher pressures
and higher CO2 mole fractions. Despite the good selectivity values of 37423 (mole fraction 0.8 at 1
bar) to 70+50 (mole fraction 0.95 at 1 bar) at 273 K and 40433 (mole fraction 0.8 at 1 bar) to 75471
(mole fraction 0.95 at 1 bar) at 295 K, the error margins are currently still very high. Furthermore, to
the best of our knowledge, all carbon capture applications require good selectivity values at lower

mole fractions.

In industrial processes, the concentration of CO- is significantly higher compared to the atmosphere.
Flue gas, for example, contains between 10-25 vol% CO,. 2™ Capturing the CO, and separate it from
the other gases before the flue gas gets diluted by the atmosphere would be more efficient. Within
this context a mole fraction 0.15 at 1 bar was chosen to study the performance of our modulated
COFs (Figure 4.5). The corresponding CO2/N, IAST selectivity values range from 6 to 24 at 273 K
and 7 to 20 at 295 K (Figure 4.5]A). Also the highest value is below selectivity values of channel-
wall-functionalised COFs already reported in imine-linked literature, iZH173] and comparable to imine
COFs with only backbone functionalisation. 191701 However, the higher IAST selectivity values for
CF3- and Me-modulated COFs indicate at first a preferred adsorption of CO- in these two functional
COFs. However, triplicate analysis revealed that the error margins for these selectivity calculations

and their underlying isotherms are too large to draw this conclusion. Especially for Me-modulated
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COFs, it was difficult to record N isotherms. At 295 K, we were only able to measure an isotherm for

one of the three Me-modulated COFs.

The different functional groups on the modulators range from electron-donating to electron-withdrawing
groups, which could influence the CO2/N2 selectivity. To further analyse any relation between the type
of functional group and the CO2/N; selectivity, the CO2/N2 IAST selectivity was plotted against the
Hammett parameters of the group under investigation (Section[d.S). However, no correlation between
the Hammett parameter and the CO2/N2 IAST selectivity was found. We hypothesise that the low
fraction of modulator within the samples is not enough to reveal the influence of electron-donating and

electron-withdrawing groups on the CO2/N2 IAST selectivity.

To further analyse the data and normalise the IAST selectivity of all modulated COFs, the IAST
selectivity of the modulator-free Mes TFB-BD was also determined at 1.0 bar and a mole fraction of
0.15 (Figure 4.5B). This enabled us to investigate whether the modulators have an advantageous
effect compared to COFs without functional groups on the resulting IAST selectivity. Based on this
normalisation, the higher ratios for CF3- and Me-modulated COFs are again not significant since the
error margins are too large and the other modulated COFs have ratios of ~1, indicating that they have

a similar IAST selectivity than the one of Me3TFB-BD.

Next, the relation between the IAST selectivity and the concentration of modulator within the
framework was studied. Since each modulator is incorporated in different amounts, these amounts
need to be taken into account. Therefore, we normalised the selectivity by the average of the modulator
concentration (Figure 4.5[C). As the functional groups of the modulators vary from electron-donating
to electron-withdrawing, the normalised IAST selectivity was compared in line with the Hammett
parameter. The results do not show a trend based on the electronic properties of the modulators and
no functional group was outstanding. The interpretation of the data was mainly hampered again by
the large error margins, which are related to the accuracy of the pressure transducer. Additionally,
we hypothesise that these low quantities of adsorbed gases and the low IAST selectivity values are

related to the concentration of modulator within the COF.

Thus, we synthesised and analysed Me3TFB-OMeBD in triplicate to see whether the small quantities
of functional groups in modulated COFs are simply not enough for a clear CO2/N2 IAST selectiv-
ity. By comparing the IAST selectivity of OMe-modulated COF to Me3; TFB-OMeBD, it can be seen

that the IAST selectivity almost doubles when more functional groups are present in the framework
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Figure 4.5: CO2/N2 IAST selectivity of (A) modulated COFs, normalised to unmodulated Me3; TFB-BD (B), normalised to
the incorporated modulator concentration (C), and comparison of CO2/Ny IAST selectivity of OMe-modulated
COF vs Me3TFB-OMeBD (D). * Mod. stands for modulator (referred to as OMe-modulator) and b.b. stands for
building block, here o-dianisidine.

(Figure 4.5D). Therefore, more functional groups seem to be advantageous for higher selective COF

behaviour. As not all functional building blocks are always compatible with the formation of a crystalline

COF, it is of importance to develop synthetic routes for such structural variation, which will enable

controlled analysis of the structure-property relationships of COFs in gas separation.

4.4 Conclusions

In conclusion, we have incorporated a series of functionalised modulators in MesTFB-BD COF
frameworks and studied their performance in CO2/N2 gas separation, also in comparison to the
pristine Me3s TFB-BD COF. Next to the imine linkage, which can already provide interactions with
CO., additional functional groups in the framework can tailor the COF towards improved COF-gas
interactions. We have employed modulators, which are known to improve COF porosity, and addi-
tional functional groups in the para position (OMe, Me, F, Cl, CF3, NO3) were thought to enhance
COF-COs2 interactions. The higher reactivity of benzidine, compared to that of all modulators, leads to
relatively lower modulator embedding than the 30 mol% of modulator present in the reaction mixtures,

ranging from 2.1 mol% for the NO2-modulated COF to 8.9 mol% for the Me-modulated COF. All BET
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surface areas remain high (> 1800 m2/g) and prove the high porosity of the modulated COFs. These
modulated COFs adsorbed moderate quantities of CO- in gas separation experiments, while the
CO2/N2 IAST selectivity values are comparable (S=6-24 for the different modulators at 273 K) to
imine-COFs without channel-wall functionalisation under flue gas conditions. The low number of
functional, polarisable groups within the COF hampered displaying any trends of favourable CO
interactions with a certain functional group, but for all it was found that an increase in functional group

embedding leads to higher CO2/N2 IAST selectivity values.

4.S Supporting Information

The Supporting Information is available free of charge on the website of Elsevier:

Or it can be accessed via the following link:

https://drive.google.com/file/d/10qvAy8YD-X3S7m3N6veYkiQj6fusmRHY/view?usp=sharing
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5 Aromatic amine-functionalised COFs for CO2/N» separation

5.1 Abstract

CO, is a prominent example for an exhaust gas, and it is known for its high impact on global warming.
Therefore, carbon capture from CO, emissions of industrial processes is increasingly important to halt
and prevent the disruptive consequences of global warming. Covalent organic frameworks (COFs)
as porous nanomaterials have been shown to selectively adsorb CO- in high quantities and with
high CO2/N, selectivity. Interactions with amines are recognised to selectively adsorb CO, and
help capture it from exhaust emissions. Herein, a novel COF (Me3sTFB-(NH2)2BD), which was not
accessible via a direct condensation reaction, was synthetised by dynamic linker exchange starting
with Mes TFB-BD. Despite the linker exchange, the porosity of the COF was largely maintained,
resulting in a high BET surface area of 1624489 m?2/g. The CO- and N, adsorption isotherms at
273 K and 295 K were studied to determine the performance in carbon capture at flue gas conditions.
Mes TFB-(NH2)2BD adsorbs 1.124-0.26 mmol/g and 0.72+0.07 mmol/g of CO5 at 1 bar and 273 K
and 295 K, respectively. The COF shows a high CO2/N2 IAST selectivity under flue gas conditions
(273 K: 83£11, 295 K: 47+11). The interaction of the aromatic amine groups with COs is based on

physisorption, which is expected to make the regeneration of the material energy efficient.

5.2 Introduction

Porous materials are a class of solid, permanently porous materials with pore sizes of a few to several
hundred nanometres. These pores can be classified into macro- (> 50 nm), meso- (2-50 nm) and
micropores (<2 nm).[ In 2005, Yaghi and co-workers 3l reported the first covalent organic framework
(COF) as a new type of fully organic porous material. Since then, COFs have gained increasingly
more interest and a huge variety of different materials and applications have been reported. 211943l
Their permanent porosity and channel-like structure lead to a high surface area, which is of interest for,
amongst others, energy storage, 28 chemical sensing, 27 photocatalysis 22l and gas separation. 28l
Usually, two multifunctional building blocks are linked by dynamic covalent chemistry (DCC). 14151 DCC
refers to reversible reactions carried out under thermodynamic reaction conditions, which enables error
correction within the reaction, leading to crystalline frameworks with long-range order. Additionally, the
exchange of building blocks (linker exchange) in already existing, crystalline frameworks opens the
possibility to synthesise COFs with improved crystallinity '8/ or make COFs accessible that were not
accessible via condensation of the respective building blocks. 187 Qian et al. reported the first COF

to COF linker exchange by replacing 1,4-phenylenediamine (PA) with benzidine (BD) in an imine linked
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COF, which yielded an almost complete transformation. 1% The linker-exchange strategy was applied
to achieve, amongst others, different COF linkages, 161102111111122220] changes in the pore hierarchy and
size by different linker symmetries, 137115 the transformation of linear polymers into COFs 118118 or

3D into 2D COFs, 221l and the introduction of functional groups into the framework. 16!

Being a primary greenhouse gas, CO- plays an important role in climate change. Strategies to
mitigate global warming included the reduction of CO, emissions via carbon capture and storage. The
separation of CO2 from Ny — and the associated CO2/N; selectivity — play a crucial role in such
strategies. In more detail, CO5 capture is industrially performed by amine solutions that react with
it. 1631222 However, in this case the CO, covalently binds, which means that the regeneration process
requires a lot of energy. Alternatively, porous materials as outlined above are promising candidates for
carbon capture, because their large surface area enables them to store large quantities of CO». To
store CO-, it must first be — ideally selectively — separated from a gas mixture, for example, from the
atmosphere or flue gas. For direct air capture, 400 ppm of CO- in N2 is relevant, because this is the
current atmospheric CO2 concentration. 1811162 Coal flue gas contains 10-25 vol% CO». 218l Capturing
the CO- and separating it from the other gases before the flue gas gets diluted by the atmosphere
could help to reduce CO, emissions into the atmosphere. 18111621 |n this context, the porosity of COFs

is advantageous to store large quantities of gas. 1731203]

The CO2/N2 selectivity can be calculated out of pure component isotherms based on the ideal
adsorption solution theory (IAST), which was developed by Myers and Prausnitz.!'38 To simulate
the adsorption behaviour of gas mixtures, the pure component isotherms must be measured at
the same temperature and on the same adsorbent. The basis of IAST is analogous to Raoult's
law for vapour-liquid equilibrium.l38 For IAST, the adsorbed phase is assumed to behave like an
ideal solution that is in an equilibrium with the bulk adsorptive. It is assumed that the adsorbent is
thermodynamically inert, that the Gibbs definition of adsorption applies, and that the surface area is
universally accessible and temperature invariant. It must be noted that IAST is only of limited validity
for polar adsorptives or mixtures, in which one component strongly adsorbs and the other one weakly.
Other limitations are heterogeneous adsorbents and low loadings as they can lead to poor predictions
of mixture adsorption. In more detail, for example, low loadings can lead to inaccurate spreading
pressures, falsifying the selectivity calculation. If the fitted isotherms do not accurately reproduce
the Henry constant for the specific adsorbate, the IAST calculation will predict incorrect selectivity

values. 139 Nevertheless, the simplicity of these calculations makes IAST a widely used method for
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selectivity determination and provides good results for screening the applicability of porous materials
in gas separation. The selectivity S of a binary gas mixture in IAST is defined as the ratio of the mole

fractions in the adsorbed state (q) over the mole fractions of the bulk phase (p) of components 1 and 2

@_[140J

_ Q1 X p2
q2 X p1

S (5.1)

Several different porous materials have been investigated for such CO2/N3 separations under flue
gas conditions, amongst others benzimidazole linked porous organic polymers (POPs). They have
been shown to store CO; in large quantities (up to 5.19 mmol/g at 273 K and 1 bar) with good
CO4/N; selectivity values (63 at 298 K and 1 bar in a 0.1/0.9 mixture). {85116612171223:227) post-gynthetic
functionalisation can further enhance the selectivity. 19 The well-known amine-CO, interaction 1632221
makes the amine functionalised benzidine linker 3,3'-diaminobenzidine ((NH2)2BD) interesting for
CO2/N; separation. For example, this linker was employed to synthesise a benzimidazole-linked COF
(IISERP-COF3), 228 3 semi crystalline covalent organic polymer, 223 and benzimidazole POPs for
CO,, adsorption. 217225 Besides benzimidazole linked porous materials, imine linked materials have
also been investigated, which often have CO2/N2 IAST selectivity values in the range of 10-30 without
additional pore-wall functionalisation that would then be present inside the pores. 189170 To the best
of our knowledge, the highest CO2/N5 IAST selectivity value so far (185.8 at 273 K for 15% COy)
was reported by Mahato et al. for a covalent triazine framework. 168 Recently, Yaghi and co-workers
studied the incorporation of aliphatic amine groups into a tetrahydroquinoline COF.€% They found
high CO, adsorptions of 0.304 mmol/g at 0.4 mbar and 25°C, which are relevant conditions for direct
air capture, and that 50% humidity even enhances the CO; uptake to 0.393 mmol/g at 298 K and
1 bar. Based on solid-state NMR (ssNMR), they showed that carbamates were formed during the

adsorption, therefore confirming chemisorption interactions.

