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Abstract

To achieve a sustainable future with significantly reduced greenhouse gas
emissions, hydrogen has been proposed as an alternative energy carrier. With
promising applications in balancing the electricity grid and in the transport
sector, proton exchange membrane fuel cells (PEMFCs) are a key technology
for realizing such a hydrogen-based society. While already commercially avail-
able, current PEMFCs are limited to operating temperatures of about 80 °C
due to constraints imposed by the commonly used membrane materials. This
restriction reduces the overall efficiency of both the cell and the fuel cell system.
Consequently, there is a strong interest in alternative materials that exhibit high
proton conductivity at elevated temperatures while maintaining mechanical and
chemical stability under acidic conditions. Imidazole, a highly stable amphoteric
molecule, offers both hydrogen-bonding capability and proton-accepting sites,
making it a promising candidate for such applications. This thesis investigates
the synthesis and fundamental properties of materials incorporating imidazole
into their structures. Specifically, imidazole is introduced into a covalent or-
ganic framework by linker-exchange, into functionalized bases for the synthesis
of Brgnsted acidic protic ionic liquids, and into aqueous solutions. The de-
veloped method for synthesizing an imidazole-linked covalent organic framework
provides an alternative route that yields increased crystallinity and porosity.
The functionalization of alkylated imidazole with electron-withdrawing groups
increased the acidity of the resulting protic ionic liquid, but decreased its ionic
conductivity. Furthermore, investigating imidazole in aqueous solution provided
insight into its supramolecular organization and its influence on the proton
dissociation of sulfonic acid groups. A deeper understanding of imidazole and
its effective incorporation into materials contributes to the knowledge required
for the rational design of next-generation proton-conducting systems.
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Chapter 1

Introduction

The proton is one of the most influential particles in all of chemistry. Despite
its simplicity and small size, this single positively charged nucleus governs a
range of processes, including acid-base chemistry, energy flow in both biology
and modern energy technologies, and the influence on molecular intramolecular
and intermolecular structures through tautomerization and hydrogen bonding.
Unlike many other charge carriers, the proton rarely travels alone and instead
moves through networks, hopping between molecules or relaying through hy-
drogen bonds in a dynamic manner. This ability to access these pathways
makes proton transport uniquely efficient and fundamentally different from
the motion of larger ions. What is especially fascinating about the proton
is how strongly its behavior depends on its chemical environment. In water,
it forms transient species and moves rapidly via relay mechanisms, while in
structured materials, its motion can be guided, restricted, or enhanced by
molecular design. This provides an opportunity to control proton transport
by tailoring material properties, enabling access to the behavior required for
applications such as catalysis, sensing, and energy technologies.

A chemical structure that favorably interacts with protons is the imidazole
ring, and it is these two, proton and imidazole, that will take center stage
throughout this thesis. The imidazole structure, while large in comparison to the
proton, is a deceptively simple yet multifaceted molecule.! This heterogeneous
five-membered ring is polar, planar, and aromatic, contains two distinct nitrogen
atoms, and has two equivalent tautomeric forms, as the hydrogen atom can be
located on either nitrogen atom (Figure 1.1). These nitrogens are, however,
of different character: one donates its lone pair to the aromatic sextet, while
the other is more pyridine-like, with a non-delocalized lone pair that imparts
basic properties. Together, these features give imidazole its amphoteric nature,
allowing it to act as both an acid and a base, accepting protons at the N3
position and donating from N!. While it is a white solid on its own, it
is commonly found in larger molecules and polymers, with applications in
medicine, ionic liquids, and polybenzimidazoles. Imidazole is easily protonated
to form imidazolium salts or to participate in proton conduction and can be
alkylated to form ionic liquids. Imidazole also plays an important role in the
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human body. It is part of histidine, which is responsible for activating many
enzymes, and is present in other bioactive substances, for example, exhibiting
antibacterial,?? anti-inflammatory,* anti-fungal,® and anti-tumor® properties.
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Figure 1.1: The structure of imidazole and its resonance forms.

The versatility of imidazole, both in its chemical behavior and range of
applications, makes it a compelling building block in the design of functional
materials. With increasing focus on the development of materials capable of
efficient proton conduction under diverse conditions, imidazole offers promising
opportunities in both solid and liquid systems, supporting multiple modes of
proton transport. Proton conduction is particularly significant in the context of
hydrogen-based energy technologies, where proton exchange membrane (PEM)
fuel cells are widely regarded as a key technology for enabling a future hydrogen-
based economy. The membrane through which proton conduction occurs is an
electrolyte, usually comprised of a solid and a liquid component.
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Figure 1.2: An environmentally sustainable future might include establishing
a hydrogen-based system, in which energy sources with low emissions can be
used to produce hydrogen. Hydrogen can then be used for different purposes,
such as balancing the energy grid as well as transportation.

1.1 Scope and aim of thesis

This thesis explores the incorporation of imidazole into various materials and
furthers the understanding of its behavior in solution. More precisely, imidazole
is incorporated into the solid porous architecture of covalent organic frameworks
via an alternative synthesis route to achieve high crystallinity, as well as into
the cation of functionalized protic ionic liquids, investigating how the use of
electron-withdrawing groups may affect the acidic strength and properties of
the resulting compound.
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While this thesis will place these materials in the context of alternative
materials for inclusion in PEMFCs, no practical attempts to do so will be made;
rather, these studies are intended to further our fundamental understanding of
these materials and their synthesis methods, thereby enabling better design of
these systems and expanding access to materials in the future.

Imidazole is a small yet versatile and multifaceted molecule. This five-
membered aromatic heterocycle is polar, planar, and amphoteric, owing to its
two distinct nitrogen atoms, one contributing basic character and the other
participating in the aromatic system. As a result, imidazole can act as both a
hydrogen-bond donor and acceptor, enabling rich and dynamic intermolecular
interactions. These properties make imidazole particularly attractive for applic-
ations in proton-conducting systems, such as proton exchange membrane fuel
cells, where its hydrogen-bonding and proton acceptor and donor sites provide
diverse potential in both solid and liquid systems. In this work, imidazole is
incorporated into a range of materials, including covalent organic frameworks,
ionic liquids, and aqueous systems, to explore and deepen understanding of
its unique properties and its role in material synthesis, thereby informing the
future design of advanced proton-conducting materials.
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Chapter 2

Proton exchange membrane
fuel cells (PEMFCs)

Fuel cells are devices that harness energy from electrochemical reactions, by
converting chemical energy into electrical energy. Put simply, a fuel cell is
just an electrochemical cell in which the anode and cathode are spatially
separated. Importantly, the sites of the two half-reactions are separated by an
electrically insulating material, thereby forcing the electrons to follow a path
through an external circuit and generate electricity. There are many different
types of fuel cells, commonly categorized based on their electrolyte and choice
of fuel. This thesis will focus on one of the most commonly discussed and
implemented solutions, the proton exchange membrane fuel cell (PEMFC), and
how it can be run on hydrogen. More precisely, the electrolyte in PEMFCs
will be the overarching theme and application of this thesis, with synthesized
materials explored as alternatives to the currently widely used proton exchange
membranes.

2.1 Hydrogen as an energy carrier

As society phases out the use of fossil fuels, a new energy carrier will need to
take its place. Part of the solution could be a transition to using hydrogen.
In 2020, 98% of the global hydrogen production was still sourced from fossil
fuels.” Produced hydrogen gas is classified based on the production method, the
main ones being grey, blue, and green hydrogen. Gray hydrogen is made from
hydrocarbons, mainly by steam reforming of methane, which makes up about
three-fourths of the hydrogen produced. The transformation of methane and
water to hydrogen also generates carbon dioxide (Equations 2.1 and 2.2), and
the resulting hydrogen-carbon dioxide gas mixture is generally called syngas.
If no further steps are taken to manage the emissions of carbon dioxide, it will
end up in the atmosphere, further warming the planet. If measures are taken
to capture the carbon dioxide, such as through carbon capture and storage,
the emissions will be significantly reduced, and the hydrogen produced is then

7
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referred to as blue hydrogen.’

CH, + H,0 — CO + 3H, (2.1)

CO + H,0 — CO, + H, (2.2)

Another method of producing hydrogen is by electrolysis, which uses electri-
city to split water into hydrogen and oxygen (the opposite of the process used
in a fuel cell, Equation 2.3).7-10 This technology offers an excellent opportunity
to produce hydrogen while also stabilizing the electricity grid. As the electricity
grid becomes more dependent on variable energy sources, such as wind and
solar power, it can experience significant fluctuations. When the grid has an
excess of electricity, electrolyzers can be started quickly to produce hydrogen
entirely from renewable energy sources.'!*'? The hydrogen can then be stored,
for example, in tanks as liquid hydrogen, and subsequently used either to
convert it back into electricity using a fuel cell when production is low, or for
other purposes, such as steel production or production of chemicals. Electro-
lysis holds great promise: it is simple to implement, can generally be installed
on-site and, when using renewable energy sources, the hydrogen produced has
a minimal greenhouse gas footprint. This type of hydrogen is known as green
hydrogen and lays the foundation for a possible hydrogen economy.!®

1
H,0 — H, + 5 0, (2.3)

Beyond its potential to balance the energy grid, hydrogen can also play a
role in decarbonizing parts of the transport sector.'? With transport responsible
for about 16% of global greenhouse gas emissions in 2022, mobile applications
of fuel cells have gained significant interest.!> While battery-electric vehicles
work well for cars, when long-range driving is considered, their weight quickly
becomes an issue. Compared to other fuels, batteries have low gravimetric
energy density, about 0.1-2 MJ/kg,'* so while private short-range rides are
easily accomplished, alternatives are needed for long-haul trucks, ships, and
aircraft, where weight and recharge times become more important.'? With
hydrogen’s much higher gravimetric energy density, about 120-140 MJ /kg,!5-16
it is a promising option for these applications. At the heart of these solutions
lies the fuel cell.

There are multiple types of fuel cell technologies already established. Proton
exchange membrane fuel cells, anion exchange membrane fuel cells (AEMFCs),
alkaline fuel cells (AFCs), phosphoric acid fuel cells (PAFCs), solid oxide fuel
cells (SOFCs), and direct methanol fuel cells (DMFCs), which all operate on
the same principle but offer distinct advantages.'? Table 2.1 shows some of the
differences between these fuel cell technologies, such as operating temperature
and niched applications.
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Table 2.1: Common types of fuel cells with their operating conditions and some
possible applications.!217-22

Fuel cell type | PEMFC | AEMFC | AFC PAFC MCFC SOFC
Phospho Molten Solid
Electrolyte Polymer Polymer KOH . . carbon- oxide or
-ric acid .
ate ceramic
Charge carrier | HT OH- OH- HT CcO* [oxa
H27 H27
Fuel Ho Ho Ho Ho hydro- Hydro-
carbons carbons
Operating tem- | o4 109 60-100 50-200 | 150-200 | 650 500-1000
perature (°C)
Integr Integr Integr
Transport,| Transport, Space -ated -ated -ated
Applications backup backup vehicles heat and | heat and | heat and
power power power power power
systems systems systems

2.2 Electrochemical reactions

Proton exchange membrane fuel cells are among the most researched and
commercialized fuel cell options.'? The typical operating temperature of cur-
rent PEMFCs is 80 °C or below, hence they are generally classified as low-
temperature proton exchange membrane fuel cells (LT-PEMFCs). This gives
them an advantage in applications that necessitate short start-up times, such
as fuel cell vehicles. PEMFCs are run on hydrogen as the fuel, which is allowed
to react in a controlled way with oxygen, generally from ambient air. This
reaction (Equation 2.4) is spontaneous and exothermic:

H, + %OQ — H,0 (2.4)

The product, water, has a lower enthalpy than the reactants, hydrogen and
oxygen, and it is this difference in energy that can be utilized. If allowed to
react directly, all this energy is released as heat. To harness electrical energy the
fuel cell is designed to spatially split the two half reactions. At the anode, the
hydrogen oxidation reaction (HOR) splits hydrogen into protons and electrons
(Equation 2.5).