Thus, functional groups are important for the interaction of porous materials with CO, to achieve
high adsorption quantities and high selectivity values for carbon capture. The nitrogen-CO- interaction
— especially the one of amine-CO2 — has shown to be beneficial in terms of adsorption and selectivity,
and can be used for the rational design of novel materials for carbon capture. However, the chemical
properties, e.g. the pKa value, are dependent on the nature of the nitrogen atom. Aliphatic amines,

as used by Yaghi and co-workers, 182 can interact more strongly with CO» compared to aromatic
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amines, leading to chemisorption. Since chemisorption requires higher energies for the regeneration
of the material than physisorption, we decided to use aromatic amines, which are directly linked to the
COF backbone. In a classical condensation reaction, these additional amine groups are expected to
interfere with the framework formation, so we used the dynamic linker-exchange strategy to obtain
MesTFB-(NH2)2BD). After the characterisation of the novel COF, we further studied the CO2/N2

adsorption and selectivity under flue gas conditions and direct air capture for gas separation.

5.3 Results and discussion

In an attempt to directly synthesise the amine-functionalised COF, 2,4,6-trimethylbenzene-1,3,5-
tricarbaldehyde (Mes TFB) and 3,3'-diaminobenzidine ((NH2)2BD) were reacted in a 1:4 v/v mixture of
mesitylene:1,4-dioxane. Acetic acid was added as a catalyst for the reaction. The reaction mixture
was heated to 70°C for three days before the obtained precipitate was isolated by Blichner filtration
and subjected to the extensive washing procedure from Dichtel and co-workers. Bl Afterwards, the
obtained powder was dried at 120°C overnight in a regular oven before the characterisation was
carried out. The results of Fourier-transform IR spectroscopy (FT-IR), Powder X-ray diffraction (PXRD)
and N2 sorption analysis indicate the formation of an amorphous polymer without crystallinity and

porosity (Section[6.S).

Then, the known Mes TFB-BD COF was synthesised by condensation of Mes TFB and benzidine
(BD) according to a previously published procedure. 183l Afterwards, Me; TFB-BD was dispersed in a
1:4 v/v mixture of mesitylene:1,4-dioxane together with acetic acid and water to achieve an equilibrium
between formed and broken imine bonds. Additionally, (NHz)2BD was added, which can exchange
with benzidine (Scheme 5.7). The reaction was carried out at 70°C for three days, before the same
work-up procedure as before was applied. Afterwards, the obtained powder was again dried at 120°C
overnight in a regular oven. Upon the linker-exchange reaction, the colour of the COF changed from
light yellow to brown. The COF synthesis was repeated two more times to achieve independent
triplicate analysis during characterisation of the material's properties. The COF synthesis was carried
out at a 400 mg (2 mmol) scale of Me3TFB and the linker exchange was carried out with up to 200 mg

of pristine COF.
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Linker Exchange Reaction:
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Scheme 5.1: Schematic overview of the Me3 TFB-BD COF reaction and the following linker-exchange with (NH2)»-BD
to Me3; TFB-(NH2)2BD (top). The direct condensation from the building blocks failed (top right). Here, the
idealised structures are depicted. In theory two different bonds could be formed: imine bonds with primary

amine substituents (bottom left) or benzimidazole bonds (bottom right).

Theoretically, the linker-exchange reaction can lead to two different bond formations, namely imine

bonds with unreacted primary amines as ortho substituents or benzimidazole bonds (Scheme 5.1).

Both bond formations are reported for porous materials. 223228 Here, we thoroughly characterised the

COF by ssNMR and FT-IR to determine which bond(s) has/have been formed.
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Figure 5.1: FT-IR spectra of Me3TFB-(NH-)>BD and Mes TFB-BD . The C=N stretching band at 1626 cm~*! and the
N-H stretching band between 3600-3000 cm ™! indicate the formation of imine bonds and primary amines

(A). Zoom-in into the relevant wavenumbers for C=0O and C=N stretches. No leftover C=0 stretching bands

are visible, indicating the complete conversion of aldehydes into imine bonds (B). PXRD pattern of Me3 TFB-

(NH2)2BD, including Pawley refinement, the difference between the experimental and Pawley-refined pattern,
and simulated eclipsed and staggered PXRD patterns (C).

To study the linker-exchange, the FT-IR spectrum of MesTFB-(NH2)2BD was measured and com-
pared to the one of Me3; TFB-BD. In short, the C=N imine band at 1627 cm~! indicates the formation
of imine bonds + B and Section[6.S). A broad band is visible between 3600-3000 cm~—?,
which can be assigned to the N-H stretch, confirming the linker exchange. The band at 1693 cm—1,
which can be assigned to C=0 stretching, is significantly smaller, indicating a low amount of aldehyde
groups likely present only at the periphery of the 2D sheets. 626465 However, FT-IR cannot be used
to unambiguously assign the bond formation, because the respective bands (imine: 1627 cm~—1,

benzimidazole: 1610-1625 cm—1) 18312232261 gre too close to each other.

The PXRD patterns of Me3sTFB-(NH2)2BD display several diffraction peaks, which are clearly
baseline separated from each other at 3.5°, 6.0°, 6.9°,9.2° 12.0°, 12.5° 15.2°, and a broad peak at
24° (Figure 5.1C). The peak at 3.5° could only be detected with a special low-angle measurement
(Section[6.5). Pawley refinement was performed in triplicate (Section [6.S), using the space group
P6/m, which corresponds to a hexagonal, eclipsed stacking structure. The refined unit cell dimensions
are a=29.5840.05 A and ¢=3.75+0.08 A with R,,,=3.4440.46% and R,,,=2.314+0.26%. The unit

cell dimensions are close to those of Me;TFB-BD COF.

To obtain insight in the stacking of the COF sheets, the structures of two extreme models referred
to as “eclipsed” and “staggered” were optimised using DFT. The DFT optimisation was performed
by using the Vienna ab initio simulation package (VASP); further details can be found in Section
[6-S] Next, the PXRD diffractograms were modelled for both computed structures. The simulated

PXRD diffractions of the eclipsed pattern (Section [6.S) match well with the experimental PXRD result,
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indicating an eclipsed stacking conformation for Mes TFB-(NH2)2BD (Figure 5.1[C). The deviation
between the computed unit cell dimensions and the Pawley-refined values is mostly below 5%, except
for the interlayer distance c, which deviates by 6.5%. This is within the expected accuracy of the DFT

calculations, further supporting the formation of eclipsed COFs. 230

These PXRD results confirm the formation of a crystalline MesTFB-(NH3)2BD COF, which could not
be obtained via the classical one-step condensation reaction. Thereby, the linker-exchange strategy
provides a powerful tool to obtain previously inaccessible COFs with high crystallinity even if the

functional group on the linker molecule can interfere with the bond formation.

To unambiguously assign the linkage, '2C cross polarisation magic angle spinning solid-state NMR
(*3C CPMAS ssNMR) was conducted. The spectrum of the newly obtained Mes TFB-(NH)2BD sample
as well as its CP build-up curve were measured (Section[6.S). In comparison with spectra of the

small model compound 2-phenylbenzimidazole (Section[6.S) and Me; TFB-BD, 213! the linkage was

found to consist of imine bonds (Figure 5.2). In more detail, the chemical shift of the benzimidazole
carbon is at 152 ppm and the shift of the imine carbon at 162 ppm (Figure 5.2)A). The ssNMR

spectrum of Me3 TFB-(NH2)2BD shows a signal at 162 ppm, clearly indicating imine bond formation.
Additionally, the CP build-up curve of the imine COF (Me3 TFB-BD) matches with the CP build-up curve
of MesTFB-(NH2)2BD, while 2-phenylbenzimidazole shows a significant slower build-up (Figure 5.2B).
This was expected, because a benzimidazole carbon atom is not directly bound to a proton, slowing
the CP build-up down. Compared to the ssNMR spectrum of Mes TFB-BD, the additional signal at
142 ppm appears due to the amine substituent on the benzidine, which shifts the signal downfield.
The presence of the signals at 142 ppm (C-NHz) as well as 120 ppm (C-H), indicates the formation of

a partly exchanged material.

Digestion 'H-NMR was attempted, but the COF was too stable to be completely broken down to
monomers. In NMR digestion, it is aimed to depolymerise a material. Here, the COF is was attempted
to depolymerised into its monomers by using DCI in D2O in deuterated DMSO-ds, before analysing
the resulting solution by 'H-NMR. Compared to Me3 TFB-BD, which could be digested under the same
conditions, 3! no clear solution of digested Me3 TFB-(NH2)2BD could be obtained, but a dispersion
was obtained. Thus, the post-synthetic linker exchange seems to enhance the chemical stability in
acidic media. To further support this, Mes TFB-(NHz)2BD was immersed in 1 M of HCI for five days
and upon re-isolation and drying at 120°C overnight, the PXRD pattern was recorded again. The

COF could be isolated from the vial used for the stability test, showing that the material was not
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Figure 5.2: 13C CPMAS ssNMR spectra of Me3 TFB-BD (red) as a reference imine COF, 2-phenylbenzimidazole (green)
as benzimidazole model compound and Me3 TFB-(NH3)2BD (blue) at 11 kHz spinning frequency at 3.2 ms CP
contact time (A). CP build up curves of the respective samples(B). Spinning side bands are denoted with an
asterisk.

completely amorphised. The disappearance of the PXRD diffractions indicates that the crystallinity
was not retained (Section[6.5). Therefore, Me; TFB-(NH2)2BD shows an enhanced acid stability over
Mes TFB-BD, but cannot yet be considered as stable under these conditions.

The thermal stability was investigated using thermogravimetric analysis (TGA). The threshold for
thermal stability was determined at the position where the COF lost maximum 5% of its initial weight.

Me;TFB-(NH2)2BD COF shows an excellent thermal stability up to 438°C (Section[6.5).

As a next step, N2 sorption measurements were carried out to determine the BET surface area.
All three samples of Me3TFB-(NHz)2BD show almost identical adsorption-desorption isotherms,
confirming the good repeatability of the synthesis (Figure 5.3]A). The isotherm can be classified as a
type Vb isotherm. The large uptake of N2 below p/p® < 0.1 indicates the microporosity of the sample
even if the pore size distribution — as determined by an HS-2D-NLDFT model — is slightly exceeding
the definition of micropores with 2.7 nm (Figure 5.3B). The fit of the HS-2D-NLDFT model can be
found in Section The average BET surface area was calculated using the Rouquerol criteria 127
to apply the BET theory to microporous materials. On average a BET surface area of 1624489 m2/g

was found (Section . The pore volume at p/p° = 0.95 was measured to be 0.904+0.05 cm?3/g.

To study whether Me3TFB-(NH2)2BD can potentially be used in CO2 capture and storage, N2 and
CO sorption experiments at 273 K and 295 K have been conducted (Figure 5.4/A). The underlying
data for each of the three experiments that compose this data set can be found in Section [6.5] The

aromatic amine groups on the (NH2)2BD linker are expected to act as potential adsorption sides for
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Figure 5.3: N, sorption isotherm of Me3 TFB-(NH2)2BD. Filled symbols represent the adsorption branch; empty symbols
represent the desorption branch (A) and their respective pore size distributions (B).

CO,, which should lead to higher adsorption quantities compared to the MesTFB-BD. 231! The N,
adsorption isotherms of Me3s TFB-(NH2)2BD are linear, and the CO- isotherms show a significant
increase at low pressures, and resemble a Langmuir isotherm without reaching the plateau up to
1 bar. At 1 bar, CO, adsorption capacities of 1.12+0.26 mmol/g at 273 K and 0.72+0.07 mmol/g
at 295 K are found (Table 5.1). In comparison, MesTFB-BD adsorbs 0.76+:0.03 mmol/g at 273 K
and 0.41+0.01 mmol CO,/g at 295 K at 1 bar.231l The incorporation of aromatic amine groups
leads therefore to an increase in CO2 adsorption of 47+13% at 273 K and 77+10% at 295 K. In
comparison to reported porous imine based networks and COFs, which have adsorption capacities of
1.05-4.70 mmol/g at 273 K and 1 bar and 0.70-2.613 mmol/g at 298 K and 1 bar, 1207173 MesTFB-
(NH2)2BD has a modest adsorption capacity. As explained in Section [5.2] very recently, Yaghi
and co-workers published COF-609, which contains aliphatic amine groups. 189 They reported on
approximately 2.1 mmol/g CO, at 1 bar at 298 K. It is noted that the difference between COF-609 and
MesTFB-(NH2)2BD is not only the type of amine, i.e., aliphatic vs aromatic, but also the number of
primary and secondary amine groups that can interact with CO,. COF-609 consists of two primary,
two secondary and one tertiary amine per repeating unit, while MesTFB-(NH2)2BD contains only two
aromatic amine groups per repeating unit assuming a 100% conversion during linker-exchange. These
differences are believed to contribute to the differences in CO» adsorption. Furthermore, Yaghi's
COF-609 contains additional triazine moieties that can contribute to CO, adsorption 168! and their
aliphatic amines form carbamates with CO-, leading to chemisorbed gas. Chemisorption interactions,
which cover covalent bond formation, are energetically stronger than physisorption interactions, which

are mainly based on Van der Waals interactions. !
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Figure 5.4: Adsorption isotherms of CO2 and N2 at 273 K and 295 K (A). IAST selectivity between 0.05-1 bar of a
0.15/0.85 CO2/N2 mixture (B).

Moreover, the quantity of adsorbed N at 1 bar was measured to be 0.12+0.02 mmol/g at 273 K
and 0.07+0.02 mmol/g at 295 K and thus much lower compared to CO- adsorption. For direct air
capture, CO2 adsorption at 0.04 mbar is relevant. Since the measured CO, isotherm is not recorded
at such low pressures, the first data point at approximately 4 mbar was used to evaluate the material
for direct air capture applications. At 4 mbar, Me3TFB-(NH2)2BD adsorbed 0.0222+0.0004 mmol/g
CO. at 273 K, which is less than the values reported by Das et al. (~0.3 mmol/g at 273 K and
4 mbar). 172 Moreover, with 0.304 mmol/g at 273 K at an even lower partial pressure of 0.4 mbar,
Yaghi and co-workers reported a higher adsorption capacity. 189 This shows that the material is not

suitable for direct air capture.

Therefore, we looked into the adsorption capacity at 150 mbar, since this is relevant at coal flue gas
conditions. At this pressure, the quantity of adsorbed CO2 was measured to be 0.3424+-0.046 mmol/g
at 273 K and 0.183:0.025 mmol/g at 295 K, respectively (Table 5.1). The quantities of adsorbed N
are 0.016+0.003 mmol/g at 150 mbar and 273 K and 0.009+0.002 mmol/g at 295 K and 150 mbar.
In comparison with literature, the CO, adsorption capacity at 150 mbar is lower than the capacity
of already reported imine-based porous polymers (0.8-1.36 mmol/g at 273 K and 0.4-0.9 mmol/g at
295 K)_[170-173J

To study the interaction involved in Me3TFB-(NH2)2BD, the reversibility of COs adsorption was
investigated over five adsorption-desorption cycles (Section @ From the adsorption-desorption
isotherm, it can be seen that the desorption occurred without hysteresis, except for the first run,

indicating the reversibility of the isotherm. It was also shown that the adsorption-desorption cycles at
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Table 5.1: Quantities of N2 and CO- adsorption at different temperatures and pressures and the calculated IAST selectivity

values.
Quantity Quantity IAST Selectivity
COF Pressure = Temperature  adsorbed N- adsorbed CO- CO>/N-
[bar] K] [mmol/g] [mmol/g] 0.15/0.85
273K 0.12+0.02 1.12+0.26 83+11
1 bar
295 K 0.07+0.02 0.72+0.07 47+11
273K 0.016+0.003 0.342+0.046
MesTFB-(NH2)2BD 150 mbar
295 K 0.009+0.002 0.183+0.025
273K 0.001+0.000 0.02240.000
4 mbar*
295 K 0.001+40.000 0.007+0.001
273K 0.10+£0.01 0.76+0.03 7.7+0.2
Me; TFB-BD** 1 bar
295 0.05+0.00 0.41£0.01 74+1.2

* Data point closest to a partial pressure of CO5 (0.4 mbar) for DAC.

** Data used from previous published work to facilitate a comparison. 231!

273 K have a comparable adsorption (1.4 mmol/g vs 1.3 mmol/g at 1 bar) during the first adsorption
cycle compared to the other four cycles, which further supports the reversibility of adsorption. The
reversibility of the adsorption-desorption isotherm is also given at 295 K (Section[6.5). To further study
the COF-CO, interaction, the COF was subjected to CO5 adsorption at 273 K. Without any additional
treatment, the sample was then measured by FT-IR and ssNMR immediately afterwards to probe the
formation of carbamates, which would indicate chemisorption of CO2. Both the FT-IR spectrum and
ssNMR spectrum (Section[6.S) did not show any difference compared to those of the as-synthesised
MesTFB-(NH2)2BD and no carbamate bands or signals could be observed. In comparison to Yaghi's
COF-609 where the aliphatic amines groups were found to chemisorb CO,, the adsorption-desorption
cycles and the lack of carbamate signals in the FT-IR and NMR spectra of Mes TFB-(NH2)2BD after
exposure to CO- indicate that the CO2-COF interaction is based on physisorption, and that the CO2
adsorption-desorption is reversible. In terms of applications, these results suggest that the material

can be regenerated at relatively low cost in an energy-efficient way.

The isotherms were used to calculate the IAST selectivity with our recently developed GraphlAST [218]
software at coal flue gas conditions. First, the entire selectivity value range was scanned between
0.05-1.0 bar and mole fractions ranging from 0.05-0.95. The mole fraction of 0.15 CO2/N> was used
to investigate the CO2/N2 IAST selectivity for flue gas separation. IAST selectivity values of 83+11
at 273 K and 47+11 at 295 K were found in a mixture of 0.15/0.85 CO2/N; at 1 bar (Table 5.1).
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These high selectivity values display that the approach taken in the design of Mes TFB-(NH2)2BD is
promising for gas separation applications. Here, it is useful to compare our results with that of recent
literature. Das et al. studied an imine-based network and determined IAST CO2/N- selectivities of 211
at 273 K and 100 at 298 K. 1172 These values were validated by breakthrough experiments, leading to
a selectivity of 125 at 298 K, which is even higher than predicted by IAST. The quantities of adsorbed
CO; are 3.3 mmol/g at 273 K, and 2.4 mmol/g at 298 K. Another porous imine based network, studied
by Popp et al., adsorbs 1.8 mmol/g and 1.2 mmol/g CO, at 273 K and 298 K, respectively with
an IAST selectivity value of 31 at 298 K and 1 bar.'!! Huang et al. synthesised an imine-linked
porphyrin COF, of which the channel walls were post-synthetically functionalised with carboxyl groups
to enhance selectivity. 23l The CO, adsorption was reported to be 3.95 and 1.73 mmol/g at 273 K
and 298 K, respectively, and the CO2/N2 selectivity of a 15% mixture of CO2/N2 at 298 K and 1 bar
was 77, an enhancement of more than a factor of nine compared to the non-functionalised pristine
COF. These examples show that channel-wall postfunctionalisation 16170 can significantly enhance
the CO42/N3 selectivity, while our current approach using post-functionalisation via linker exchange can
lead to comparably good results. The adsorbed quantities significantly increased from MesTFB-BD
to Mes TFB-(NH2)2BD not only indicating the successful linker exchange, but also showing that the

aromatic amine groups of the (NH2)2BD linker interacts with COx.

5.4 Conclusions

A novel COF Mes TFB-(NH2)2BD, which is not accessible with classical direct condensation reactions,
was synthesised by the linker-exchange strategy in a facile two-step synthesis. The linkage could
unambiguously be assigned to imine bonds based on the chemical shift and CP build-up curves in
ssNMR, and the crystallinity and porosity were confirmed by PXRD and physisorption experiments.
Upon the exchange of MesTFB-BD to Me3s TFB-(NH-)2BD, a BET surface area of 162489 m?/g
was found, which shows that the linker-exchange maintains most of the COF porosity. Further-
more, MesTFB-(NH2)2BD was studied for gas separation applications of CO, and N,. We found
modest CO- adsorption quantities and high CO2/N5 selectivity values based on IAST calculations
under coal flue gas conditions (83+11 at 273 K and 1 bar and 47+11 at 295 K and 1 bar). The
enhanced CO; uptake in comparison with the pristine Me3TFB-BD COF is caused by the aromatic
amine groups of the COF linker. While aliphatic amine groups bind CO» by chemisorption as shown

by Yaghi and co-workers, the adsorption-desorption cycles of Mes TFB-(NH2)2BD have shown that
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the interaction of aromatic amine groups with CO, are based on physisorption. As physisorption
is mainly based on weak Van der Waals interactions, we therefore anticipate that the regeneration

of Me3TFB-(NH2)2BD would require less energy, making it an interesting candidate for carbon capture.

5.S Supporting Information

The Supporting Information is available free of charge on the website of the American Chemical

Society:

[=] =y

Or it can be accessed via the following link:

https://drive.google.com/file/d/1INSgTmUyHCc5EyA]_jliV1mHIUdOkfZL9Z/view?usp=sharing
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6.1 Abstract

Industrial exhaust gasses have a strong environmental impact, including on global warming. Carbon
dioxide (COs) is a prominent example of such an exhaust gas. Therefore, CO- capture and storage in
industrial processes is becoming increasingly important. Preferably, these emitted gasses are sepa-
rated before their release into the environment. Such applications require selective gas separation
to isolate the harmful gasses or to allow recycling of industrially relevant gasses. Porous materials
are promising candidates to achieve gas separation, since their large surface area enables them to
adsorb large quantities while their selectivity can be tuned by controlling their chemical composition.
Modelling adsorption behaviour and calculating corresponding selectivities in multicomponent gas
mixtures of such porous materials, which is essential to quantify their gas separation performance,
can be achieved through the ideal adsorption solution theory (IAST), which can be challenging to
perform. The current available softwares for IAST calculations demand programming knowledge
that not every materials scientist has or has access to, limiting the development of new porous
materials for gas separation purposes. In this paper, we present a simple, user-friendly program
for IAST loading and selectivity predictions for binary gas mixtures based on the Python module
pylAST. We have developed a graphical user interface resembling commonly known software and
made three-dimensional selectivity predictions easily accessible within just a few clicks. The input
and output data structure relies on the widely used *.csv format and isotherm data can be fitted with
various established models. Therefore, our software provides a platform for IAST calculations for
non-programming researchers, which is expected to enable more materials scientists to screen their

porous materials for desired gas separation properties.
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6.2 Program Summary

Program Title: GraphlAST

CPC Library link to program files: https://doi.org/10.17632/ytc64xwcr5.1

Developer’s repository link: https://github.com/ORC-WUR/GraphlAST

Licensing provisions: MIT

Distribution format: exe

Programming language: Python

Operation systems: Linux, Windows

External routines: Math, Matplotlib, Numpy, Pandas, PIL, pylAST, Tkinter

Supplementary material: User Manual, Case studies

Nature of problem: Using IAST to predict the selectivity in binary gas mixtures based on their pure
component isotherms.

Solution method: Employing the pylAST package and incorporating this into a GUI surrounding for a
facilitated use of IAST analysis. Additionally, the selectivity predictions have been extended to multiple

selectivities at different mole fractions and pressures.

6.3 Introduction

Many industrial processes lead to exhaust gasses, which can have an environmental impact by
either being harmful/toxic to the environment or by contributing to global warming. Carbon dioxide
(CO2), for example, is known for its contribution to global warming. Based on the global industrial
emission of carbon dioxide of approximately 20 Gt/yr in 2020, 232 it is becoming increasingly important
to decrease the CO, emissions and prevent the disruptive consequences of global warming. In more
detail, the atmospheric carbon dioxide level has risen by approximately 50% in the last 250 years to a
current level of 0.042 vol% in 2021, which is about 40% higher than the previously highest reported
atmospheric CO- concentration 300.000 years ago. 1611162 The concentration of CO in flue gas is
significantly higher (10-25 vol%) than the atmospheric concentration, which makes it advantageous to
remove carbon dioxide from flue gas before it actually enters the atmosphere. Such gas separation is
called carbon capture and storage (CCS). 183l Based on the Linde process, which involves liquifying
gasses, cryogenic carbon dioxide capture has been studied, which is attractive for liquified COx,
since it gets more cost effective at higher concentrations. 183 Alternatively, membrane technology

has reached the demonstration scale, which refers to the last scale-up step before commercial use.
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Membranes need to have high-temperature tolerance and selectivity in order to separate gasses. 183
Already industrially used are amine solutions that react with carbon dioxide and therefore removing
it from the gas mixture. However, in this case, the CO, becomes covalently bound to the amines,
which means the regeneration process requires a lot of energy. 183222 Alternatively, porous solids
have been studied for gas separation and gas capture. 1401233234 The |arge surface area of porous
materials, such as zeolites, activated carbon, metal organic frameworks (MOFs) or covalent organic
frameworks (COFs), allows for high physisorbed gas quantities, which are beneficial for gas separation
applications. Additionally, physisorption relies on adsorption by weaker forces and needs thus less

energy for the regeneration of the porous solid. 183l

As the term gas separation already states, it is important to have a selective adsorption of one gas
over another, in order to achieve the desired separation. In fact, the development of new, more selec-
tive, porous materials for carbon dioxide capturing crucially depends on the ability to determine this
gas selectivity. Measuring mixed-gas adsorption experimentally requires specialised and expensive
equipment. 194 The measuring principle relies on dynamic methods, in which the gas mixtures are
constantly flowing over the sample and so-called breakthrough curves are recorded to determine, how
much of which gas is adsorbed. In contrast, measuring the adsorption isotherm of a pure component
is far more straightforward and is possible with common physisorption instruments. Physisorption
instruments measure the quantity of gas adsorbed at each pressure, leading to isotherms of the pure

gasses.