H, — 2H" +2¢~  E=0.0Vgyr (2.5)

Physically separated from the cathode, the electrons pass through an
external circuit, producing an electric current, while the protons pass through
a proton exchange membrane. At the cathode, they recombine with oxygen in
the oxygen reduction reaction (ORR) (Equation 2.6).

1
2HT +2e + 50 — H,0  E=123Vrup (2.6)

Hence, utilising this simple reaction, in which the only product is water,
the fuel cell can harness the energy released to supply electricity. Multiple com-
ponents have been smartly designed and combined to leverage this beautifully
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simple reaction; which will be discussed further in the following sections. A
schematic of the flow and core components of the cell can be seen in Figure 2.1.

e e

:
I

H,=> i <= Air
—_— g —_—
H,=> i <—=0,
=H 0
<= ==>H,0, Air, Heat
Anode Cathode

Gas diffusion layer

Catalyst

Electrolyte

Figure 2.1: Schematic of a PEMFC, showing the flows through as well as the
different parts of the cell.

2.3 Key components

A fuel cell based on a polymer electrolyte consists of five principal compon-
ents.?? At its core lies the proton exchange membrane (PEM), a solid polymer
electrolyte that separates the two half-cell reactions, enables selective proton
transport, and prevents electronic conduction. On either side of the mem-
brane are the electrodes. This is where the half-cell reaction actually takes
place, with the cathode and anode incorporating catalyst particles (generally
platinum-based) supported on a porous structure (typically based on carbon).
Therefore, they are commonly referred to as the catalyst layers. These three
layers combined, anode, membrane, and cathode, are generally referred to as
the catalyst-coated membrane (CCM). The CCM is flanked by gas diffusion
layers (GDLs) on either side. These are porous, electronically conductive ma-
terials that facilitate uniform transport of reactant gases to the catalyst layers
and efficient removal of reaction products (typically water). When combined,
these parts, the membrane, catalyst layers, and gas diffusion layers, along with
supporting gaskets, form a membrane electrode assembly (MEA). The MEA
is the functional core of the fuel cell, and with all its layers, it is typically
anywhere from 200-500 um thick. Finally, on either side of the MEA are the
bipolar plates, which constitute the outermost layer. The bipolar plates serve
multiple functions and provide the cell with stability. They can be further
divided based on function into flow fields and current collectors. Adjacent to
the GDLs are the flow fields, which distribute fuel to the anode and cathode
on their respective sides of the cell and serve as the electrical contact between
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the MEA and the current collectors. To achieve higher voltages than a single
cell can provide, multiple cells are connected in series, forming a fuel cell stack.
Here, the bipolar plates also act as interconnects, linking the anode of one cell
to the cathode of the next, thereby enabling scalable power output.

2.4 Proton exchange membranes

The proton exchange membrane, sometimes also referred to as polymer electro-
lyte membrane, is the core of the fuel cell. Positioned between the anode and
the cathode, its main function is to allow for efficient transport of protons. In
addition to acting as a solid electrolyte, the PEM must possess other crucial
properties.!? First and foremost, it must be electrically insulating, ensuring
that electrons are forced to travel through the external circuit to generate
useful electrical current. Beyond physically separating the anode and cathode,
the membrane must also prevent any crossover of reactants. If either hydrogen
or oxygen gas leaks through the membrane, it would react directly, producing
only heat rather than useful electricity. Furthermore, the PEM must withstand
the harsh chemical and thermal environment within the fuel cell and be robust
enough to endure the manufacturing process. Hence, a PEM needs to be
an efficient proton conductor while having high electrical resistance, low gas
permeability, and high chemical, thermal, and mechanical stability.'”

As mentioned previously, PEMFCs are generally limited in operating tem-
perature, working well at 80 °C and below. This is due to the specific chemistry
of ionomers, which are a special family of polymers with ion-conducting proper-
ties, typically used as membrane materials. The most commonly used ionomer
in PEMFCs, Nafion, was synthesized as early as 1960, but today there are
multiple other derivatives available, such as GORE-SELECT, Flemion, and
Hyflon.!7:18:23,24 These are all versions of perfluorinated sulfonic acid (PFSA)
polymers with varying side-chain length and density, but they all share sim-
ilar chemical structures and properties. Taking the widely used Nafion as
an example, its chemical structure is shown in Figure 2.2. The backbone is
polytetrafluoroethylene (PTFE), which is highly hydrophobic.!”18 Moreover,
the strong carbon-fluorine bonds endow the structure with high chemical sta-
bility, enabling it to withstand the highly acidic environment in the PEM.
The backbone is decorated with side chains that terminate in sulfonic acid
groups. The sulfonic acids are highly hydrophilic and can participate in the
proton conduction of the membrane. These distinctly different sections of the
polymer cause a characteristic phase-separated structure, with the backbone
forming hydrophobic regions while the sulfonic acids aggregate into hydrophilic
clusters. In its dry state, the proton conduction of Nafion is low, hence, it
needs to be swelled with water. When exposed to water, the hydrophilic
regions hydrate and swell and, if sufficiently swollen, form interconnected water
channels throughout the polymer. Nafion can swell to absorb up to 50 % of its
dry weight and exhibits a conductivity of 0.29 S cm™.2°

To achieve high power density (i.e., a favorable power-to-volume ratio)
and improved proton conductivity, there has been a trend toward thinner
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Figure 2.2: The chemical structure of Nafion™.

membranes. > However, this comes at the expense of reduced mechanical

stability and an increased risk of hydrogen crossover. Due to their small size and
high diffusivity, hydrogen molecules can permeate through thinner membranes,
leading to voltage losses and accelerated membrane degradation. Consequently,
a trade-off exists between enhanced proton conductivity and increased hydrogen
permeability, which must be carefully considered when selecting the membrane
thickness. Nafion membranes can be acquired in different thicknesses, with the
current membranes being as thin as 15 pm.

To retain their proton-conducting properties, the commonly applied PFSA-
based membranes need to be sufficiently swelled with water, the implication
of which is a limited operating temperature to 80 °C or below. At increased
temperatures the membrane readily dehydrates, and in doing so its proton
conductive properties decrease by several orders of magnitude.'” Hence, since
the fuel cell generates heat while running, the whole system requires advanced
cooling and water management solutions. Furthermore, these polymers lose
their mechanical stability at elevated temperatures, with glass transition tem-
peratures reported at 110-120 °C and relaxation of the side chains in Nafion at
around 100 °C, leading to durability issues.?6:27

An increased fuel cell temperature would not only reduce the need for cooling
and water management but also improve kinetics and increase tolerance to CO
poisoning. An improvement of the kinetics of the oxygen reduction reaction,
which is typically the rate-limiting step and responsible for the majority of
activation losses, would lead to higher cell efficiency.

There is one additional concern regarding the use of PFSA-based ionomers:
the release of toxic chemicals.'”?8 More recently, per- and polyfluorinated alkyl
substances (PFAS) have attracted growing scientific and political attention, and
have in the process gained the name ”forever chemicals”. The same stability
that makes them resistant to the temperature and acidic environment of the cell
also means that if released, they are persistent and commonly bioaccumulative.
While not an issue as long as they are confined to the fuel cell and handled
correctly at their end of life, PFSA polymers still risk degradation. In fact, the
polymer’s main chain can be degraded through radical-initiated reactions.'”
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Given the reported toxicity and the increasing number of PFAS compounds
being added to the Candidate List of Substances of Very High Concern under
the REACH Regulation, there has been growing interest in replacing membranes
with alternative, more sustainable materials.?®

2.5 Benefits of higher temperature in PEMFCs

A shift to operation temperatures higher than 80 °C, targeting intermediate
(80-120 °C) and high temperature (120-160 °C) PEMFCs, comes with quite a
few advantages compared to low-temperature proton exchange membranes?%:-30
The kinetics of both reactions improve, making it feasible to incorporate
alternative, less expensive catalysts such as iron or cobalt, or decrease the
platinum loading.3% 32 Furthermore, the impurity tolerance goes up, which can
be exemplified by the CO tolerance increasing from 10-20 ppm to 1000 ppm
when the temperature is increased from 80 °C to 100 °C. Decreasing the impurity
limits means that lower-quality, cheaper hydrogen can be used, lowering the
cost of running the cell. Increasing the operating temperature also simplifies
the entire fuel cell system by reducing the need for water and cooling systems.
As the operating temperature is raised above 100 °C, the water produced will be
vapor, eliminating any problems related to electrode flooding. Furthermore, if
intermediate-temperature proton exchange membranes wouldn’t rely on water
for proton conduction across the membrane, there would be no need for a
humidifier, thereby removing it entirely from the system.

The solutions for reaching these intermediate and high temperatures can
be divided into two major groups: the same PFSA polymers used in LT-
PEMFCs, with modifications, and alternative polymer membranes, generally
doped with acids.?933 The operating temperatures at which Nafion can be
used and maintain high proton conductivity can be improved by introducing
hydrophilic, generally inorganic, materials into the polymer to form a com-
posite.2%30 This strategy raises the operating temperatures to around 100
°C but still requires humidifiers. The option of swelling the polymer with
alternative liquid electrolytes has also been explored, with ionic liquids being a
promising option.2® While there are a variety of alternative polymers available,
the predominant choice and most researched options are polybenzimidazole
(PBI) based polymers, doped with an acid.