In order to determine gas separation selectivities out of pure component isotherms, the so-called
ideal adsorption solution theory (IAST) was developed by Myers and Prausnitz.138 The basis of
IAST is analogous to Raoult’s law. 138 Both theories assume a linear dependence between gas
pressure and the mole fraction of the gaseous component; in case of Raoult’s law the vapour pressure
and in IAST the equilibrium gas-phase pressure. 138 The simplicity of these calculations makes
IAST a widely used method for selectivity determination in gas separation. In order to simulate the
adsorption behaviour of gas mixtures, the pure component isotherms have to be measured at the
same temperature and on the same adsorbent. The selectivity of a binary gas mixture in IAST is then
defined as the ratio of the mole fractions in the adsorbed state (q) over the mole fractions of the bulk

phase (p) of components 1 and 2 (Equation [6.1). 140

106



6 GraphlAST for IAST calculations

§ = /e ®.1)
p1/p2

The validity of IAST has been studied by comparing the IAST results with grand canonical Monte
Carlo (GCMC) simulations for metal organic frameworks (MOFs). 122 |t was shown that the deviation
between IAST and GCMC simulations was usually less than 10%. This shows that, compared to
more computational-intensive GCMC simulations, IAST is a fast and reliable tool to predict gas
adsorption selectivities of MOFs. Despite the development of more accurate GCMC simulations over
the past decades, the obtained selectivity predictions, as well as experimentally obtained data, are
still comparable to IAST predictions. 1967202 Therefore, IAST is still the benchmark theory for mixed
adsorption studies, because of its simplicity and general applicability. However, researchers still need

to rely on programming skills when working on multicomponent adsorption studies. 139

6.4 State of the Art

There are several softwares for the analysis of pure component isotherms with the ideal adsorption
solution theory reported in literature that have different levels of flexibility and accessibility. Simon
et al. developed a powerful open source python package, called pylAST, which allows one to fit a
set of pure component isotherms, which can be more than two, by several different thermodynamic
models or by numerical quadrature. 23% These fitted isotherms can then be used for IAST or reversed
IAST calculations. The result of the calculations can be used to determine the selectivity of one
gas being adsorbed over the other gasses. Two- (2D) or three-dimensional (3D) selectivity data are
obtainable. However, users have to write a python script for the IAST calculations themselves based
on the offered python package. In more detail, this requires users to first write an entire script to
analyze the data, which has to be continuously adapted for future experiments or different parameters.

Notably, programming knowledge is required for 2D or 3D selectivity data.

lacomi et al. have written the software package pyGAPS to facilitate high-throughput data analysis
and data visualisation. 239 In pyGAPS many types of common adsorption isotherm analyses (such
as BET and Langmuir surface area, t and a; plots, pore size distribution analysis, isosteric enthalpy
calculations and IAST calculations) are combined to allow fast data analysis. For IAST calculation,
pyGAPS relies on the pylAST package and has therefore the same possibilities (arbitrary number of

components, 1D/2D/3D selectivity) and limitations as pylAST. PyGAPS works independently of the
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Table 6.1: Overview of selected characteristics of the published softwares for IAST calculations.

# gas default output
Software GUI ease-of-use
components dimension
pylAST X n 1D
pyGAPS X n 1D
IAST++ v n unspecified X
GraphlAST v 2 3D v

data origin and can create plots, which can facilitate the routine data analysis of adsorption isotherms.

However, also for pyGAPS, users have to write the script themselves.

Lee et al. have developed a graphical user interface (GUI) software (IAST++) for users without any
programming experiences, which would help them to analyze their data with the IAST calculation in a
straightforward way. 237l The pure component isotherms can again be fitted in the Modeler section with
various thermodynamic models or pure mathematical function and are plotted directly in the window.
After fitting, the IAST section can be used for IAST calculations. When operating the software, it is,
however, not clear what is calculated in the IAST module and based on which data, with which fits and
in which units. Unfortunately, the only available user manual is an instruction video that is recorded on

a computer screen in Korean language, making the software less accessible.

Herein, we present a GUI software based on pylAST to facilitate the prediction of binary gas mixtures
for non-programming researchers (Table 6.7). Users have control over the data selection, fitting
procedure and conditions to predict the selectivity. We have expanded the pylAST package to calculate
the selectivity within a binary mixture for multiple pressures and mole fractions without the need to
run the software multiple times. Selectivity predictions are mostly carried out for binary gas mixtures
and the need for more gas components is rather small. The then obtained data can be exported into
a *.csv file and used to obtain a three-dimensional plot of the selectivity against mole fractions and

operational pressures.

6.5 GraphlAST

The most important aspects of a software are its functionality, how much it fulfills the need of a
market, and the usability. Usability in software engineering is defined in 1ISO 9241-11 238 ag the

degree to which a software can be used by the customers to achieve the desired tasks in an effective
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Figure 6.1: The interface users will see when starting the GraphlAST software. The left side visualises the data. The
mathematical operations and all conditions can be selected on the right side and applied via the corresponding
buttons.

manner while being satisfied with the context of use. At this point GUIs come into play. They enable
the users to perform the tasks by seeing a visual interface and by clicking on specific icons instead of
console-based programming the desired task. Today, most used software consists of GUIs to enable

a wide-spread, effective and easy use.

Therefore, we decided to use the pylAST package 23 to design a new GUI-based software for IAST
predictions with ease-of-use and accessibility in mind. The software is an executable file that works
on Windows and the python code can be easily made executable on Linux computers. Our goal is to
enable more researchers to perform IAST calculations, by making the need for programming skills to
perform these calculations obsolete. The mathematical and computational details for IAST calculations
can be found in the documentation of pylAST, 233 while we here focus on the GUI operation and
how we expanded the selectivity calculations. The underlying aim for our software is to be able
to fit pure adsorption isotherms with a set of physical models or general mathematical functions
and to perform IAST selectivity calculations. For the user interface, we used the tkinter package

in python. The software can be started in Windows via a double-click on the executable file and in
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Figure 6.2: Screenshot of a pop-up window (highlighted by the blue box) importing the data into the software, which
appears after pressing the buttons, here highlighted by the red boxes.

Linux users have to make the file executable first and then start via the command shell with python3
~/PATH/to/GraphlAST.py. [Figure 6.1] displays the general appearance once our software after it has

been started.

We used the case study of Simon et al. to demonstrate how GraphlAST is working. 23! In this
example, adsorption isotherms of methane and ethane on a MOF were measured at 298 K. In their
case study, they already proved that IAST gives valid results by comparing their IAST calculation to
GCMC simulations. 233 The same test data can be found in the \test folder of our GitHub repository.
It is important to note that the pressures are given in bar and the adsorbed quantities need to be given

in mmol/g.

The data is then imported, which can be done by clicking on the Import file buttons. Here, it is
important to decide which gas should be Gas 7 and which Gas 2 as the order will later influence the
selectivity parameter. In this case study, ethane is Gas 1 and methane is Gas 2. Even though IAST
would allow multi-component isotherm calculations, we focused on binary mixtures for our software,
because binary mixtures are usually used as model system. Such model systems are most commonly
used to screen for promising gas separation in materials. For the data import, we use the common file

explorer that most people know from their operating systems. The imported data will be automatically

plotted in the figures on the left top side of the window (Figure 6.2).

Next, the data has to be fitted. For this, we included a list of radio buttons with the available models
in pylAST green dashed box). The Interpolator function solves the fit numerically, while

the other options in this list are thermodynamic models for adsorption processes. 232 After selecting
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Figure 6.3: Visualisation how the imported data can be fitted.

the desired fit, both isotherms can be fitted individually by both Fit Isotherm buttons red

box). The two buttons ensure that both plots can be fitted with different models, if desired.

If the automated fit does not work, it is possible to define the starting fit parameters for the Residual
Sum of Squares optimisation manually by the Custom Fit buttons. Those will open new windows in
which the values of choice can be entered for the specific model that users have selected
to fit the isotherm. The field for the parameters for the remaining models can be left empty. With the
Clear buttons the custom parameters can be deleted so that the software would set initial default

parameters for the fit optimisation by itself again.

The custom parameters can also be cleared manually by deleting them in the Custom Fit menu.

After every fit, the figures on the left side will update to also show the most recent selected fit. For

Define Fit Parameters

Custom Fit 1 Clear
Custom Fit 2 Clear

# Custom Fit u]
Custom Fit Parameters

Langmuir Henry

m=[ k= [
k=
Quadratic BET

M= M=
Ka= Ka=
Kb = Kb =
DSLangmuir Temkin
M1 = M=
M2= K=
K= Theta =
o ——

Figure 6.4: Pop-up window with buttons to access the separate windows to enter custom fit values as starting point for the
Residual Sum of Squares optimisation.
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Figure 6.5: Example definition of pressures and mole fractions as input parameters o run the IAST calculations (right) and
the resulting selectivity plot for the first mole fraction (left).

every successful fit the obtained fitting parameters as well as the root mean squared error will be
displayed below the graphs blue dashed box). A new fit does not overwrite the output.
The users can scroll through the history of all the fitting done on the pure isotherm in the Fitting
Parameters box underneath the plot. This way fits can be compared with each other by scrolling
through the text output. When GraphlAST is used, it should be realised that IAST is only of limited
validity for polar adsorbates or mixtures in which one component adsorbs strongly and the other one
weakly. Henry's law covers adsorption at low pressures. If those fitted isotherms do not accurately
reproduce the Henry constant for the specific adsorbate, the IAST calculation will predict incorrect
selectivities. The button Logarithmic Axis switches the scale of the x-axis of the graphs from linear to
logarithmic. When the x-axis has been changed to a logarithmic scale the button changes to Linear

Axis which can be used to change the x-axis back to a linear scale.

In the next step both isotherms were fitted with the Langmuir model. To perform the IAST calculation,
users need to define a pressure and a mole fraction at which the selectivity should be calculated
(Figure 6.5). The original pylAST package can only calculate the selectivity of one pressure and one
mole fraction. However, in our case, a list with several pressures (for example 5, 10, 20, 30, 40, 50)
and several mole fractions (for example 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 0.95) that can be
freely defined by users (comma separated) and the selectivity of each combination will be calculated.
This results in an output file (as shown in[Table 6.2) from which a three-dimensional selectivity plot
can be easily derived (Figure 6.6). IAST is limited by the maximum pressure that was measured in
the single-component isotherms and the mole fractions have to be in the range between 0 and 1. We
have implemented warnings that will prompt the users in case of wrongly entered parameters and

data. The calculation can be performed by clicking on the Run IAST button.
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Figure 6.6: Exemplary 3D data plot of selectivity against pressure and mole fraction for the selected case study.

The successful calculation will be indicated by the graph in the bottom left corner. This will show all
the selectivity values for the first mole fraction entered. All calculated values and all steps in between
(partial pressures, loadings, and selectivities) can be exported and saved in a *.csv or text file (Save
button).

Table 6.2: Example of the *.csv output of the first 15 lines of an IAST calculation performed using GraphlAST. The software
calculates more digits, for readability reasons the output here has been rounded.

Total Mole Mole Partial Partial Loading Loading Selectivity
Pressure  Fraction Fraction Pressure Pressure Gas 1 Gas 2 Gas 1/ Gas 2

[bar] Gas 1 Gas 2 Gas 1 Gas 2 [mmol/g] [mmol/g]

5 0.05 0.95 0.25 4.75 1.05 2.59 7.67

5 0.10 0.90 0.50 4.50 2.01 2.37 7.63

5 0.20 0.80 1.00 4.00 3.72 1.97 7.56

5 0.30 0.70 1.50 3.50 5.19 1.62 7.50

5 0.40 0.60 2.00 3.00 6.48 1.31 7.43

5 0.50 0.50 2.50 2.50 7.61 1.08 7.37

5 0.60 0.40 3.00 2.00 8.61 0.79 7.32

5 0.70 0.30 3.50 1.50 9.51 0.56 7.26

5 0.80 0.20 4.00 1.00 10.32 0.36 7.21

5 0.90 0.10 4.50 0.50 11.04 0.17 7.16

5 0.95 0.05 4.75 0.25 11.38 0.08 7.14

10 0.05 0.95 0.50 9.50 1.82 4.59 7.53

10 0.10 0.90 1.00 9.00 3.39 4.09 7.46

10 0.20 0.80 2.00 8.00 5.97 3.25 7.34

10 0.30 0.70 3.00 7.00 8.00 2.58 7.23
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6.6 Conclusions

Here we have presented a GUI software based on the pylAST package that can calculate gas
adsorption loadings and selectivities for binary gas mixtures. GraphlAST allows researchers without
programming experience to use IAST calculations for multiple pressures and mole fractions in one go,
since no programming is required to run the program. This enables the users to get the correlations
of pressure, mole fraction and selectivity. We anticipate that by lowering the required programming
skills for IAST calculations, it becomes more accessible for researchers to use IAST gas adsorption
predictions in their research, which will spur development of more tailor-made tailor-made porous

materials with selective gas separation or more efficient carbon capture.

6.S Supporting Information

The Software is available free of charge on the Github website:

Or it can be accessed via the following link:

https://github.com/ORC-WUR/GraphlAST
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7 General discussion & future prospects

7.1 General discussion

The discovery of 2D or 3D covalent organic frameworks (COFs) in 2005 led to the development of a
large variety of framework materials, which were explored for many different applications. 243l The ra-
tional design of COFs for a specific application requires fundamental knowledge on structure-property
relationships. The aim of the work described in this thesis is to study the impact of functionalisation
on the COF properties and to study their applicability in sensors and CO2/N2 separations. It was
aimed to explore whether the type and degree of functionalisation would be a handle to tune the COF

properties for the specific application, leading to tailor-made materials.

We have chosen imine COFs due to their well-known chemistry and their large diversity of building
blocks that are easily commercially accessible or can be synthesised within a few steps. We studied
the effect of methyl substituents on the stability of COFs and explored the use of the methylated COFs
for acid vapour sensing (Chapter[2]and[3). Furthermore, we selected a range of electron-donating
and electron-withdrawing substituents, which were attempted to be incorporated into the COF as
modulators (Chapter[d), via direct condensation (Chapter[d) or linker-exchange (Chapter[5). The
resulting COFs were explored for their use in CO2/Ny separation. In the following sections, the

respective results will be discussed in a broader context, and future prospects are presented as well.

7.2 Structure-property relationships

Most COFs are synthesised via the solvothermal synthesis method (Chapter[1.2and careful reaction
optimisation is carried out to obtain high quality COFs. 6416311231 Ag this synthetic approach requires
special equipment, we have used a facile reflux setup to synthesise all imine-linked COFs that are
discussed in this thesis, which highlights the wide scope of this approach. These reaction conditions
led to highly porous COFs with BET surface areas of up to ~ 2100 m?/g. Moreover, it was not needed
to tune the solvent mixture for each COF. Instead, our reaction optimisations were focussed on the
amount of water that is added during the synthesis (Chapter [3).2%9 Furthermore, we found the
work-up and activiation processes to be crucial for obtaining high quality COFs. As such, recent
literature on COFs identifies the reduction of porosity and surface area due to pore collapse as one of
the main challenges to be met during COF activation. 6465 Most activation techniques apply vacuum
to remove solvent residues from the pores. The surface tension of the solvents, the small pore sizes,

and the vacuum lead to high capillary forces that can distort the pores, which leads to a decrease
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in porosity and crystallinity. Moreover, in the early stages of this project, we found that TFB-PA, an
imine COF synthesised from 1,3,5-triformylbenzene (TFB) and 1,4-phenylenediamine (PA), lost more
than half of its porosity over time on a bench, as shown by a decrease of Brunauer-Emmett-Teller
(BET) surface area. Therefore, we decided to study the activation and bench stability of COFs and to
investigate whether the presence of methyl substituents on the building blocks enhances the stability.
We have chosen methyl substituents due to the commercial availability of methylated amine building
blocks and the straightforward synthesis of Mes TFB. Furthermore, isopropy! substituents were found to
enhance the chemical stability of two 3D COFs due to their hydrophobicity. 2% The methyl substituents
were expected to act as a smaller alternative to the bulky isopropyl groups. As shown in Chapter
[2and 3] the use of MesTFB as a node in COF formation enhances the crystallinity and porosity
of all COFs with respect to the unmethylated TFB and it reduces pore collapse. The BET surface
areas of these COFs were comparable to those activated by supercritical CO2 drying, an approach
that requires specialised equipment. Density functional theory (DFT) calculations revealed that the
loss of symmetry in Me3TFB leads to a smaller rotational barrier of the carbonyl group compared to
TFB. This allows a faster incorporation of Me3 TFB into the regular framework with respect to TFB.
Additionally, the loss in porosity over four weeks could be overcome by using Mes TFB as building
block. In contrast to this, methylated amine building blocks, here used as a linker, lead to a decrease
in porosity (Chapters [3), which illustrates the importance of a careful and thorough characterisation of
COFs. The position of the functional group is crucial for COF properties. While the loss of symmetry
and thus the reduced m-conjugation lead to higher reaction rates during COF synthesis, the methyl

groups on the amines induce a higher steric hinderance, which is disadvantageous for COF porosity.

The effect of pore collapse is expected to become more prominent with decreasing pore size, i.e.,
increasing strength of capillary forces. On the other hand, with smaller pore sizes the rigidity of the
framework increases, which would prevent the pores from collapsing. Therefore, we decided to study
the impact of the pore size on pore collapse in 2020. In total six different building blocks
were used to synthesise six different COFs (TFB-TAPB, TFB-PA, TFPB-TAPB, TFB-BD, TAPB-PDA,
TFPB-BD) and the resulting COFs were exposed to two different activation methods (activation in a

regular oven or in a vacuum oven). 23

Our findings suggest that each COF reacts differently to the two applied activation methods, yielding
differences in porosity. This means that the activation method must be optimised for each individual

COF. Alternatively, supercritical CO» drying is reported to yield the best result for activation. &4 With
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Scheme 7.1: Overview of the building blocks used to synthesise the five COFs for the pore collapse study.

respect to hexane, supercritical CO2 reduces the capillary forces even more, which is advantageous
for maintaining the porosity during activation. However, not every lab has access to the required

advanced equipment.

Mid-2022, Zhu et al. systematically studied the impact of pore size, pore substituents and pore
topology on the activation stability. 242 They synthesised rhombic and hexagonal COFs with varied
pore sizes from 0.9-3.3 nm and with different substituents (F, OH, Cl, Br, OMe). The solvent exchange
during COF work-up was finished with solvents with different surface tensions (methanol, THF,
perfluorohexane) and the BET surface areas were compared. They found that COFs with smaller pore
sizes are more robust, and that the activation stability decreases for larger pore sizes. Additionally,
bulky and polar substituents are beneficial for the robustness. COFs with smaller pore sizes are
expected to have larger BET surface areas, which makes it hard to compare absolute BET surface
areas with each other. The strength of the study is the relative comparison of different activation
solvents for the same COF. However, all activation methods use vacuum, and it is not clear whether
supercritical CO activation or other methods, for instance drying in a regular oven or in nitrogen
flow, would yield higher BET surface areas for the respective COFs. In an earlier study of the same
research group, it was shown that hexane yields similar activation stability as perfluorohexane. 1621
Based on that, we decided to use hexane in our work as last solvent for the activation step as a
greener alternative to perfluorohexane. Additionally, further research is needed to better understand
the substituent effect in terms of the influence of the size of the functional group, its polarity and/or
from other effects. To this end, a larger variety of functional groups could be studied, e.g., a series
in which similar sizes have different polarities or different electronic properties and vice versa to

understand the underlying effect of the functional group on the COF properties.

The tuneability of COFs based on methyl substitution was further shown to not only enhance the

stability and porosity, but also to shift the UV/vis absorption (Chapter 3). Based on diffuse reflectance
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spectroscopy measurements, it was shown that the absorbance spectra blue shifted for Me3TFB
COFs compared to TFB COFs and red shifted upon the use of methylated amines with respect to
unmethylated amines. These effects resulted in a shift in optical band gaps, showing that methyl

substitution patterns are a handle to tune COF properties.

We took the functionalisation a step further by introducing a range of functional groups (OMe,
Me, F, Cl, CF3, NO.) into COFs. As a first strategy, functionalised benzidine building blocks were
purchased and reacted with Me3 TFB. However, the presence of electron-withdrawing groups in the
benzidine derivatives reduced their reactivity, which hampered the formation of imine bonds, and no
COFs were obtained (Chapter[d). Therefore, monovalent modulators that include those functional
groups were used to synthesise COFs. The modulators were first reacted stoichiometrically with
MesTFB and then benzidine was added to form the COF framework. The more reactive benzidine
could exchange with the modulators, and the low fractions of modulators (2.1-8.9%) incorporated
in the resulting COFs indicate again the importance of building block reactivity. While it was not
possible to obtain imine COFs with electron-withdrawing groups, Banerjee and co-workers reported
on the synthesis of 3-ketoenamine COFs with similar electron-withdrawing groups. I211184! Since we
attempted to synthesise imine COFs instead of 3-ketoenamine COFs, such small deviations in the
pair of building blocks, i.e., which monomers are combined to attempt a COF synthesis, seem to have
a bigger influence on the COF synthesis and the resulting COF properties than initially expected.
This finding is further supported by a recent study on structural COF isomers, i.e., the position
of the imine bond (C=N vs N=C), that have different macroscopic (crystallinity, UV-vis absorption,
fluorescence) properties. 2412421 Therefore, we advise to take the pair of building blocks into account
when designing a COF. Furthermore, additional studies on the reason why structural isomers result in

different properties could be of interest.

Lastly, in Chapter[5] a post-synthetic linker-exchange strategy was used to incorporate building
blocks into COFs that could not be obtained via direct condensation. Since hydroxy or amino groups
can react with aldehydes, those groups can interfere with the formation of COFs by providing unwanted
nucleophiles, leading to non-crystalline and non-porous materials. However, hydroxy groups are
interesting for follow up reactions and amino groups are interesting for the interaction with CO-.
Post-synthetic functionalisation offers a possibility to obtain high surface areas COFs containing
those functional groups. The amine building block of a highly porous non-functionalised COF can be

exchanged with functionalised amine building blocks, yielding new, functionalised COFs. It must be
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Scheme 7.2: Schematic showing the explored synthesis of Me3; TFB with two different non-conjugated diamines, which did
not yield a COF.

noted that the porosity of the COFs decreases but remains high (2115450 vs 1624489 m?/g), and
that digestion NMR experiments could not be conducted to determine the ratio of different building

blocks after linker-exchange, because the COF could not be cleaved into its monomers again.

This leads to the conclusion that post-synthetic functionalisation provides an important tool to
synthesise COFs that are otherwise inaccessible, but the resulting materials are less well-defined in
terms of their chemical composition and the characterisation and quantification are challenging due to

the insolubility of COFs.

In an attempt to further guide future research on using functionalised building blocks in the synthesis
of COFs, different amine building blocks were investigated. In a first approach, two different, not fully
conjugated and flat divalent amine building blocks were tested for COF synthesis with Mes;TFB as
aldehyde building block (Scheme 7.2). Unfortunately, the attempted COF synthesis did not yield any

crystalline material.

Therefore, we designed divalent building blocks similar to 1,3,5-tris(4-aminophenyl)benzene (TAPB),
in which one of the previous amino groups is replaced by an ether group containing the functional group
of choice (Figure 7.1). This type of building block has been used for the formation of imine macrocycles
with terephthalaldehyde. 243l We anticipated that the reaction with a trivalent aldehyde, such as TFB,
MesTFB or TFPB, would yield crystalline COFs. However, in a few preliminary experiments, we
obtained materials that were not crystalline. Further optimisation of the reaction conditions, for
instance the composition of solvent mixtures, different temperatures, and different reaction times, will
be required to further explore whether crystalline COFs could be obtained. Furthermore, theoretical
calculations regarding the reactivity of the building block and the stability of the expected COF can

shed light onto the feasibility of this approach.
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Figure 7.1: Structure of the divalent amine building block that could contain different functional groups without affecting the
reactivity of the amines.
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The different parameters related to the COF trilemma (Chapter [T.2.1) — stability, crystallinity,
functionalisation — cannot be obtained all at the same time. Therefore, all possible functionalisation
strategies are important to expand the scope of COF synthesis and applicability. The different advan-
tages and disadvantages of each functionalisation strategy must be considered in an early stage to

obtain the desired material's quality.

7.3 Solid-state nuclear magnetic resonance spectroscopy

Solid-state nuclear magnetic resonance (ssNMR) is one of the standard characterisation techniques
to elucidate the chemical structure of COFs. % Next to ssNMR, also FT-IR is widely used to confirm
the formation of COF linkages. The relevant regimes for the vibration bands of imine COFs are,
however, overlapping with those of C=0 and C=C, making it difficult to unambiguously assign the
COF linkage. In ssNMR, the relevant chemical shifts are different enough to allow an unambiguous
determination and learn which type of COF linkage has been formed or whether starting materials are
left. However, the assignment of all atoms to their corresponding signals remains challenging, because
2D ssNMR is only available with specialised probes with magic angle spinning (MAS) frequencies of
around 60 kHz. The highest spinning frequency that could be used during the work of this thesis was
14 kHz. Therefore, model compounds have frequently been used or the assignment was based on

rational interpretation of the spectra. 621159l

Recently, time-dependent ssSNMR has turned out to provide additional information on the structural
characterisation of COFs (Chapter[1.3.3). In parallel to our independent work described in Chapter 3]
the relative CP build-up of each atom was used by Samori and co-workers and Zhu et al. to assign
the ssNMR spectrum to their COFs. 331371 |n this thesis, we have shown the potential of CP build-up
curves by showing, first, the proof-of-concept with TFB-PA, Me3; TFB-PA and TFB-Me4PA and then
assigning the ssNMR spectra of TFB-BD, Me; TFB-BD and Mes; TFB-Me4BD (Chapter@. In more

detail, we have measured the full CP build-up curves from 10-6000 us and used solution NMR of the
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starting materials, i.e., the COF building blocks, to assign the signals. It was found that the signal of
the quaternary carbon atom of the aldehyde node appears at approximately 137 ppm, which differs
from the chemical shift of 130 ppm reported in literature. 29 This shows that the use of CP build-up

curves provides a powerful way to assign NMR signals of COFs correctly.

The CP build-up strategy was applied in Chapter [5]to elucidate the linkage formation of MesTFB-
(NH2)2BD. In more detail, the formation of both imine and benzimidazole linkages was theoretically
possible during linker-exchange. Comparison of the ssNMR signals of Me3TFB-(NH2)2BD with a
reference imine COF (Mes TFB-BD) and a model benzimidazole compound, and the comparison of the
full CP build-up curves enabled us to unambiguously assign Me3;TFB-(NH2)2BD as an imine-linked
COF. For such intermolecular comparisons, it is important to record the full CP build-up curves,
because the signal intensity can vary among different samples. Knowledge about the number of atoms
within the sample (based on mass) is beneficial to compare the intensities of the signals. Nonetheless,
the slope of the CP build-up curve can still provide additional information on the chemical environment

and therefore on the chemical structure.