There has been a variety of options developed that use acids as alternative
liquid electrolytes, the most common of these being phosphoric acid (PA).29:30
Phosphoric acid makes for a good liquid electrolyte in these applications due to
its high proton conductivity under anhydrous conditions, low gas permeability,
and good thermal and chemical stability.?* Phosphoric acid was first explored
in phosphoric acid fuel cells, in which the membrane was a PA-charged SiC
matrix.'® These fuel cells lost popularity, in part because the membrane required
refilling due to the PA readily leaking from the cell. When using PA to attain
intermediate- and high-temperature PEMs, the main difference is the matrix,
with current solutions commonly being a polymer matrix, with a majority being
PBI.2930 These matrices had clear advantages over the previous SiC matrices,
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including easier handling, increased tolerance towards pressure differences
across the cell, and decreased acid leaching.3

2.5.1 Polybenzimidazole membranes

There are a variety of structures available for polybenzimidazole polymers (one
alternative in Figure 2.3), all being aromatic heterocyclic containing imidazole
units, but their principal use of imidazole is the same.?* The imidazoles, central
to this thesis, can be protonated upon exposure to an acid, thereby gaining a
positive charge. It is also this accepting, and subsequent giving, of a proton
that allows the imidazole to participate in the proton conduction across the
membrane. PA-doped PBI membranes can significantly increase the fuel cell’s
operating temperature, allowing it to operate well within 100-200 °C.3435 With
PA responsible for the majority of proton conduction, high swelling of the
membrane is generally desired. This, however, comes at a cost, as higher PA
loadings are associated with lower mechanical stability. The mechanical strength
of the PBI polymer is a result of close chain packing in the polymer, as the N
and -NH- of the imidazoles form strong hydrogen bonds. At high acid doping
levels, it begins to disrupt these bonds, separating the polymer backbones and
reducing mechanical strength. To avoid this, PBI membranes can be reinforced
by crosslinking or by incorporating PTFE polymers.?¢:37 Moreover, increased
temperatures also affect mechanical properties, with mechanical stability issues
arising from creep deformation and acid leaching.??

N N
LU0
N N n

Figure 2.3: Chemical structure of the repeating unit in a PBI polymer.



Chapter 3

Alternative solid: covalent
organic frameworks (COF's)

Having introduced the PEMFC technology, its possible role in phasing out
fossil fuels, the components it is made up of, and how these limit its operation,
this chapter will explore the first class of alternative materials proposed in
this thesis: covalent organic frameworks (COFs). This chapter will delve into
the chemistry and properties that make these structures intriguing, and show
examples of how they can be employed as solid electrolytes in PEMFCs.

Polymers comprise a significant portion of the materials we interact with
daily, from our clothes to our lunchbox, including natural fibers like cellulose and
synthetic plastics like polyesters and nylon. The basic understanding of polymer
structures has been established for a century, but it is only more recently that
researchers have gained the necessary understanding of how to create long-
range order in these materials, forming precisely designed architectures on a
nanometer scale.

COFss are a subgroup of traditional organic polymers. To make conventional
organic polymers porous, organic building blocks can be randomly intercon-
nected through covalent bonds to form accessible voids, resulting in materials
that are generally referred to as porous polymer frameworks (PPFs) or porous
organic polymers (POPs). However, this does not allow for the control of the
size or shape of the voids as the chains intertwine to form an amorphous mass.
COFs, however, utilize pre-designed organic building blocks to control their
behavior, thereby achieving long-range order. This was first achieved in 2005 by
Omar M. Yaghi, who synthesized a highly ordered 2D organic polymer based
entirely on covalent bonds.?® The 2D sheets, formed by the self-condensation
of boronic acids to produce boroxine anhydride-based linkages (B3O3 rings),
stack on top of one another due to intermolecular forces to form the framework
structure of COF-1. While being a significant breakthrough for modern polymer
science, the fairly unstable boron linkages used in early COFs were overtaken
by C-N bonds in 2009 with the synthesis of COF-300, which have since been
the predominant bond in COF synthesis.?? The increased stability, permanent

15
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porosity, and the possibility of incorporating a wide variety of functionalities
have since made COFs gather interest in a wide range of applications, such
as gas adsorption,?” separation,*! sensors,*? 44 water treatment,*® proton con-
duction,*8 organic electrodes,*” heterogeneous catalysis,*®°° optoelectronics,®®
and semiconductive materials.’? To better design these materials for such
applications, one must first grasp the fundamental principles and underlying

concepts of their design and synthesis.

3.1 Reticular chemistry and topology

The conceptualization and realization of the first porous framework materials
were achieved not through the covalent bonding that defines covalent organic
frameworks (COFs), but rather through the coordination bonds characteristic
of metal-organic frameworks (MOFs). These materials laid the foundation for
the field of reticular chemistry, which, as defined by Yaghi, is the chemistry of
linking molecular building units by strong bonds into predetermined, ordered
structures.?® This enables the rational design of extended frameworks, where
structures are constructed through the deliberate selection of geometrically
and chemically compatible building units, rather than through trial-and-error
or serendipitous discovery.

Central to reticular chemistry is the abstraction of complex structures into
simpler building blocks and their modes of connection. In this framework,
geometry and connectivity serve as the guiding principles, formalized through
the concept of topology.?® Rather than treating molecular building units in
terms of their full atomic detail, topology reduces structures to their essential
connectivity and symmetry. In this representation, atoms or clusters are
treated as vertices and the bonds between them as edges, forming a periodic
net. Importantly, this abstraction allows chemically distinct materials to be
classified within the same topological family, provided they share the same
underlying connectivity and spatial arrangement.

This mode of structural abstraction originates from the work of Arthur D.
Wells,>® who introduced the use of nets to describe and visualize crystalline
solids. His approach has since been significantly expanded and formalized
within reticular chemistry.®® As the field grew, the need for a standardized
nomenclature became apparent. Yaghi and co-workers addressed this by intro-
ducing a systematic labeling for crystal nets consisting of a three-letter lowercase
combination, e.g., pcu, dia, hcb.%6 In parallel, the Reticular Chemistry Structure
Resource (RCSR) database was established, providing a comprehensive repos-
itory of known topologies, including detailed information on their symmetry,
vertex connectivity, and edge relationships.

Periodic nets can be understood as a specialized class of graphs.®* While
they share similarities with graph theory in mathematics, the concept as
employed in reticular chemistry differs in its emphasis and application, and the
two should not be conflated. In this chemical context, topology encompasses
all symmetry, preserving transformations of a structure, such as stretching,
bending, or distortion, so long as the connectivity between vertices remains
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unchanged. Thus, topology does not explicitly consider bond lengths and angles;
instead, these geometric parameters may vary within chemically reasonable
limits while preserving the underlying network connectivity. In translating these
ideas to chemical structures, vertices corresponding to atoms, metal clusters,
or molecular building units, while edges represent the bonds connecting them,
this abstraction enables a direct link between molecular design and extended
structure.

When designing a COF with a targeted topology, several factors must be
carefully considered. Once a desired net has been selected, it can be decon-
structed into its constituent geometric building units, for which connectivity
and angular relationships are critical.’*5” These geometric constraints must be
matched by the chosen molecular precursors to ensure that the assembly yields
the intended topology, rather than an alternative network accessible from the
same components. Although not universally applicable, COF structures are
often described in terms of nodes and linkers, with nodes typically possessing
higher connectivity and acting as the vertices of the network, while linkers are
commonly ditopic, approximately linear units that bridge nodes and define the
edges of the structure. For 2D structures, only a handful of topologies have
been realized, though they can be constructed from different building blocks,
some of which are in Figure 3.1).

3.2 Dimensionality of COF's

Closely related to the underlying topology of the framework, COFs are com-
monly classified into three categories based on their dimensionality: 3D, 2D,
and 1D. This classification reflects the number of spatial directions along which
covalent bonding extends throughout the framework.” In 3D COFs, covalent
bonds propagate in all three spatial directions, resulting in fully interconnected
networks. Common topologies observed in 3D COFs include dia, pts, and
bor. In contrast, in 2D COFs covalent bonding extends within the plane,
forming extended sheet-like layers.?®° These layers stack, being held together
by weaker non-covalent interactions, such as 7—m stacking and van der Waals
forces. This anisotropic bonding often leads to layered materials with direc-
tional properties.®* 1D COFs are less common and consist of covalent bonding
nets along a single spatial direction, forming chain-like structures. Despite their
one-dimensional connectivity, they differ from conventional linear polymers in
that their structures are typically designed with periodicity and may exhibit
accessible porosity and/or well-defined geometries along the chain. Structures
with zero-dimensional (0D) connectivity do not form extended frameworks, as
there is no continuous bonding between repeating units. Instead, such systems
correspond to discrete entities such as cages or macrocycles, which may still
possess internal cavities but do not belong to the reticular material family.
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3.3 Powders, films and crystals

The way in which COF's are synthesized has a drastic effect on the types of
materials obtained. Most commonly, COFs are made by solvothermal synthesis,
with the product formed being polycrystalline powders.®”%° The standard
procedure, used for the first COFs®® and still the predominant method, is the
following: the precursors are added to a tube, with solvent (most commonly
a mixture of dioxane and mesitylene or o-dichlorobenzene and butanol, but
will occasionally also include NMP, THF, or other organic solvent), and a
small amount of acid catalyst (generally acetic acid at three or six molar
concentrations). With the reagents most commonly dissolved at this stage,
sometimes with the help of sonication, the tube is then subjected to three
freeze-pump-thaw cycles, after which it is flame-sealed and heated to 120 °C
for 3-7 days. This results in a powder, which is then subjected to washing in
some form, either by filtration, centrifugation or, for the most rigorous option,
Soxhlet extraction. After this, the powders are collected and dried, usually at
elevated temperatures and reduced pressures, for activation.

While this synthesis is relatively straightforward on a small scale, it presents
clear limitations to upscaling and practical applications. Although the resulting
powders can be pressed into pellets or incorporated into composite materials,
forming a robust, continuous solid remains challenging, as the particles are
neither readily fusible nor soluble. Furthermore, due to their polycrystalline
nature, the individual particles contain grain boundaries. These may appear
as well-defined interfaces between crystalline domains or as thin amorphous
regions linking adjacent crystallites. Moreover, the prevalence of these grain
boundaries is influenced by the crystallite size. Such structural features can
significantly affect transport properties within the material. For example, grain
boundaries may disrupt pore connectivity, leading to discontinuities that hinder
mass transport.

To improve the crystallinity of COFs and enable more precise structural
characterization, significant research efforts in recent years have focused on
the synthesis of single-crystalline COFs. This development has been especially
impactful, as single-crystal X-ray diffraction (SCXRD) provides substantially
higher structural resolution than powder X-ray diffraction (PXRD), enabling
unambiguous determination of atomic positions and clear differentiation of
diffraction features that may otherwise overlap in PXRD patterns.’! The abil-
ity to obtain single crystals has therefore enabled a deeper understanding
of COF topology, stacking behavior, pore architecture, and the presence of
structural defects.%? In contrast to polycrystalline samples, where peak broad-
ening, preferred orientation, and structural disorder can complicate analysis,
single-crystal studies provide direct insight into framework symmetry, interlayer
interactions, and subtle structural distortions.

Considerable progress has been made in the synthesis of single-crystalline
COFs. Early reports often required weeks to months to grow relatively small
crystals, reflecting the inherent challenges of balancing reversible bond formation
with controlled nucleation and growth.%3 More recently, improved synthetic
strategies have enabled faster crystallization and the formation of larger, higher-
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quality crystals. These advances are largely based on a deeper understanding
of the underlying reaction kinetics, particularly the role of solvent systems,
concentration, temperature, and the use of modulators.%* Solvent choice plays
a critical role in controlling solubility, diffusion, and reversibility of bond
formation, while modulators can regulate nucleation rates and promote defect
healing by slowing down framework formation.%! Such approaches allow for
more controlled crystal growth, hence improving crystallinity and enabling
single-crystal formation. These strategies will be discussed in greater detail
later in this chapter.

The third typical form that COFs are made in is films, while these can be
accomplished using a handful of different methods, they can be divided into top-
down or bottom-up approaches. Top-down approaches use pre-synthesized 2D
frameworks and aim to break the interlayer forces to separate the sheets. This
can, for example, be done by grinding®® or sonication,¢ breaking the sheets into
stacks of 3-30 layers depending on the method and COF used. Sheets can also
be separated by chemical exfoliation, generally using steric effects introduced by
bulky substituents to overcome attractive interlayer interactions.%” Examples
have also been shown in which self-exfoliation can be induced, for example, by
ionic effects.®® The sheets can then be cast into a continuous film.

Bottom-up approaches grow the COF as a film. This is commonly done
by containing the reaction to an interface, either air-liquid,%° vapor-solid,”™
liquid-solid™ or liquid-liquid.”® Another approach is to dropcast the reaction
mixture onto the substrate and then have the reaction take place, for example,
by vapor-assisted conversion.” COF films can also be grown on conductive
templates by electrophoretic deposition, utilizing the intrinsic electric surface
charge of COFs immersed in a non-conductive solvent.

3.4 Crystallization behavior

The exact crystallization mechanism of COFs is not yet fully understood;
however, different conceptual models have been proposed to describe their
formation. Based on the impact of reversibility and thermodynamic control,
one hypothesis is that the COF's initially form as amorphous polymer networks
through rapid chain-growth polymerization.” Subsequent error correction,
enabled by reversible bond formation, allows the system to reorganize toward
a more ordered, thermodynamically favored crystalline structure. Controlling
monomer solubility and reaction kinetics is therefore critical, as it slows down
nucleation and promotes defect healing. Within this framework, additional
non-covalent interactions, such as 7-m stacking, are thought to further stabilize
the emerging crystalline order. However, the successful synthesis of highly
crystalline COFs via irreversible linkages challenges the universality of this
mechanism, suggesting that long-range order can be achieved even in the
absence of dynamic covalent error correction. As a result, an alternative model
based on the preorganization of reactants has been hypothesized.

In the preorganization-driven mechanism, the sequence of events is effectively
reversed. Rather than forming a disordered network first, the molecular building
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blocks are thought to assemble into ordered or semi-ordered arrangements
through favorable non-covalent interactions, such as w7 stacking, hydrogen
bonding, or solvophobic effects, prior to and during covalent bond formation.”
Polymerization proceeds within this preorganized environment, leading to the
gradual formation of extended, initially disordered sheets that can undergo
further structural rearrangement into well-defined crystalline frameworks.

When attempting to push crystallization toward the formation of single-
crystalline COF's, both of the proposed mechanisms highlight the importance of
carefully controlling reaction conditions. In particular, solvent choice and the
solubility of linkers and intermediate oligomers play a crucial role in modulating
nucleation and growth kinetics.54"® At the same time, promoting effective
preorganization of the building blocks has been shown to be equally important
for achieving high crystallinity and large crystal domains. Furthermore, the
solvent mixture matters, with solvent structuring in one of the most commonly
used systems (dioxane/mesitylene/acetic acid) having been shown to accelerate
polymerization and nucleation by acting as a kinetic modulator.””

Furthermore, an alternative study using ultrasmall-angle X-ray scattering
(USAXS), has suggested that single crystals of imine linked 2D COF's are
formed by the fusion of small hexagonal platelets into fractal like intermediates,
which form clearer facets and develop into larger hexagonal crystals.®* When
instead using conditions to form polycrystalline powders of the same structure,
their particle growth included the formation of aggregates. Moreover, another
study proposed that 2D COFs first form disordered sheets, which through
structural rearrangement form the final stacked COF structure.”® Furthermore,
in situ measurements using dynamic light scattering and liquid cell transmission
electron microscopy have been employed to investigate the formation of imine-
linked COF nanoparticles, in which three stages of the formation could be
identified: nucleation, growth, and ripening.”

3.4.1 Nucleation and growth

A key aspect in understanding COF crystallization is the interplay between
nucleation and crystal growth, as these processes ultimately determine crystal
size, morphology, and degree of order. In general, and in accordance with
the LaMer mechanism,?° nucleation refers to the initial formation of stable
molecular clusters (nuclei), while growth describes the subsequent addition of
building blocks to these nuclei to form extended crystalline domains. In many
COF systems, crystallization is thought to be strongly nucleation-controlled.
This has been exemplified in studies of COF-5, which show, by simulation
and experimental results, that there is a first-order growth and second-order
nucleation dependence on monomer concentration.3! To limit nucleation and
instead favor the growth of large crystals, a monomer concentration, C*, was
proposed. C* is linearly dependent on existing nuclei and is the concentration
at which the fastest crystal growth is achieved. As it is hard to maintain
a constant monomer concentration, it was instead suggested to make slow
additions of monomer solution to the reaction mixture, thereby growing fewer,
larger crystals. The choice of solvent during COF-5 synthesis has also been
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proposed to significantly affect crystallization behavior in theoretical studies.??
With solvent choice affecting stacking interactions, a decrease in stacking
interactions led to an increase in crystallite size. This was due to an increased
nucleation free-energy barrier and more frequent dissociation of defective
aggregates, allowing annealing of COF-5 fragments. This, however, seems to
contradict certain aspects of the suggested COF growth via supramolecular
preorganization.

3.4.2 Impact of reversibility

Dynamic covalent chemistry (DCC) is based on reversible reactions operating
under thermodynamic control.®3 This enables the system to avoid kinetic traps
and instead equilibrate toward the lowest-energy state, which in the case of
COF's corresponds to their crystalline state. While reversible chemistries have
been extensively employed to access highly crystalline products, the underlying
mechanisms that govern error correction and how it influences the product,
forming single crystals, polycrystals, or amorphous solids, are not yet well
understood. Theoretical studies have suggested that the bonding energy, as
described by the Arrhenius two-state model for reversible reactions, can be
correlated to the product formed.?* It suggests that single crystals can be
formed by highly reversible reactions (low bonding energies) during ultra-slow
growth, as this inhibits nucleation and corrects defects through the continuous
removal of defective fragments at the crystal edges. High bonding energies,
on the other hand, corresponded to high nucleation rates and rapid growth.
The rapid growth incorporated defects into the crystals, which, during the
defect-correction process, caused the crystals to divide, yielding smaller crystals
and polycrystalline materials.

3.4.3 Stacking in 2D COFs

Owing to the weak non-covalent interactions between layers, 2D COFs can
adopt a variety of stacking configurations that are often close in energy but give
rise to distinct physico-chemical properties in the corresponding 3D material.
These stacking arrangements can be described using two primary structural
parameters: the lateral displacement in the xy-plane, referred to as interlayer
slipping (ILS), and the interlayer separation along the z-direction, known as the
interlayer distance (ILD) (Figure 3.2). In the absence of lateral displacement,
where layers align directly on top of one another, the structure is classified
as AA-stacked. In contrast, AB-stacking corresponds to the maximal lateral
offset, in which the vertices of one layer are positioned above the pore centres of
an adjacent layer. A continuum of intermediate configurations exists between
these two cases, arising from partial interlayer displacement. Depending on
the degree and nature of long-range order within the multilayer assembly,
these partially offset structures can be categorized as inclined (unidirectional
slipping), serrated (alternating slipping), or random; the latter representing a
combination of inclined and serrated motifs.
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Figure 3.2: Examples of stacking patterns in 2D COFs.

3.5 Linkages

The earliest realized COF chemistries were based on reversible reactions, boronic
acid trimerization,®® boronate ester formation,3® trimerization of nitriles,3?
and the Schiff base reaction.? Since then, the available linkage chemistries has
rapidly increased, with irreversible bonds such as olefins,3688 sp? carbons,3%-%°
phenazines,”! dioxines,”2 %4 oxazoles,?®%% thiazoles,”>?” polyphenylenes,”® and
nitrones” all being realized. Some common linkages and their reactants can
be seen in Figure 3.3.

Cascade reactions have offered a possible route to irreversible bonds. By
combining the formation of reversible linkages with a subsequent irreversible
step, this approach can allow for the thermodynamic reversibility that is
necessary to reach crystallinity while affording the kinetically stable product.
A typical example of this is the keto-enamine tautomerization, first utilized in
2012.19° By utilizing the same Schiff base reaction commonly used in COFs,
they could achieve crystallinity, but by installation of a hydroxyl group on the
benzene node, the structure could undergo an irreversible tautomerization from
the enol to the keto form. This drastically enhanced the stability compared
to other COF's available at that time, being stable in both acid, bases, and
boiling water.

3.5.1 Imine linkage

The imine linkage is currently the predominant linkage chemistry in COF's.
Having been reported by Schiff as early as 1864, the reaction itself is fairly
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straightforward.'®! A carbonyl compound and an amine react by nucleophilic
addition to give a hemiaminal intermediate, which, upon the elimination of
water, forms the imine (Figure 3.6). This reaction is reversible, and the
equilibrium can be influenced by concentration, steric and electronic effects,
pH, temperature, catalyst choice, and solvents.'%? Lewis acids can be used to
catalyze the reaction, catalyzing the nucleophilic attack of the amine on the
carbonyl group while also acting as a dehydrating agent through irreversible
binding with water to promote the final step.

0}

OH
-H:0 A R’
)k + HN—R' —= _R _— R/\N/

R H

Figure 3.4: Schematic of the Schiff base reaction, forming an imine by the
reaction of an aldehyde with an amine.

When using the imine condensation reaction to form COFs, the water
content has a substantial impact. Systematic studies suggest that adding
water favors the backreaction and that increasing the amount can improve
crystallinity.” Addition of acetic acid to the reaction, without the addition
of water, causes a fast forward reaction and the formation of amorphous
polymers. To obtain a crystalline material, a sufficient amount of water must
be introduced, indicating that the water generated during the condensation
reaction is insufficient to promote the reverse reaction to the extent needed to
achieve the dynamic correction of the framework.