7.4 Optimisation of CO-/N, separation

CO; capture and separation are of importance due to the large contribution of CO- to global warming.
While the most abundant atmospheric gases N2 and Oz (about 79 vol% and 21 vol%, respectively)
are no greenhouse gases, CO-, effectively heats up the atmosphere, despite its low concentration
(0.042 vol% in 2021). In comparison, flue gas exhausts contain significant larger concentrations
of CO2 (10-25 vol%), which makes the CO2/N5 separation more applicable before CO- enters the
atmosphere. 1811163l Dye to their large surface areas and tuneability, COFs are potential candidates

for such CO2/N; separations.

To study the CO2/N,, selectivity values of all COFs, ideal absorpion solution theory (IAST) calculations
were performed. These calculations require programming knowledge to write a script to facilitate the
analysis of the data. Since not every researcher has programming knowledge or access to it, we
implemented the IAST script into a graphical user interface (Chapter|[6). Additionally, we expanded
the data presentation of these IAST calculations to 3D selectivity plots, in which the mole fraction and

pressure can be varied simultaneously.
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Then, we studied the CO2/N5 separation of Me3 TFB-BD and several modulated COFs to see whether
a specific functional group has an impact on the CO2/N; selectivity (Chapter[d). However, the low
fractions of modulators that were incorporated into the framework did not yield an increase in CO2/N2
adsorption and selectivity. In comparison with Me; TFB-OMeBD, which was obtained from direct
condensation, it was shown that the number of functional groups within the COF plays an important
role in the CO»-COF interaction, as it affects the quantity of absorbed CO as well as the CO3/N2
selectivity. In Chapter [5] the amine-CO; interaction was used to pre-design MeszTFB-(NH2)2BD,
which showed an improved CO2/N; separation compared to the non-functionalised Mes TFB-BD. In
general, it is important to obtain high quantities of adsorbed CO- and high CO2/N2 selectivity values.
It is, however, difficult to obtain both simultaneously, because high quantities of adsorbed CO- often
also lead to higher quantities of adsorbed N2, which does not increase or even decrease the CO2/N2
selectivity. Therefore, specific interactions between the COF and CO; are important to optimise the

gas separation further.

Literature indicates that 8-ketoenamine COFs lead to higher quantities of adsorbed CO- and to
higher CO2/N2 selectivity values. Therefore, the linker-exchange strategy was taken one step further
and Mes TFB-(NH2)2BD was reacted with triformylphloroglucinol to yield TFP-(NH2)2BD. As a proof-

of-concept, the sample was synthesised, characterised and tested for gas separation once.

For TFP—(NH2)2BD, the quantities of adsorbed nitrogen at 1 bar remained comparable to those of
Me;TFB-(NH)2BD, while the quantities of adsorbed CO, almost doubled (Table 7.1). These results
point to a significantly higher CO2/N2 IAST selectivity of approximately 2300 at 273 K and 374 at
295 K under flue gas conditions (0.15/0.85 CO2/Nz). It must be noted that the selectivity value of 2300
is likely due to limits in the IAST theory. While triplicate analysis would be needed for the validation of
these results, the preliminary data suggest that TFP-(NH2)2BD might be a promising candidate for
gas separation because it adsorbs higher quantities of CO5 while it does not adsorb more N2, leading
to high selectivity values. As micropores are advantageous for large CO- adsorption capacities, this
approach could be taken a step further with TFP-(NH2)2PA, which would have smaller pore sizes than

the benzidine COF. [244

In comparison with a recently published COF from Yaghi and co-workers, our Mes TFB-(NH3)2BD
contains less amino groups, which could explain the higher quantity of adsorbed CO5 of their COF.
Moreover, 3-ketoenamine COFs contain one secondary amine per COF linkage, which results in

a high number of functional groups within one COF structure. Therefore, we hypothesise that the
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Table 7.1: Quantities of adsorbed N> and CO- of Me3 TFB-(NH2)2BD and TFP-(NH3)2BD after linker exchange at 1 bar
and different temperatures and IAST selectivity under flue gas conditions.

Temperature  Quantity adsorbed N Quantity adsorbed CO- CO4/N; Selectivity

COF
K] [mmol/g] [mmol/g] 0.15/0.85
273 K 0.12+0.02 1.124+0.26 83+11
Me; TFB-(NH2)2BD
295K 0.07+0.02 0.72+0.07 47411
273 K 0.13 2.04 2317
TFP-(NH3)2BD
295K 0.08 1.33 374

higher CO, adsorption and higher CO2/N, selectivity can be attributed to the increased number
of amine groups within the COF. To elucidate the correlation between the CO, adsorption and the
number of amino groups, acid-base titrations could be carried out. Another interesting aspect is
the type of functional group that is involved in nitrogen-CO, interactions. Besides amino groups,
COFs can contain triazine, azine, ketoenamine or imine groups and even the amino group itself can
be subclassified into primary, secondary, and tertiary amines or into aliphatic vs aromatic amines.
Knowledge about the interaction of a specific group with CO5 can help to tailor COFs for CO2/N2
separation. For such studies, different COFs must be pre-designed and carefully analysed. In addition,
computational support could be beneficial in this regard. Research along these lines is expected to
result in more information on the interaction between CO2 and N-containing COFs, further paving the

way to rationally design COFs for CO2/N2 separation.

Next to structure-property relationships, CO2/N2 selectivity in gas mixtures and in flow are rele-
vant, which can be studied by breakthrough experiments.t72l Instead of calculating the gas mixture
from its pure component isotherms, the use of a Breakthrough analyser allows one to study the
COF-gas interactions and selectivities of a gas mixture. This instrument can be configured with
more than two gases, enabling the inclusion of water vapour in a controlled way to study the effect of

humidity on the separation and selectivity performance of the COFs under process-relevant conditions.

7.5 COFs as sensors

The porosity and large surface area of COFs make them potential candidates for sensing applications,
because the analyte can adsorb in the pores and onto the surface, thus contributing to a sensor
response. This can be a change in the optical properties of a COF, such as UV/vis absorbance or

fluorescence. Alternatively, when applied in a coating onto an electrical sensor, the response of gas
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exposure to the COFs can, depending on the type of sensor platform, be recorded by measuring the

resistance, electrical current, voltage or capacitance. HH17114211451146]

The colour of COFs is reported to respond to the exposure of Bransted acids, 1477149 golvents, (4
metals 121 or nitroaromatic compounds. 122 Within this context, Me3 TFB-PA and Me3 TFB-BD were
exposed to hydrochloric acid and ammonia vapours and their change in absorption was compared to
the ones of TFB-PA and TFB-BD (Chapter[2). Within minutes, the change in absorbance could already
be detected by the naked eye through a colour change of the material. The absorbance spectra were
blue shifted for Mes TFB COFs and red shifted for Me, BD/Me,PA COFs with respect to unmethylated
building blocks. The colour change was found to be reversible upon exposure to ammonia vapour.
However, the absorbance spectra and FT-IR analysis revealed that the change was not fully reversible.
It was not only shown that ammonia vapour recovered the COF, but also that the COF itself does
not react to ammonia vapour. We hypothesised that, in line with literature, H1711421451146] the colour
change could be attributed to a protonation of the imine nitrogen. Furthermore, FT-IR spectroscopy
revealed that after protonation of the imine bonds, the bonds cleave into aldehydes and amines. Upon

ammonia exposure, the imine bonds were only partially reformed.

Sensors often require affinity coatings to combine the analyte-sensor interaction with a processable
device. However, COFs are usually obtained as fine powders, which are difficult to handle for sensor
applications, at least not 'as is'. To this end, methods have been explored to apply the COF to a
sensor surface. 124115611571245] There are different ways to achieve this: by drop-casting of a COF
dispersion onto the surface, by in-situ growth of the COF on the surface or by depositing polymer-COF
hybrid membranes (mixed matrix membranes, MMM). Drop-casting of a COF dispersion has the
advantage that no hybrid materials are needed, which could weaken — or interfere with — the sensor
response. However, the COF particles need to interact with the surface to remain adsorbed as a
stable coating. Moreover, the challenge of this approach is to obtain a homogeneous layers, which is
important for a reliable sensor response. 142l In-situ growth of COFs on a surface could link COFs
covalently to the surface to overcome this stability problem, an approach that has been explored for
MOFs on e.g., copper electrodes 246! and very recently on capacitive sensors with micropatterned
gold electrodes. 241 COFs can be anchored by using a primer layer on the surface. In the case of
gold surfaces, we considered thiol amines as attractive candidates to form such a layer. In such an
approach, the thiol moiety binds to the gold surface, 248 while the free, primary amine can act as an

anchor for the build-up of a framework in a 'grafting from' fashion.
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Two molecules that could be used to prepare such a primer layer are 4-aminothiophenol (ATP) and
cysteamine. ATP is structurally comparable with the COF building blocks, while cysteamine is smaller
and could potentially lead to a higher grafting density. Preliminary work on this approach showed
that the cysteamine layer remained intact, while the ATP layer got removed from the surface when
the primer layers were exposed to synthetic conditions that we typically used to prepare imine-based

COFs.

Next, the COF can be polymerised in a second step on the primer layer. As a reference, also a bare
gold surface was exposed to the polymerisation and it was found that the surface without primer layer
also contained a layer of COFs. Therefore, it was not possible to distinguish between COFs grown
from the primer layer (Au-Cysteamine-COF) and COFs that precipitated from the solution (Au + COF).
Based on these preliminary findings, it is concluded that more research is needed to further explore

possibilities for the covalent attachment of COFs onto a surface.

Another strategy to obtain COF-modified surfaces is to immobilise COFs on a thin polydopamine
film. This approach would not be limited to gold surfaces, but is compatible with a large variety of
different surfaces. 242 In the specific case of gold surfaces, the interaction of the gold surface with
polydopamine most likely yields planar polydopamine layers 24%4251) of which the carbonyl and amine
groups can in principle be used as anchors for a COF layer. The orientation of the COF could be

studied by scanning tunnelling microscopy. 12521253l

Alternatively, MMMs can be used to embed the porous COF in a polymer matrix. This way, the overall
porosity of the affinity layer decreases, but the processability is facilitated. To form the membrane, the
polymer-COF solution can be deposited by various means on the surface depending on the desired

thickness of the coating. 142!

Banerjee and co-workers have developed an interfacial polymerisation that yields crystalline -
ketoenamine COFs as thin films. (254 In more detail, one building block is dissolved in one phase and
the other building block and catalyst are dissolved in another phase that is immiscible with the first.
Therefore, the reaction can only take place at the liquid-liquid interface, which leads to the formation
of a thin film. The film was taken out from the interface and transferred onto various substrates. The
membrane thickness can be tailored by the concentration of the building block solutions. To use

these membranes for, for instance, separation applications, the obtained membranes need to be
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mechanically stable. We suggest extending this approach to COFs with other linkages and to further

optimise the interfacial synthesis to obtain COFs with improved processability.

Once a working protocol is established to deposit COFs on a model surface in a reproducible and
homogeneous way, it will have to be transferred to sensor platforms before they can be studied as an
affinity layer. Since many gases and vapours are smaller than the pore size of a COF, the affinity of an
analyte towards a sensor cannot be based on size-exclusion but must originate from physicochemical
interactions. As the number and diversity of functional groups in gas and vapour molecules are usually
limited, a unique selectivity between one functionalised COF and a certain target analyte will be hard,
if not impossible, to obtain. It might, however, be possible to reveal interactions between specific
functional groups within the COF and the target gas or vapour. Therefore, these interactions could be
studied, and combined in sensor arrays.!#2l In a sensor array, several sensors with different affinities
to various analytes are combined into one device and the overall sensor response can help to detect
the analyte. Such sensor arrays could also be beneficial to deal with cross sensitivity arising from

complex mixtures of gases or vapours that occur in real-life applications.
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7.1 Summary English

Covalent organic frameworks (COFs) are a class of thermally and chemically stable and crystalline
materials with micro- and mesopores, i.e., pores < 2 nm and not larger than 50 nm, respectively.
Depending on the types of building blocks used, COFs can adopt 2D or 3D architectures with highly
ordered structures. Due to their high surface area, and their large diversity in linkage chemistry and
building blocks and control over the pore architectures, COFs are promising candidates for a large
variety of applications, including energy storage, heterogeneous catalysis, chemical sensing and
gas separation. Since their discovery in 2005, research has mainly focussed on synthesising novel
materials and their applicability. To enhance the rational design of COFs for the application in mind, it
is of vital importance to gain more knowledge on structure-property relationships. Next to the chemical
structure, i.e., the type of linkage and the degree and type of functionalisation, also the stability of
COFs during their work-up, activation and functional performance are important to achieve high-quality
materials. The main aim of this thesis is to explore facile synthesis strategies for COFs with different
functional groups for tuneable gas and vapour interactions. In more detail, the impact of the functional
groups on the crystallinity, porosity, and stability of COFs was studied on a fundamental level, aiming
to tune the material properties via functionalisation in a controlled way. Some of the COFs were
also studied on a more applied level by exploiting them as chemical sensors and investigating their

performance in CO2/N» separations.