3.5.2 Imidazole linkage

The imidazole linkage can be considered irreversible, as once the heterocycle is
formed and oxidized into the imidazole, it can not readily be reversed. To form
robust linkages, the Debus-Radziszewski multicomponent reaction was used to
synthesize imidazole-linked COFs.'%3 While first applied to 2D COFs, it has
since been extended to 3D structures as well.'%* Previously, the polyphosphoric
acid-catalyzed reaction of aryl carboxylic acids with o-diamines has been used
to form imidazole-linked 2D COFs.1%% This has also been attempted to form 2D
COFs of hexagonal pores, but yielded very limited crystallinity.!?® Imidazoles
can also be formed by a cascade reaction of o-diamines and aldehydes, which
will be explored later in this thesis.
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Figure 3.5: Schematic of two common imidazole-forming reactions; the Debus-
Radziszewski multicomponent reaction (top)!®® and the polyphosphoric acid-
catalyzed reaction of aryl carboxylic acids with o-diamines (bottom).1%

3.6 Modulators

The use of modulators in the formation of framework structures was first
introduced during MOF synthesis.'%” 199 Mono-functionalized terminating
ligands were added to the synthesis, competing with the symmetric bridging
ligands for coordination to the metal of the MOF. Following an improved
understanding of crystallization behavior, as discussed in Chapter 3.4, this
strategy was subsequently extended to COFs. The first modulators were used
during the synthesis of COF-5, using either 4-tert-butylcatechol (TCAT) or
4-mercaptophenylboronic acid.''%!1! It could be shown that the addition of a
modulator slowed down the formation of the framework, enabling the growth
of larger crystalline domains. Moreover, when using TCAT, the use of TCAT
resulted in high yields with little to no incorporation of the modulator into
the final product.''? From this, they could conclude that there was a driving
force towards COF formation, and thereby hypothesized that an irreversible
process occurred downstream of the initial covalent bond formation. In contrast,
when monoboronic acid modulators were used, they were incorporated into
the COF structures but localized to the grain boundaries.!!! Based on these
observations, it was proposed that such modulators slow down the reaction
by reversibly binding to and dissociating from the edges of the growing two-
dimensional sheets, facilitating defect healing and promoting the formation of
larger crystallites.

Modulators were also the key to unlocking large imine-linked COF single
crystals.%! By the addition of a large excess of aniline and long reaction times
(up to 80 days), micrometer-sized high-quality crystals of 3D COFs could be
obtained and studied by single crystal X-ray diffraction. A systematic screening
of substituted aniline derivatives revealed that the reactivity of the modulator
plays a critical role in the crystallization process. In particular, a mismatch
between the reactivity of the amine building block and that of the modulator
resulted in products with reduced crystallinity or, in some cases, complete
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suppression of framework formation. Aniline has since become a widely used
modulator in many COF systems, promoting higher crystallinity. More recently,
aniline dosage has also been used as a tool to control the morphology of single
crystals.!1?

Different modulators can also be used in combination, as exemplified by
the simultaneous use of benzaldehyde and aniline to alter COF morphology.!!3
Notably, in contrast to the amorphous-to-crystalline formation of other unmod-
ulated imine COF synthesizes,” this approach generated crystalline products
at the initial stage of the reaction that then grew with reaction time.

With thoughtful selection and optimization, modulators have become an
indispensable tool in controlling COF synthesis, offering a means to control
crystallization, achieve larger crystal domains, amplify surface area, and refine
pore distribution.'*

HO. OH
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OH it NH, S
>‘/©[0H © © Ej
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Figure 3.6: Molecular structures of some of the modulators used during COF

synthesis; from left to right: 4-tert-butylcatechol, 4-mercaptophenylboronic
acid, aniline, and benzaldehyde.

3.7 Linker-exchange

Linker-exchange has had numerous applications in the formation of COFs,
including altering the structure and dimensions,'!® changing pore size,!!6
achieving otherwise unattainable structures,!'” and utilizing COPs to convert
them into COFs.''® In short, the method is based on the replacement of one
of the parts of the COF, using the reversibility of the original bond and extra
equivalence of the alternative linker to take its place. In doing this, the structure
is already pre-formed, with all the bonds being in the right place, similar to
pre-assembly, but with already formed bonds making up the structure. If done
with the right kinetics, the linkers can be switched out at a speed that preserves
the structure’s integrity, with an alternative piece taking its place. This can
also be done to achieve otherwise hard-to-attain structures with irreversible
bonds. This was, for example, done by Yaghi et al.,!'? where an imine-bonded
linker was substituted for one forming oxazole and thiazole bonds. When
forming the heterocyclic rings, the pre-network was treated with 4-8 equivalents
of the new linker. The new linker would take its place, first forming an imine
bond but then reacting further through cyclization and dehydrogenation to
reach the final structure. They encountered one problem: the dehydrogenation
could lead to the hydrogenation of nearby imines, resulting in the formation of
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irreversible amine bonds and hence a mixture of linkages in the final product.
To limit this side reaction, the reaction was carried out under oxygen, which
could oxidize the cyclic intermediate and minimize the formation of any amines.
This reaction, as well as the method, is similar to aspects explored in the results
of this thesis.

3.8 COFs for proton conduction

Testing COF's for proton conduction and their application in PEMFCs arose
as a natural response to the porosity and diversity that COFs offer, and has
since gained more traction.'?Y COFs offer the option of combining intrinsic
and extrinsic proton conduction by installing proton-conduction groups in the
COF's and filling the porous structure, respectively.

Attempts to do so were made as early as 2016, using sulphonic acid group-
containing linkers and charging the pores with phytic acid.'?! In 2019, the
NKCOFs 1-4 series further explored how COFs can combine intrinsic and
extrinsic proton conduction.'?? To do this, a stepwise synthesis strategy was
applied, making it possible to install both azo and phenolic hydroxyl groups,
allowing for binding of an external proton conductor and intrinsic proton
conduction respectively. By loading the porous structures with HsPOy, a
proton conduction of 1.13 10! S cm™ could be achived at 80 °C and 98% RH.
Furthermore, when included in a MEA, a maximum power density of 81 mW
cm? and a maximum current density of 456 mA cm™ could be obtained. As
PA provides high proton conductivity, it has since been applied in many more
COFS.46’123

When the 1D channels of the olefin-linked pyrazine COF, NKCOF-10, were
charged with PA it afforded high proton conductivity, 9.04 102 Scm, and
ultralow activation energy, 0.06 eV. The nitrogen in the pyrazine linkers was
exploited to confine and stabilize the PA, anchoring it and enhancing proton
hopping. By combining H3PO,@NKCOF-10 with 3 wt% PTFE, a realistic
proton exchange membrane could be formed, and when tested in a fuel cell,
reach power and current densities up to 135 mW cm™ and 676 mA cm™.

Similar to PBI membranes, imidazole-linked COF's charged with PA have
shown good proton-conductive capabilities.!?%:1%6 More precisely, H3PO,QPBI-
COF had a proton conduction of 1.57 10"* S cm™, and when supported by 4
wt% PTFE and applied in a MEA reaching up to 0.936 V open-circuit voltages
and 125 mW cm™ maximum power densities. Sulfonic acid groups have also
been shown to have a positive effect on H3PO, doped COFs.'24 By intrinsic
surface sulfonation of PyHATP-1 the H3PO,QPyHATP-1-SO3H had a higher
proton conduction than its non-functionalizaed counterpart by almost two
orders of magnitude, a value of 0.88 10"! Scm™.

By charging a variety of COFs with PA, it was shown that increasing pore
size decreases the activation energy barrier for proton conduction, with a linear
dependence.6 Tt was also shown that the proton conduction in micropores was
governed by sluggish vehicular conduction, while the larger mesopores enable
fast proton hopping across the channels, reaching a proton conductivity of 0.31
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Further, Yu Fu et al. reported a series of zwitterionic COFs, XJCOF-1,
XJCOF-2, and XJCOF-3, which were charged with either 1,2,4-triazole or
imidazole to achieve proton conductivities of 4.3-12.9 1073 S/cm (150-160 °C)
and 2.43-4.38 102 S/cm (140 °C), respectively.'?® This corresponds to a proton
conductivity that is higher than that of neat imidazole/triazole melts and an
E, similar to that found in hydrated Nafion.

Careful design of the pore surface and shape has been explored for enhanced
proton conduction, engineering concave dodecagonal nanopores embelished
with functional groups, which once loaded with PA reached a proton conduction
of 2.33 102 S/cm and worked well in a wide temperature range of 80-160 °C.126

Anhydrous proton conduction has been achieved in sulphonic acid-grafted
COFs by charging them with ionic liquids, reaching 2.21 103 S cm™.127 A
struturing effect has been seen when charging COF's with ionic liquids, adopting
a layered structure, alternating cations and anions, due to stronger interactions
between cations/anions and the pore wall.}?8

Furthermore, the rigid channels of COFs have been shown to improve
proton conduction at low relative humidity compared to conventional Nafion
membranes.'?® The synthesized IPC-COF membranes had improved water
retention and hence showed weakly humidity-dependent conductivity in broad
RH ranges (30-98 %). This can be rationalized by the pore structures of either
membrane, with the amorphous soft channels of polymer membranes going
from open at high relative humidity to isolated clusters or mostly dried-out
connected channels upon decreasing relative humidity. COFs, on the other hand,
preserve their channel diameter even at lower relative humidity, and the strong
capillary effect within the crystalline, rigid nanochannels makes them retain
water molecules more effectively. Hence, the ICP-COF membranes exhibited
an unprecedented proton conductivity that was 1-2 orders of magnitude higher
than that of benchmark PEMs at low RH (30%).
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Chapter 4

Alternative liquid: protic
ionic liquids (PILs) and
aqueous imidazole

Having introduced an alternative solid electrolyte, COF's, this chapter will turn
the focus towards the liquid electrolyte. As discussed previously, the most
common PEMs based on PFSA polymer membranes are usually swelled with
water to achieve high proton conductivities, but there exist other options to
consider. PBI-based membranes and many of the COF alternatives presented
in the previous chapter have been charged with PA to achieve good proton-
conduction properties under anhydrous conditions. Here we delve into two
suggested alternatives: protic ionic liquids (PILs) and aqueous imidazole.

4.1 Proton transport mechanisms

Proton conduction is a fundamental process in many systems and is essential
for fuel cell operation. In contrast to regular ion transport, in which ions move
by diffusion as individual units, hydrogen can also participate in an alternative
mechanism, structural diffusion.'® While protons are usually associated to
a host, they can, based on the dynamic character of hydrogen bonds, also
move between molecules. Hence, there are two modes of proton transport: the
vehicular mechanism,™! governed by self-diffusion, and the proton-hopping
mechanism, which shuttles protons between molecules faster than the parent
molecules themselves. Proton hopping is considered more efficient because it
does not require movement of the whole molecule.!3? This is reflected in a lower
activation energy, with systems dominated by the proton hopping mechanism
correlated with E, < 0.4 eV, and values above this indicative of systems
governed by the vehicular mechanism. The proton-hopping mechanism is
commonly observed in systems with high proton conductivity, such as water!32
and PA,33 but has also been reported occasionally in protic ionic liquids.'34:13

These transport properties arise from the balance between attractive and

31



CHAPTER 4. ALTERNATIVE LIQUID: PROTIC IONIC LIQUIDS (PILS) AND AQUEOUS
IMIDAZOLE

repulsive intermolecular interactions. Consequently, they exhibit a strong
dependence on temperature, as increasing thermal energy weakens these in-
teractions. The relationship between temperature and ionic conductivity (or
viscosity) can be described by the Vogel-Fulcher—Tammann equation,

(7 DTO)
og=o0p-e T-To

(4.1)

in which o is the ionic conductivity extrapolated for infinite temperatures,
D is the strength parameter (which, for ionic liquids, can be related to the
system’s fragility), T" is the absolute temperature in Kelvin, and T} is the Vogel
temperature. Several approaches can be used to represent the relationship
between conductivity and temperature, the most common ones being the use of
Arrhenius and Angell plots. In the Arrhenius plot the logarithm of conductivity,
Ino, is plotted against inverse temperature, 1/7', whilst in the Angell plot a
Tg-scaled temperature axis is used.