In Chapter[2]a new trimethylated aldehyde building block (2,4,6-trimethyl-1,3,5-triformylbenzene,
MesTFB) was used together with phenylenediamine (PA) and benzidine (BD) to synthesise novel
imine-linked COFs, which were compared to the unmethylated (1,3,5-triformylbenzene, TFB) reference
COFs. The use of Me3sTFB led to an increase in porosity compared to TFB COFs, yielding high
Brunauer-Emmett-Teller (BET) surface areas of up to ca. 2000 m?/g. Density functional theory
(DFT) calculations revealed that the loss in symmetry of Me3TFB leads to a smaller rotation barrier
towards the favoured Cs conformation in the COF framework. This results in higher reaction rates
and therefore to enhanced crystallinity and porosity. Moreover, it was found that Me3;TFB COFs
were more stable during vacuum activation and the bench stability was significantly enhanced. As a

proof-of-applicability, a colour change upon acid vapour exposure was shown.

The approach of employing methylated building blocks was expanded to a wider scope of COFs in

Chapter[3]by studying systematically COF combinations of methylated and unmethylated TFB, PA and
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BD building blocks. The enhanced porosity and crystallinity upon use of MesTFB (Chapter [2) were
also found within the full set of methylated building blocks that are part of Chapter[3] Additionally, it was
found that the position of methyl groups is crucial for the COF properties. COFs with methylated amines
show decreased porosity and crystallinity with respect to those made with unmethylated amines,
which is attributed to the steric hinderance of the methyl group during the framework formation. The
more methyl groups attached to the amine linker, the more pronounced the decrease in porosity
and crystallinity becomes. Furthermore, with respect to TFB, the UV absorbance of Mes TFB COFs
blue shifts. It is hypothesised that the blue shift is due to a decrease in conjugation. On the other
hand, for methylated phenylenediamines (Me,PA) and methylated benzidines (Me,BD) a red shift of
the UV absorbance was observed with respect to PA/BD, which can be explained by the inductive,

electron-donating effect of methyl groups.

Functionalisation beyond methyl groups was investigated in the study reported in Chapter[d] In
more detail, a series of para-functionalised modulators (OMe, Me, F, Cl, CF3, NO2) was incorporated
into Me3sTFB-BD. The higher reactivity of BD leads to lower fractions of modulators in the resulting
COFs (2.1-8.9 mol%) than the 30 mol% modulator present in the reaction mixtures. As monovalent
modulators inhibit framework formation, their incorporation may negatively impact the BET surface
areas and crystallinity of the COFs. However, upon the use of modulators all COFs remained crys-
talline, and the BET surface areas remained high (> 1800 m?/g). Based on digestion nuclear magnetic
resonance spectroscopy (NMR) and X-ray photoelectron spectroscopy (XPS) analyses, the modulator
could be located on the outside of the COF sheets, explaining the crystallinity and high porosity of the
modulated COFs. The modulated COFs were then applied in CO2/N2 gas separation to investigate
the effect of the functional groups on the separation selectivity under flue gas conditions. Moderate
quantities of adsorbed CO, were found together with selectivity values between 6 and 24 for the
different modulators at 273 K. Due to the low number of functional, polarisable groups within the COF,
the selectivity remained similar for the non-functionalised Mes; TFB-BD COF and the functionalised,
modulated COFs. Interestingly, Me3sFTFB-OMeBD — which is synthesised from methoxy-substituted
benzidine and has more methoxy groups per pore compared to OMe-modulated COF (4.9 mol%
modulator) — has a higher CO2/N2 selectivity than the modulated COFs. This shows that increasing
the fraction of functional groups in the COF can lead to higher CO2/N ideal adsorption solution theory

(IAST) selectivity values.
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In Chapter 5] the CO-amine interaction was used to pre-design a COF for high CO2/N; selectivity
and high CO. adsorption quantity. As Me3FTB-(NH2)2BD was not accessible via direct synthesis and,
moreover, the use of modulators did not lead to high fractions of functional groups inside the COF, a
post-synthetic linker-exchange was employed. The imine-linkage was unambiguously assigned by
solid-state NMR and cross-polarisation (CP) build-up curves. BET surface area analysis indicated that
most of the porosity of the pristine Me3; TFB-BD was retained during post-synthetic modification. As
hypothesised, we found high CO2/N; selectivity values (83+11 at 273 K and 47+11 at 295 K) under
flue gas conditions together with moderate CO» adsorption quantities. The CO2-amine interaction
is based on weak Van der Waals interactions, which are expected to require little energy for the
regeneration of the COF. The CO- adsorption quantities and the high CO2/N- selectivity of MesFTB-

(NHz)2BD indicate the promise of this approach for gas separation.

IAST calculations, which are useful to model mixed gas isotherms out of the pure component
isotherms, require programming knowledge to use the existing python packages. This can restrict
their use, since not every researcher has programming skills. Therefore, in Chapter [6]a graphical
user interface (GUI) software for IAST calculations is presented to predict the selectivity of binary
gas mixtures. Additionally, the IAST selectivity can be calculated for multiple pressures and mixture
compositions at the same time. The software is available on the open-source, software development
platform GitHub, uses the *.csv file format, and allows isotherm fitting with various established models
to provide a platform for non-programming material scientists. The software was used in Chapter 4]

and

Chapter [7]discusses the results obtained in Chapter [2}j§]in a broader context and outlines future
research suggestions, which are partly supported by preliminary data on improved CO2/N2 separations,

including enhanced quantities of adsorbed CO-, and on depositing COFs on surfaces.
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7.2 Summary Dutch — Samenvatting

Covalente organische raamwerken (COFs) zijn chemisch en thermisch stabiele, kristallijne ma-
terialen met micro- (< 2nm) en mesoporién (2-50 nm). Afhankelijk van de gekozen monomeren
vormen COFs twee- of driedimensionale netwerken. De monomeren van COFs kunnen op veel
verschillende manieren worden gestructureerd in een netwerk hetgeen ook de structuur van de
porién kan beinvioeden. De variatie wordt bovendien nog groter door de grote verscheidenheid
aan beschikbare monomeren. De grote variatie in structuren en het grote interne oppervlak maken
COFs interessante materialen voor diverse toepassingen zoals energieopslag, heterogene katalyse,
chemische sensoren en gasscheidingen. Sinds de ontdekking van COFs in 2005 is onderzoek aan
dergelijke raamwerken vooral gericht op de synthese van nieuwe materialen en hun applicatie. Om
de eigenschappen van een COF al in de ontwerpfase mee te nemen, is het essentieel om kennis te
hebben over structuur-eigenschap relaties. Behalve de chemische structuur is de stabiliteit van COFs
tijdens het verwerken, het activeren en ook tijdens de applicatie van cruciaal belang om materialen
van hoge kwaliteit te krijgen. Het hoofddoel van dit proefschrift is het verkennen van eenvoudige
syntheseroutes voor COFs met verschillende functionele groepen. Dit proefschrift beschrijft onderzoek
naar de invloed van dergelijke groepen op de kristalliniteit, de porositeit en de stabiliteit van COFs,
met als doel om op basis van deze inzichten de materiaaleigenschappen te verbeteren. Ter illustratie
van de toepasbaarheid is een aantal COFs bestudeerd als chemische sensor en/of is hun vermogen

op het gebied van gasscheidingen getest.

In Hoofdstuk [2)is een nieuw getrimethyleerd monomeer (2,4,6-trimethyl-1,3,5-triformylbenzeen,
MesTFB) met fenyleendiamine (PA) of benzidine (BD) gebruikt om nieuwe COFs te synthetis-
eren op basis van imine-bindingen. De verkregen COFs zijn vervolgens vergeleken met de niet-
gemethyleerede (1,3,5-triformylbenzeen, TFB) referentiematerialen. Ten opzichte van TFB COFs
leidde het gebruik van Me3TFB tot een verbetering van de porositeit. Dit resulteerde in Brunauer-
Emmett-Teller (BET) oppervlakken met waardes tot 2000 m2/g. Dichtheidsfunctionaaltheorie (DFT)
berekeningen toonden aan dat het verlies van symmetrie in Me; TFB leidde tot een kleinere rotatiebar-
riere. Dit resulteerde in een hogere reactiesnelheid, waardoor de carbonylgroep sneller in de gewenste
Cs conformatie kan roteren, welke binnen het COF-raamwerk gevormd wordt. Hieruit volgt een hogere
kristalliniteit en porositeit. Verder zijn Me3 TFB COFs tijdens de vaculimactivering stabieler bevonden

en was de opslagstabiliteit significant hoger. Ter illustratie van de toepasbaarheid als chemische
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sensor zijn de COFs blootgesteld aan zure dampen, hetgeen leidde tot een kleurverandering van het

materiaal.

De methode om gemethyleerde monomeren te gebruiken, is in Hoofdstuk [3] verder uitgebreid door
COF combinaties van gemethyleerde en niet-gemethyleerde TFB, PA en BD-monomeren systematisch
te onderzoeken. De verbeterde kristalliniteit en porositeit bij gebruik van Me;TFB (Hoofdstuk [2)
werden ook gevonden bij COFs met alle andere amine-monomeren uit Hoofdstuk [3] Bovendien werd
vastgesteld dat de positie van de methylgroep van cruciaal belang is; COFs met gemethyleerde amines
hebben een lagere kristalliniteit en porositeit in vergelijking met COFs die uit niet-gemethyleerde
amines bestaan. Dit komt door de sterische hindering van de methylgroepen tijdens de formatie van
het netwerk. Hoe meer methylgroepen het amine-monomeer heeft, des te sterker de afname van
kristalliniteit en porositeit. Verder leidde het gebruik van Me3s TFB COFs tot een blauwverschuiving van
de UV-absorptie. Deze blauwverschuiving treedt vermoedelijk op vanwege de afname van de conju-
gatie van het w-systeem. Bij gebruik van gemethyleerd fenyleendiamine (Me,PA) en gemethyleerd
benzidine (Me,BD) leidde tot een roodverschuiving in de UV-absorptie van de COFs ten opzichte de
absorptie van PA/BD COFs. Dit kan uitgelegd worden door het inductieve, elektronenstuwende effect

van de methylgroep.

Het functionaliseren van COFs met andere groepen is in Hoofdstuk [4] onderzocht. Preciezer
gezegd, werd een serie van para-gefunctionaliseerde modulatoren (OMe, Me, F, Cl, CF3, NO3) in
MesTFB-BD ingebouwd. Hoewel 30 mol% modulator aanwezig was tijdens de synthese, werden
lagere percentages modulator (2.1-8.9 mol%) in de gesynthetiseerde COFs gevonden. Dit verschil
kan worden toegeschreven aan de hogere reactiviteit van benzidine. Aangezien modulatoren de
netwerkformatie kunnen verstoren, kan hun inbouw in COFs een negatief effect hebben op het
BET oppervlak en de kristalliniteit. Echter, bij gebruik van de modulatoren bleek dat de materi-
alen kristallijn bleven en hoge BET oppervlakken (> 1800 m?2/g) zijn gevonden. Met behulp van
kernspinresonantiespectroscopie (NMR) metingen aan gedepolymeriseerde monsters en réntgenfoto-
elektronenspectroscopie (XPS) van de COFs werd de modulator aan de buitenzijde van de COF
laag gelokaliseerd, wat de hoge kristalliniteit en porositeit van de gemoduleerde COFs verklaart.
Daarna werden de gemoduleerde COFs gebruikt in CO2/N2 scheidingen om het effect van functionele
groepen op de selectiviteit van de scheiding van CO- van rookgas te onderzoeken. Voor verschillende
modulatoren werden bij 273 K gematigde hoeveelheden van geadsorbeerd CO- vastgesteld met

selectiviteitswaarden tussen 6 en 24. De selectiviteit van de gemoduleerde COFs bleef vergelijkbaar
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met die van het niet-gefunctionaliseerde Me3sTFB-BD, wat verklaard kan worden door het geringe
aantal functionele polariseerbare groepen binnen het COF. Interessant is dat Me; TFB-OMeBD, dat
werd gesynthetiseerd uit methoxy-gesubstitueerd benzidine en dus meer methoxygroepen per porie
heeft dan het OMe-gemoduleerde COF (4.9 mol% modulator), een hogere CO2/N2-selectiviteit heeft
dan het gemoduleerde COF. Uit dit resultaat blijkt dat een hoger aantal functionele groepen tot een

hogere CO2/N2-selectiviteit leidt.

Met de bekende CO,-amine interactie in het achterhoofd is in Hoofdstuk [5|een amine-gefunctionali-
seerd COF ontworpen met een hoge CO2/N2-selectiviteit en grote hoeveelheden geadsorbeerd
CO; als inzet. Aangezien MesTFB-(NH2)2BD niet direct uit de monomeren gesynthetiseerd kan
worden en het functionaliseren met behulp van modulatoren tot slechts kleine hoeveelheden aan
functionele groepen in de COFs resulteerde, werd een post-synthetische uitwisselingsstrategie
gebruikt. Vaste stof NMR en het gebruik van tijdsafhankelijke cross-polarisation curves bewezen
de vorming van de imine-groepen. Op basis van de BET analyses kan worden geconcludeerd dat
de meeste porositeit van de oorspronkelijke Me3;TFB-BD tijdens de post-synthetische uitwisseling
werd behouden. Zoals verwacht, werdenj hoge CO2/N2-selectiviteitswaarden (83+11 bij 273 K en
47411 bij 295 K) en grote hoeveelheden geadsorbeerde CO. onder rookgascondities gevonden. De
CO2-amine interactie is gebaseerd op zwakke vanderwaalskrachten, zodat alleen kleine hoeveelheden
energie worden verwacht om de COF te regenereren. De hoeveelheid geadsorbeerde CO» en de
hoge CO4/N;-selectiviteiten van Me3;TFB-(NH2)2BD duiden erop dat deze strategie veelbelovend is

voor gasscheiding.