4.2 Protic ionic liquids

Over a century ago, Paul Walden synthesized the first room temperature ionic
liquid, ethylammonium nitrate (Figure 4.1), marking the start of what would
become a field of nontraditional solvents.!36 Walden attributed its unusually
low melting point (13-14 °C) to a reduced extent of ion association, arising
from the large organic cation.

@
SN, + HNOg —— NGB+ No,®

Figure 4.1: The acid-base neutralization reaction between ethylamine and nitric
acid to form ethylammonium nitrate.

Typically, ionic liquids (ILs) are defined as salts with melting points below
100 °C, whereas salts with higher melting points are classified as molten
salts.!36 In addition to their low melting points, ILs are generally characterized
by negligible vapor pressure, low flammability, strong solvating ability, and
favorable thermochemical and electrochemical properties. ILs can be broadly
divided into two main classes: protic and aprotic. Although they share many
features, their synthetic approaches differ and the presence of a transferable
acidic proton in protic ionic liquids (PILs) can lead to behavior that deviates
from that typically observed in aprotic ionic liquids (AILSs).

AlLs and PILs are synthesized by different reactions (Figure 4.2). AlLs are
commonly formed by quaternization reactions of amines with alkyl halides. The
analogous PILs are formed by an acid-base neutralization reaction, transferring
a proton from a Brgnsted acid to a Brgnsted base,

B+HA — BH" + A~ (4.2)

This reaction is reversible, and hence there is an equilibrium between the ionic
and neutral molecular species in the PIL. In PILs, this is referred to as ionicity.
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Ideally, the proton transfer of the acid to the base is complete, resulting in
high inonicity. PILs are generally made by acid and base combinations that
have a large ApK,,

APK = pKa,base - pKa,acid (43)

PILs with a ApK, > 8 has been shown to result in high ionicity, having
nearly ideal Walden behaviour.'” Mixtures made using smaller ApK,,, will
result in the presence of both neutral and ionic species, and can be referred to
as pseudo-protic ionic liquids or ”poor” ionic liquids.

To obtain a pure ionic liquid, there must be no impurities, such as degrada-
tion products due to increased temperatures during the neutralization reaction
or moisture from either reactants or the air, and the acid and base must be
present in strictly equimolar amounts. While straightforward in principle,
achieving such precise stoichiometry in practice is challenging, which is why
a slight excess of either component often becomes the predominant impurity.
Although typically present in small quantities, these deviations can still signi-
ficantly influence the system’s physicochemical properties. This is particularly
evident in proton conduction. Contrary to the common assumption that proton
transport in PILs can be accessed by the hydrogen-bonded networks and acidic
species present in PILs,'38 purely stoichiometric PILs, especially in combination
with high ApK, and few proton acceptor sites, have been shown to exhibit
limited proton conductivity. Instead, efficient proton transport often requires
the presence of additional proton carriers, such as small excesses of acid or
base, which act as proton shuttles.'14! Consequently, maximizing proton
conductivity in these systems may not necessarily involve striving for perfectly
stoichiometric ionic liquids. Rather, enhanced performance can be achieved by
considering non-stoichiometric PILs, mixtures of PILs with additional acids
or bases, or pseudo-ionic liquids, all of which facilitate more effective proton

exchange.142:143
A)
—\ =\
N + AH _— N
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B)
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Figure 4.2: Synthesis routes to achieve A) PILs and B) AILs, showing the case
of imidazole-based cations.

4.3 Aqueous imidazole

Owing to their ability to form dynamic hydrogen-bonded networks through
self-association, both water and imidazole are prototypical systems for proton
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transport. In the liquid state, both systems support proton transport via a
combination of vehicular and proton-hopping pathways, with their relative
contributions governed by factors such as temperature and pressure.!44147
When protonated, water and imidazole exhibit closely related conduction
behavior, with proton transport proceeding through analogous mechanisms and
displaying similar dependencies on temperature and acid concentration.!44:146
Studies, mainly by theoretical or using diffraction and scattering techniques,
have been conducted to investigate the interactions and local structure of
imidazole-water systems.!*® These suggest that imidazole donates one hydrogen
bond through the N position and accepts hydrogen bonds at N3, with the
donating water molecules being dispersed in space and occupying sites above and
below the imidazole plane.'° 15! Furthermore, imidazole has been shown to self-
associate even in dilute aqueous solutions, forming dimers that adopt a variety
of configurations, including hydrogen-bonded chains, T-shaped arrangements,
and stacked H-r interactions.'®®152 The unprotonated N3 position of the
imidazole has been shown to facilitate strong hydrogen bonding with water
molecules, with water-imidazole interaction being favorable even at higher
imidazole concentrations.



Chapter 5

Methods

This thesis, with its appended papers, includes both synthesis and characteriz-
ation using experimental and theoretical methods. The most work-intensive
part has been the synthetic work that, while concisely summarized below, has
taken a significant amount of time by including extensive and rigorous testing.
Furthermore, many different experimental techniques have been necessary for
characterization, all of which will be briefly introduced. Further, while the
papers include some theoretical methods, which will also be briefly described,
these were performed by co-authors.

5.1 Synthesis

5.1.1 Synthesis of COFs

Synthesis of COF-LZU1. Various approaches have been explored for the
synthesis of COF-LZU1 in literature.!33 %> For the synthesis of the COF-LZU1
pre-network to be used further in linker-exchange experiments, four main
protocols were explored. The first was that of the first reported synthesis of the
net, which followed the typical protocol described in Chapter 3, using dioxane
as a solvent, 3M acetic acid as the catalyst, and heating the flame-sealed vial
to 120 °C for three days.'®® Small changes were implemented to this protocol,
such as changing the acid amount, adding mesitylene to the mixture, as well
alternative solvents, but they all yielded limited crystallinity. An alternative
ambient aqueous synthesis protocol was also attempted, as it offered a less
work-intensive and time-efficient method; yet, while some crystallinity could be
obtained, results varied between batches and changes in the work-up protocol,
hence this route was also discarded.'®® Third, the protocol developed by Deng
et al.”® for the synthesis of single crystals of TPB-DMTP-COF was translated
from the structure described in their work to the structure used here (sometimes
with alterations to solvent choice and modulator amounts), but yielded only
very small amounts of powder that remained poorly crystalline. Finally, an
alternative method was developed using microwave vials. Screening for solvent
choice, modulator use, and acid amounts was performed. The resulting method
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yields powders of fair crystallinity and is further described in the experimental
section of Paper III.

L, Yﬂi

@ O

N N 7 NH N 7 NH
COF-LZU1 PBI-COF

HN /N HN /N

R N
A “*@

Figure 5.1: Molecular structure of COF-LZU1 and PBI-COF.

Synthesis of ILCOF-1. As for the synthesis of ILCOF-1, the first reported
protocol was attempted'®” but, while yielding materials of moderate crystallinity
even after further screening of conditions, the protocol developed for COF-LZU1
still resulted in higher crystallinity, as described in detail in Paper III.

Synthesis of imidazole-linked COFs, i.e. PBI-COF and BIP. PBI-COF106
and BIP'% have been reported previously as products from a cascade reaction
of carbocylic acids and o-diamines, but then yield materials of lower than
expected surface areas and, in the case of PBI-COF, a mostly amorphous
product as interpreted by PXRD-spectra. Here, they are synthesized using a
linker-exchange protocol instead. The chosen conditions are similar to those
previously applied in the linker exchange procedure developed to obtain oxazoles
and thiazoles,’® but with the addition of a modulator and an alternative method
for the supply of oxygen. The developed method can be used to transform the
pre-networks, COF-LZU1 and ILCOF-1, to their respective analogous imidazole
structures. The exact synthesis conditions can be found in the experimental
section of Paper III.

5.1.2 Synthesis of the bases for PILs

The nitro- and cyano-functionalized bases were formed via a simple alkylation
reaction. However, product purification was complicated, necessitating distilla-
tion and treatment with activated carbons. The exact procedure can be found
in the experimental section of Paper I.
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ILCOF-1

Figure 5.2: Molecular structure of ILCOF-1 and BIP.

5.1.3 Synthesis of the PILs

To synthesize as pure a protic ionic liquid as possible, avoiding water absorption,
achieving as close to equimolar amounts of acid and base, reducing contamina-
tion, and avoiding thermal decomposition, a previously reported protocol was
used.'®® The synthesis is done under nitrogen gas inside a fume hood, using
cooling during the neutralization reaction, and takes many courses of action to
ensure a good molar ratio of reagents. The exact procedure can be found in
the experimental section of Paper I.

5.2 Characterization

5.2.1 Fourier transform infrared spectroscopy

Fourier transform infrared (FTIR) spectroscopy is an analytical technique
used to identify molecular composition and structure based on the interaction
of infrared (IR) radiation with a material.!® As chemical bonds vibrate,
whether they be stretching, bending, or twisting modes, if their oscillation
causes a change in dipole moment and its frequency matches that of the IR
radiation, the energy can be absorbed at that certain wavenumber. This
resonance phenomenon between molecular vibrational modes and IR radiation
is particularly useful for identifying polar bonds, which are typically strong
absorbers.

In FTIR spectroscopy, a broadband infrared source emits radiation that
passes through an interferometer, typically a Michelson interferometer.'®® The
interferometer is made up of a beam splitter, a fixed mirror, and a moving mirror.
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The incident IR beam is then divided into two, with one reflected toward the
fixed mirror and the other toward the moving mirror. The recombined beams
produce an interference pattern (interferogram) as a function of the optical
path difference created by the moving mirror. The interferogram contains
information from all IR frequencies simultaneously. After interacting with the
sample, the signal is detected by an IR detector. The recorded interferogram is
then transformed into a conventional spectrum (intensity versus wavenumber)
using a Fourier transform (FT) algorithm.

There are different FT-IR setups available, and the best-suited choice
depends on the type of sample. In this thesis, measurements were taken in
either Attenuated Total Reflectance (ATR) or Diffuse Reflectance (DRIFT)
mode. In ATR mode, the beam passes through an internal reflection element,
on which the sample is placed.!®® This typically works well for many soft
materials in the liquid or gel state. DRIFT directs the beam at the sample and
collects the scattered radiation. This setup typically suits samples in powder
form or samples with a rough surface.

5.2.2 Raman spectroscopy

Raman is another vibrational spectroscopy technique, but is more sensitive to
polarizable bonds and is based on the inelastic scattering of monochromatic
light.16% When interacting with a laser beam, the sample scatters most of the
incident light elastically, with no loss in energy. However, a very small portion
of light will be scattered inelastically, due to its interaction with vibrational
modes. Raman intensities at specific wavenumbers (or Raman shifts, in cm™)
will hence be detected. Compared to FTIR, Raman spectroscopy is particularly
sensitive to nonpolar bonds and symmetric vibrations, which may be weak or
inactive in infrared spectra.

5.2.3 Nuclear magnetic resonance

Nuclear magnetic resonance (NMR) spectroscopy uses an electric field to find
out information used to deduce molecular structure, dynamics, and chemical
environment.'! Atomic nuclei that possess a spin, such as 'H, 1N, and 1°F,
will, when placed in a strong magnetic field, have the spin align either with or
against the field. The sample is subjected to a radio-frequency pulse, and when
the radiation frequency matches the resonance condition, transitions between
nuclear spin states occur. When the spin relaxes, it emits radio-frequency
signals that a detector measures.

Diffusion nuclear magnetic resonance (DOSY NMR) uses the same working
principle as standard NMR, but applies two gradient field pulses at a delay A,
during which the molecular species can diffuse.'®? If movement has occurred,
there will be attenuation in the detected signals, which is dependent on how
far the species moved during the time A and hence correlates to its diffusion
coefficient.
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5.2.4 Thermogravimetric analysis

Thermogravimetric analysis (TGA) is commonly used to study the thermal
stability of samples.'%3 By gradually heating a sample placed on a microbalance,
any change in mass can be measured, revealing phenomena of e.g. decompos-
ition, degradation, or vaporization. Measurements can be done at different
heating rates and under different atmospheres to control the conditions and
reactions that may take place. TGA curves are then commonly presented as
weight percentage as a function of temperature, with changes in weight at
specific temperatures revealing characteristic transitions of the material, such
as the onset of decomposition and residual mass after the heat treatment.

5.2.5 Differential scanning calorimetry

Differential scanning calorimetry (DSC) is another heat-based technique, but
focused on properties such as melting, crystallization, and glass transition.'64
The sample is placed into a crucible and its response to heat exchanges is
compared with that of a reference (i.e. an empty pan). As the reference
temperature is raised or lowered, the relative amount of heat required to
keep the sample at the same temperature is measured. Where heat flow for
these diverges, it will correspond to a physical or chemical transition in the
sample, with endothermic processes, such as melting or evaporation, appearing
as positive deviations in the DSC signal, while exothermic processes, such
as crystallization or chemical reactions, release heat and appear as negative
deviations. The area under the peak is proportional to the change in enthalpy
associated with the transition.

5.2.6 Powder X-ray diffraction

Powder X-ray diffraction (PXRD) can be used to study crystalline materials,
aiding in determining crystallographic structure, phase composition, and struc-
tural properties.'%> A monochromatic X-ray beam (here Cuxka, A = 1.5406 A)
is directed at a sample, continuously varying the incident angle. When the
X-ray interacts with the crystal lattice of the sample, it will be scattered, and
the periodically arranged atoms in the crystal lattice allow for constructive
interference of the reflected rays when Bragg’s law is followed (Equation 5.1).

nA = 2dsind (5.1)

where n is an integer number, A is the wavelength of the X-ray, d is the
interplanar spacing, and 6 is the angle of incidence. The rays of construct-
ive interference are measured and correlated to the angle, corresponding to
a diffraction peak in the produced Intensity over 20 spectra, indicating a
crystallographic plane in the structure.

5.2.7 Nj sorption

Nitrogen (Ng) sorption measurements are commonly performed to estimate
a material’s porosity, surface area, and pore size distribution.'®® These meas-
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urements are based on capillary condensation and rely on the adsorption and
desorption of nitrogen gas at cryogenic temperatures, generally 77 K. After
activation and degassing of the sample, the sample is exposed to controlled
doses of nitrogen gas, and the amount adsorbed is recorded as a function of
relative pressure (P/Pg), where P is the equilibrium pressure and Py is the
saturation vapor pressure of nitrogen at 77 K. By studying the resulting ad-
sorption isotherm, pore volume can be estimated from the amount of nitrogen
adsorbed at high relative pressures, whereby pore structure can be deduced by
the isotherm shape.

5.2.8 Ionic conductivity

The setup used to measure ionic conductivity in the PILs is described in detail
in a previously published work by E. M. Morais et al.'®7 In short, a dip-in
type conductivity microprobe was used, with samples prepared in small glass
tubes inside a glovebox and the temperature was varied from 25 to 80 °C by a
temperature control system.

5.2.9 Computational methods applied to COF's

Computational structure generation and screening were conducted using an in-
house Python workflow tailored for layered COF systems. Node and linker build-
ing blocks were first pre-optimized using the Universal Force Field (UFF),!68
after which they were assembled into 2D COF structures using a modified ver-
sion of PORMAKE.!% The resulting single-layer geometries were subsequently
pre-optimized with the machine-learned interatomic potential MACE-MH-1
with the OMOL head within the Atomic Simulation Enviroment (ASE) frame-
work.!707172 Based on these optimized monolayers, multilayer bulk models
were constructed by systematically varying stacking arrangements. Specifically,
inclined and serrated stacking modes were generated while scanning ILD and
ILS, spanning configurations from AA to AB stacking. This procedure enabled
the construction of an initial, coarse-grained potential energy landscape.

Electronic structure calculations were performed using CRYSTALZ23 at the
HSEsol-3c¢/sol-mSVP level of theory.!” Relative energies were evaluated as
functions of ILD and ILS to map the potential energy surface and identify
low-energy candidate structures for further refinement. Selected minima were
subsequently re-optimized at the same DFT level. The final structures were
analyzed with respect to stacking behavior, and PXRD patterns were simulated
from the optimized CIF files using the XRDCalculator module in Python
Material Genomics to facilitate comparison between different stacking config-
urations.!™ In addition, pore characteristics, including pore size distribution,
accessible surface area, and accessible pore volume, were evaluated using
Zeo++.17°
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5.2.10 Computational methods applied to PILs

The search for low-energy conformers was performed using the CREST (v 2.11)
software!”® with default settings, except for tight optimization and acetone
implicit solvation using the GBSA model. The ten lowest-energy conform-
ers were then used for structure refinement, which employed the r2SCAN-
3c/CPCM(Ethanol) level of theory!™ in the Orca v5.0.4 software,!™® with the
“TIGTHSCF” and “DEFGRID3” settings. To ensure that the lowest energy
conformers were not saddle points, the lowest energy conformers for each of
the three ionic liquids were submitted to numerical frequency calculations in
order to determine the absence of imaginary frequencies. Only geometries with
no imaginary frequencies were kept, and the rest were slightly modified and
optimized again until no imaginary frequencies were present. Using the lowest
single-point energy conformers of each ionic liquid, single-point calculations
at the wB97M-V /def2-TZVPD/CPCM(Ethanol)!7180 level of theory were
performed to obtain conceptual density functional theory descriptors'®' for
electronegativity and electrophilicity.
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Chapter 6

Results and Discussion

Having established the necessary background for the work, this chapter will
discuss some of the thesis’s overarching themes, summarise the results, and
complement the content of the appended papers with unpublished data and
learnings from the process.

Paper I investigates the effect of functionalization of the imidazolium cation
of PILs with electron-withdrawing groups. As evidenced by 'H NMR and FT-
IR, the electron-withdrawing nitro- and cyano-groups have a deshielding effect
with the resulting N-H bond being longer, and hence more acidic. This increase
in acidity altered the physicochemical properties, with the PILs exhibiting
increased viscosity, reduced ionic conductivity, reduced thermal stability, and
increased fragility. Despite their low ionic conductivities, which preclude their
use as electrolytes, this work provides new insights for the design of PILs with
tunable acidity. The observed property changes also inspire further investigation
of the role of fragility in this class of ILs.

Imidazole and its fundamental properties are well understood in the pure
solid state, but gaps remain in our understanding of its behavior in aqueous
solutions. Paper II delves into a spectroscopic study of aqueous imidazole.
Using FI-IR, Raman, and 'H NMR spectroscopy, this study complements prior
knowledge, which was largely based on computational studies combined with
methods that probe structural effects, such as X-ray scattering and absorption,
by examining the solvation of imidazole and focusing on intermolecular inter-
actions and mobility. Upon dilution to 0.4 mol ratio or lower, the imidazole
behavior stays consistent, and as compared to pure imidazole, the peak shifts
in Raman follow the same trend as those observed upon protonation of im-
idazole, suggesting strong N3. . .-HO hydrogen bond structuring. These strong
imidazole-water interactions can also be inferred from IR librational modes,
indicating that imidazole acts as a kosmotropic solute in water.

Paper III focuses on obtaining frameworks based on imidazole linkages
using linker exchange. A synthesis method was developed that enabled access to
materials with improved physicochemical properties, resulting in a substantial
increase in the crystallinity of PBI-COF and a threefold increase in the surface
area of BIP-COF. These materials are expected to have high thermal and
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chemical stability, allow facile introduction of side chains at the NH position,
and provide hydrogen donor and acceptor sites for any material used to fill the
pores.

These papers all incorporate imidazole, focusing on its fundamental proper-
ties and how it can be altered, utilized, and incorporated into materials. In the
following text, while some results from the appended papers will be referenced,
these will not be repeated here. Rather, this chapter aims to relate them to
one another and expand on them through a discussion relevant to the field and
to future scientists who may continue on this line of research.

6.1 Issues encoutered during synthesis of COFs

The synthesis of COFs is extremely sensitive to the conditions used. FEven
though the conditions and methods may seem simple at first glance, even
small differences can have detrimental effects on crystallinity. A protocol for
the synthesis of the pre-network COF-LZU1 was developed for Paper III,
yielding a crystalline structure, as evidenced by PXRD (Figures X in Paper
IIT), but other commonly used protocols were first attempted. Tests using the
traditional route used in the first synthesis of COF-LZU1!53 yielded diffraction
spectra with a drastic decrease in intensity relative to those reported before
(Figure 6.1). While this can stem from many factors, such as wet solvent or the
amount of headspace in the tube after sealing, even repeated attempts yielded
the same result.

Intensity (a.u.)

MW-vial, 2-MTHF
Flame sealed, dioxane

5 10 15 20 25 30
20 (degrees)

Figure 6.1: PXRD spectra of the COF-LZU1 product obtained by using the
flame-sealing protocol utilizing dioxane as a solvent,'®3 compared to the one
obtained using the protocol in Paper III.

As flame-sealing remains the predominant synthesis method for COFs, and
the use of dioxane as a solvent yielded limited success, alternative conditions
were systematically explored. These included variations in acid strength and
concentration, reagent concentrations, vial geometry, and solvent choice, how-
ever, the outcomes were generally discouraging. Representative results from this
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screening of solvent and acid conditions are presented in Figure 6.2. Although
minor changes in material properties were observed across these variations,
no flame-sealed protocol produced materials with satisfactory crystallinity. In
contrast, the ambient aqueous protocol yielded crystalline products (Figure
6.5), but reproducibility between batches was limited. This variability may
be attributed to procedural factors, such as the rate of amine addition to the
pre-activated aldehyde, which is only specified as “dropwise” in the reported
method.

L dioxane
THF, 3M AcOH

DMF 2-MTHF, 3M AcOH

Intensity (a.u.)