Ideale adsorptie-oplossingstheorie (IAST) berekeningen, die behulpzaam zijn het gedrag van
gasmengsels uit de isothermen van hun individuele componenten te bepalen, kunnen met bestaande
Python-pakketten uitgevoerd worden. Echter, hiervoor is programmeerkennis noodzakelijk. Aangezien
niet elke onderzoeker over goede programmeervaardigheden beschikt, kan dit het gebruik van de
IAST-pakketten beperken. Daarom is in Hoofdstuk 6] zelf-ontwikkelde software met een grafische
gebruikersinterface voor IAST-berekeningen gepresenteerd, waarmee de selectiviteit van binaire
gasmengsels berekend kan worden. Verder kan met de IAST-selectiviteit voor verschillende drukken
en molfracties tegelijk berekend worden. De software is beschikbaar op het open-source software-
ontwikkelingsplatform GitHub, gebruikt het *.csv-bestandsformaat en maakt de fitting van isothermen

met verschillende bekende fysische en numerieke modellen mogelijk. De software biedt dus een

137



Summary / Samenvatting / Zusammenfassung

platform om IAST-berekeningen uit te voeren zonder zelf te hoeven programmeren. De software is

gebruikt in Hoofdstukken @ en[5

In Hoofdstuk [7]zijn de resultaten van Hoofdstukken [2}[6]in een bredere context geplaatst en worden
suggesties voor toekomstige onderzoek gedaan. De suggesties worden gedeeltelijk ondersteund
door voorlopige resultaten op het gebied van verbeterde CO2/N2-separatie en grotere hoeveelheden

geadsorbeerd CO-, en ook het opbrengen van COFs op een opperviak.
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7.3 Summary German — Zusammenfassung

Covalent organic frameworks (COFs) sind chemisch und thermisch stabile, kristalline Materialien mit
Mikro- (< 2 nm) und Mesoporen (2-50 nm). Abh&ngig von den Monomeren kénnen COFs zwei- oder
dreidimensionale Netzwerke ausbilden. Die Monomere von COFs kdnnen auf viele verschiedene Arten
miteinander vernetzt werden und die Porenstruktur kann durch die Wahl der Monomere gesteuert
werden. Gleichzeitig stehen viele verschiedene Monomere zur Verfligung, wodurch die Variabilitat
zusatzlich erhéht wird. Durch diese groBe Vielfalt sowie die hohen Oberflachen sind COFs vielver-
sprechende Materialien flr eine groBBe Anzahl an Anwendungen, beispielsweise Energiespeicherung,
heterogene Katalyse, chemische Sensoren und Gastrennung. Seit ihrer Entdeckung im Jahr 2005 hat
sich die Forschung vor allem auf die Synthese neuer Materialien und deren Anwendung konzentriert.
Um bereits in der Planungsphase der gewlinschten Anwendung ein COF designen zu kdnnen ist es
unabdingbar, mehr Wissen Uber die Struktur-Eigenschafts-Beziehungen zu erlangen. Neben ihrer
chemischen Struktur ist die Stabilitdt der COFs wéhrend der Aufarbeitung, der Aktivierung und auch
wahrend der Anwendung von entscheidender Bedeutung, um qualitativ hochwertige Materialien zu
erhalten. Das Ziel dieser Dissertation ist es, simple Synthesewege fiir COFs mit verschiedenen
funktionellen Gruppen zu erforschen und ihr Potential in Bezug auf Wechselwirkungen mit Gasen und
Dampfen zu untersuchen. Die verschiedenen funktionellen Gruppen sollen dabei eine Mdglichkeit zur
Anpassung und Optimierung der COFs flr die COF-Gas Wechselwirkung darstellen. Genauer gesagt
wird der Einfluss der funktionellen Gruppen auf Kristallinitat, Porositat und Stabilitat untersucht, um
basierend auf diesen Erkenntnissen die Materialeigenschaften zu verbessern. Einige COFs wurden,
zur Verdeutlichung des Andwendungsbezugs, als chemischer Sensor verwendet und/oder ihr Potential

im Bereich der Gastrennung untersucht.

In Kapitel 2] wurde ein neuartiges trimethyliertes Monomer (2,4,6-Trimethyl-1,3,5-triformylbenzol,
MesTFB) zusammen mit Phenylendiamin (PA) und Benzidin (BD) verwendet, um neue imin-vernetzte
COFs zu synthetisieren. Diese wurde dann mit den nicht-methylierten (1,3,5-Triformylbenzol, TFB)
Referenzmaterialien verglichen. Die Verwendung von MesTFB flihrte zu einer Verbesserung der
Porositét verglichen mit den TFB COFs, was in Brunauer-Emmett-Teller (BET) Oberflachen von bis
zu 2000 m?/g resultierte. Dichtefunktionaltheorieberechnungen (DFT) zeigten, dass der Verlust der
Symmetrie in MesTFB zu einer kleineren Rotationsbarriere fiihrt. Diese verringerte Rotationsbarriere
fahrt zu hdheren Reaktionsraten, wodurch die Carbonylgruppe haufiger in der bevorzugten Cs Konfor-

mation vorliegt, welche zur Bildung des COF-Netzwerks benétigt wird. Hierdurch wird eine héhere
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Kristallinitdt und Porositat erzielt. Zuséatzlich waren wahrend der Vakuumaktivierung Mes TFB COFs
stabiler und die Lagerstabilitdt war signifikant erhéht. Zur Verdeutlichung des Anwendungspotentials
als chemischer Sensor wurden die COFs Sauredampfen ausgesetzt, woraufhin eine Farbanderung

des Materials beobachtet werden konnte.

Der Ansatz methylierte Monomere zu verwenden wurde in Kapitel 3] vertieft, indem COF-Kombinationen
aus methylierten und nicht-methylierten TFB-, PA- und BD-Monomeren systematisch untersucht wur-
den. Die verbesserte Kristallinitat und Porositat bei Verwendung von Mes TFB (Kapitel 2) wurden auch
bei COFs mit allen anderen getesteten Amin-Monomeren Kapitel 3|beobachtet. Zuséatzlich zeigte sich,
dass die Position der Methylgruppe von entscheidender Bedeutung ist. COFs mit methylierten Aminen
weisen eine niedrigere Porositat und Kristallinitat im Vergleich zu COFs, welche aus nicht-methylierten
Amin-Monomeren bestehen, auf. Dies ist auf den sterischen Anspruch der Methylgruppen wahrend
der Netzwerkbildung zuriickzuftihren. Je mehr Methylgruppen das Amin-Monomer trégt, desto starker
ist die Abnahme der Kristallinitdt und Porositat ausgeprégt. Des Weiteren kommt es durch die
Nutzung von Mes TFB COFs zu einer Blauverschiebung der UV-Absorption. Die Blauverschiebung
tritt vermutlich auf, da die Konjugation des n-Systems abnimmt. Bei Verwendung von methylierten
Phenylendiaminen (Me.PA) und methylierten Benzidinen (Me,BD) in COFs kommt es zu einer Rotver-
schiebung der UV-Absorption im Vergleich zur Absorption der PA/BD-COFs. Dies kann durch den

induktiven, elektronenschiebenden Effekt der Methylgruppe erklart werden.

Die Funktionalisierung von COFs neben der Methylgruppe wurde in Kapitel[d@ untersucht. Hierzu
wurde eine Serie von para-funktionalisierten Modulatoren (OMe, Me, F, Cl, CF3, NO2) in Me3s TFB-BD
eingebaut. Obwohl 30 mol% Modulator in der Reaktionsmischung vorhanden war, wurden nur gerin-
gere Anteile Modulator (2.1-8.9 mol%) in den synthetisierten COFs gefunden, was auf die héhere
Reaktivitat von Benzidin zuriickzufihren ist. Da Modulatoren die Netzwerkbildung verhindern kénnen,
kann sich ihr Einbau in das COF negativ auf die BET Oberflache und die Kristallinitat auswirken. Trotz-
dem blieben bei Verwendung der Modulatoren alle COFs kristallin und es wurden zudem hohe BET
Oberflachen (> 1800 m?/g) gemessen. Basierend auf Kernspinresonanzspektroskopiemessungen
(NMR) von aufgeschlossenen Proben und Photoelektronenspektroskopiemessungen (XPS) der COFs
konnte der Modulator an der AuBBenkante der COF-Schicht lokalisiert werden, was die Kristallinitét
und hohe Porositat der modulierten COFs erklart. AnschlieBend wurden die modulierten COFs in der
CO2/N2 Trennung verwendet, um den Effekt der funktionellen Gruppen auf die Trennungsselektivitat

unter Prozessbedingungen von industriellem Abgas zu untersuchen. Die Selektivitaten wurden mittels
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idealer Adsorptions-Lésungs Theorie (IAST) ermittelt. Fir die verschiedenen Modulatoren wurden
bei 273 K moderate Mengen an adsorbiertem CO- sowie CO2/N5 Selektivitdten zwischen 6 und 24
ermittelt. Die Selektivitat der modulierten COFs blieb, aufgrund der geringen Zahl funktioneller, polar-
isierbarer Gruppen innerhalb des COFs, vergleichbar mit der des nicht-funktionalisierten Mes TFB-BD.
Interessanterweise hat Me; TFB-OMeBD, welches aus methoxy-substituiertem Benzidin synthetisiert
wurde und somit mehr Methoxygruppen pro Pore als OMe-moduliertes COF (4.9 mol% Modulator)
aufweist, eine hohere CO2/N2 Selektivitat als das modulierte COF. Dieses Ergebnis zeigt, dass eine

zunehmende Zahl funktioneller Gruppen im COF zu héherer CO2/N2 Selektivitét fihrt.

Die bekannte CO2-Amin-Wechselwirkung wurde in Kapitel 5| verwendet, um ein COF zu designen,
welches eine hohe CO2/N2 Selektivitat und hohes CO2-Adsorptionsverdgen aufweist. Da Mes TFB-
(NH2)2BD nicht direkt aus den Monomeren synthetisiert werden konnte und die Funktionalisierung
mittels Modulatoren nicht zu hohen Anteilen an funktionellen Gruppen im COF geflihrt hat, wurde eine
post-synthetische Austauschstrategie verwendet. Mittels Feststoff-NMR Spektroskopie und Verwen-
dung von zeitabhangingen Cross-Polarisationskurven konnte die Bildung der Imin-Gruppen eindeutig
belegt werden. BET-Oberflachenanalysen lie3en darauf schlieBen, dass der Grofteil der Porositat
des originalen MesTFB-BD wéahrend der post-synthetischen Austauschreaktion erhalten wurde. Wie
erwartet konnten unter Prozessbedingungen industrieller Abgase hohe CO2/N2 Selektivitiswerte
(83+11 bei 273 K und 47+11 bei 295 K) und hohe CO2-Adsorptionsvermdégen gemessen werden. Die
CO2-Amin-Wechselwirkung basiert auf schwachen Van-der-Waals-Kraften, wodurch vermutlich nur
geringe Energiemengen zur Regenerierung der COFs benétigt werden. Die Menge an adsorbiertem
CO- sowie die hohen CO2/N2 Selektivititen von Me; TFB-(NH2)2BD deuten an, dass dieser Ansatz

im Bereich der Gastrennung vielversprechend ist.

IAST-Berechnungen, welche verwendet werden um das Verhalten von Gasmischungen aus den
Isothermen ihrer Einzelkomponenten zu berechnen, kénnen mit existierenden Python-Paketen
durchgeflihrt werden, jedoch sind vertiefte Programmierkenntnisse erforderlich. Da nicht jeder Wis-
senschaftler Programmierkenntnisse besitzt, kann dies die Verwendung der IAST-Pakete einschranken.
Daher wird in Kapitel 6] eine selbstentwickelte Software mit graphischer Benutzeroberflache fir IAST-
Berechnungen vorgestellt, welche die Selektivitat von bindren Mischungen berechnen kann. Zusétzlich
kann die IAST-Selektivitat fiir verschiedene Driicke und Molenbriiche gleichzeitig berechnet werden.
Die Software ist auf der open-source Softwarenentwicklungsplatform GitHub verfligbar, nutzt das *.csv

Dateiformat und erlaubt ein Fitting der Isothermen mit verschiedenen etablierten physikalischen und
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numerischen Modellen. Damit liefert sie eine Platform flir Materialwissenschaftler, IAST-Berechnungen

durchzufuhren, ohne selbst programmieren zu missen.

In Kapitel [7] werden die Ergebnisse der Kapitel in einem breiteren Kontext diskutiert und
zukunftige Forschungsansétze vorgeschlagen. Letztere werden teilweise durch vorlaufige Daten in
Bezug auf verbesserte CO2/N2-Trennung und verbesserte Mengen adsorbiertes CO4 sowie in Bezug

der Abscheidung von COFs auf Oberflachen unterstitzt.
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