2-MTHF, CHCI3, 3M AcOH

2-MTHF, 6M AcOH

5 10 20 25 30

15
20 (degrees)

Figure 6.2: PXRD spectra of the COF-LZU1 product obtained by using
the flame-sealing protocol utilizing dioxane, THF, DMF:2-MTHF(1:9), 2-
MTHF:CHCl3 (9:1), and 2-MTHF with either 3M or 6M acetic acid. Most
scans were discontinued when the lack of crystallinity could be confirmed,
having little or no peak around 5°.

Intensity (a.u.)

MW-vial, 2-MTHF

N Flame sealed, dioxane

5 10 15 20 25 30
20 (degrees)

Figure 6.3: PXRD spectra of the ILCOF-1 product obtained by using the
flame-sealing protocol utilizing dioxane as a solvent'®”, compared to the one
obtained using the synthesis conditions in Paper III. Both samples have been
washed, though not by Soxhlet extraction, which proved necessary to remove
unreacted regents, hence the small additional diffraction peaks.
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Similarly to the synthesis of COF-LZU1, the previously used dioxane method
yielded only limited crystallinity for ILCOF-1, whereas the microwave vial
and 2-MTHF combination resulted in increased crystallinity (Figure 6.3). The
estimated Brunauer—-Emmett—Teller surface area using the improved protocol
agrees well with values reported in other publications.®®

6.2 The COF trilemma and the linker exchange
solution

The COF trilemma, as introduced by Haase and Lotsch,'®? describes the
fundamental challenge in covalent organic frameworks of balancing stability,
crystallinity, and functionality, where enhancement of one property often comes
at the expense of the others. Paper III establishes a strategy to address the
trade-off between crystallinity and stability through linker exchange. This
approach exploits the dynamic nature of imine chemistry to first construct a
pre-organized network, which is subsequently stabilized via replacement of the
linkers, effectively locking the structure in place. In this way, the resulting
framework combines the structural order of the pre-network with the enhanced
stability associated with imidazole linkages. Compared to a previous cascade-
based synthesis of BIP, this method yields a threefold increase in surface area.
Additionally, a significant improvement in crystallinity is observed for PBI-
COF. Taken together, Paper III demonstrates that linker exchange is a viable
strategy for overcoming key limitations of the COF trilemma and enabling
frameworks with improved structural properties.

While the method used in Paper III resembles the one previously published
for oxazole and thiazole linker exchange,”® the influence of different factors on
the resulting crystallinity was explored during its development. This includes
parameters such as the equivalent amount of the alternative linker, different
solvents and their mixtures, reaction time, the addition rate of the alternative
linker, modulator use and amounts, oxidant supply, and temperature to find
the optimal conditions. In contrast to the previously used method, where the
oxygen needed for dehydrogenation is supplied by placing the system under
oxygen, Paper III uses pressurized air to bubble the solution. Furthermore, a
modulator was introduced, using 3 equivalents of aniline. While it might be
counterintuitive to add another competitive moiety to the reaction mixture,
a positive correlation between reduced reaction rate and crystallinity could
be observed, both upon introduction of a modulator and upon stepwise slow
addition of the alternative linker. It is also worth noting the difference in equi-
valence between the two structures, with PBI-COF requiring 8-12 equivalents
compared to 2-4 equivalents for BIP. Respectively, these are higher and lower
than the 4-8 equivalence used for the oxazole and thiazole protocols.

During the development of this method, its applicability to the formation
of other heterocycles was also explored. As shown by the spectra in Figure 6.4,
frameworks incorporating thiazole and oxazole linkages retained a certain degree
of crystallinity, albeit to a lesser extent than their imidazole-based counterpart.
In addition, a one-pot approach of the linker-exchange was investigated, which,
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if successful, would have significantly reduced the synthetic effort required for
imidazole-linked COFs. However, the reduced peak intensities observed in the
spectra indicate that this approach adversely affected the crystallinity of the
resulting materials.

J Imidazole 5 eqv.

\ Imidazole one-pot

3
&
>L/\ Oxazole 5 eqv.
'% ,._/\ Oxazole one-pot
€ Thiazole 5 eqv.
Thiazole one-pot
__/M__/\N_,_‘ COF-LZU1
5 10 15 20 25 30

20 (degrees)

Figure 6.4: PXRD spectra of COF-LZU1 and the products formed by linker-
exchange for imidazole, oxazole, and thiazole using 5 equivalents of the altern-
ative linker and performing the synthesis either in two steps, with purification
of the COF-LZU1 between, or sequentially by a one-pot method.

Intensity (a.u.)

COF-LZU1

10 20 30 40 50
20 (degrees)

Figure 6.5: PXRD spectra of the COF-LZU1 product obtained by the am-
bient aqueous protocol'®® compared with the spectra obtained when utiliz-
ing the same conditions but substituting the p-phenylenediamine for 1,2,4,5-

benzenetetraamine tetrachloride, yielding an amorphous product instead of
PBI-COF.

The ambient aqueous protocol reported by Kong et al.,'?® initially applied to
the synthesis of COF-LZU1, was also evaluated for the preparation of PBI-COF.
As shown by the spectra in Figure 6.5, this method did not yield a crystalline
PBI-COF. When considered alongside comparisons of material properties with
previous studies (discussed in Paper III) that employed cascade reactions
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under alternative conditions, these results further highlight the improvements
achieved through the linker-exchange strategy.

6.3 Synthetic challenges encountered while al-
kylating nitro-functionalized imidazole

The synthesis of the nitro- and cyano-functionalized imidazole bases used in
Paper I initially appears to be a straightforward alkylation reaction. This
is indeed the case for the cyano-functionalized base, for which both ethylated
and butylated derivatives were successfully synthesized on a 10-20 g scale.
In contrast, the nitro-functionalized analog presented significant challenges.
Although commercially available as a 97 % pure compound, tautomerization
leads to the coexistence of both 4-nitroimidazole and 5-nitroimidazole isomers.!
Consequently, alkylation results in the formation of two distinct products
(Figure 6.6). Analysis of the aromatic region in the 'H NMR spectra of the
ethylated product obtained from small-scale reactions indicated an approximate
10:1 molar ratio of the isomers. Variations in reaction conditions, including
temperature, rate of alkylating agent addition, and solvent choice, did not
significantly improve selectivity. As a result, a separation method for the two
species became necessary. However, due to their closely similar physicochemical
properties, both chromatographic separation and distillation proved challenging.
During attempted distillation, partial decomposition of the ethylated compound
was observed, and the small amount of distillate obtained remained a mixture
of both isomers.

These challenges ultimately informed the strategy adopted in Paper I, in
which a butyl substituent was introduced to lower the distillation temperat-
ure. Although purification still required multiple distillation steps followed
by activated carbon treatment, this approach enabled the isolation of pure
1-butyl-4-nitroimidazole.

O,N O.N OoN
— K — —
; \ o+ I/\ —>2C03 ; \ + ; \
N N N N N
A Vg N\
Product molar ratio 10:1

Figure 6.6: The reaction of 4(5)-nitroimidazole with iodoethane and the two
products formed.

6.4 Exchangeable protons in imidazole and im-
idazolium

The studies in Paper I and Paper II investigate the behavior of imidazole
and imidazolium with protons in greater detail. Paper II examines aqueous
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imidazole and, using spectroscopic techniques, corroborates results reported in
previous theoretical studies. When these amphoric molecules are combined,
they will interact, donating and accepting hydrogen bonds from one another.
This was exemplified by infrared spectroscopy, which, through shifts in the
-OH peak and the emergence of a new feature in the mid-frequency region,
suggested that they interact more strongly with each other than with themselves,
indicating that imidazole is a kosmotropic solute. Furthermore, the merging of
the -NH and -OH signals in 1D 'H NMR spectra indicates that protons are in
exchange between the two molecules. Moreover, aqueous imidazole, compared
with pure water, was shown to affect proton dissociation from the sulfonic acid
groups in a PFSA membrane, as would be expected from the increased basicity
of the solution. Not showing any indication of the formation of imidazolium
species, and hence no protonation of the N3 position, the dissociated proton
must be bound to water, forming excess proton complexes.

In Paper II, the synthesis of functionalized bases and their application as
ionic liquids are investigated. The introduction of electron-withdrawing groups,
such as nitro or cyano substituents, increased the acidity of the resulting ionic
liquids, as evidenced by shifts in the 'H NMR and IR spectra. This increase in
acidity of the N-H bond, and hence the availability to dissociate the proton,
was aimed at enhancing the exchange rate of the proton, as this would enable
increased structural diffusion. However, the viscous character of the ionic liquid
is directly correlated with proton conduction, therefore, these viscous PILs
showed discouraging ionic conductivities and are not suitable as electrolytes.

The increase in acidity of the imidazolium species also means that their
conjugate bases are expected to exhibit reduced basicity. Although these
substituents also influence other structural and solution-phase properties, it
can be hypothesized that the decreased basicity at the N3 position diminishes
its ability to facilitate proton dissociation from sulfonic acid groups in PFSA
membranes. In light of this, an alternative strategy may involve incorporat-
ing proton-donating groups into the imidazole framework, thereby leveraging
enhanced basicity in aqueous environments.



50

CHAPTER 6. RESULTS AND DISCUSSION




Chapter 7

Conclusions and Outlook

This thesis has studied imidazole in different structures and forms, including
protonated imidazoum in ionic liquids and neutral imidazole in aqueous solu-
tions, as well as imidazole as a functional linker in COFs. There has been an
example of how its properties can be altered by electron-withdrawing groups,
as well as how it can alter the properties of other materials, both through the
dissociation behavior of protons in wetted PFSA and through its stability in
COFs.

The results of these works have laid the foundation for continued studies,
having gained a deeper understanding of imidazole’s behavior in aqueous
solution and its effect on PFSA, to better design systems that enable long-range
proton mobility. Furthermore, we’ve developed a protocol for the synthesis of
imidazole-linked COF's, which will be the natural scope of future studies once
filled with water, aqueous imidazole, or acids. These solid/liquid combinations
will be characterized in terms of local interactions and proton conductivity as
a function of temperature.

While this thesis has explored alternative PEM materials, it has yet to
implement them or combine the liquid electrolyte with a COF matrix. Having
identified aqueous imidazoles effect on proton dissociation, and having gained
further understanding of COF's possible role as a matrix, future work should
investigate how sulfonic acid functionalities can be anchored to the COF.
One way to incorporate the sulfonic acid functionalities is to include them
in the linkers used, which has been previously explored,'®® although not in
combination with aqueous imidazole. Another possible route is to use the
COFs in Paper IIT and react the installed imidazoles with sultones, thereby
introducing sulfonic acid side chains via post-functionalization.

To enable their use as PEMs, the COFs should preferably be made into a
continuous, thin, and self-standing membrane. Two possible ways of achieving
this that should be further explored are post-functionalization with polyether
side chains and the direct synthesis of films. A recent study synthesized films
with aligned pores using an especially interesting method involving kinetically
trapped amorphous 3D covalent adaptable networks, which, upon evaporation
of the solvent, align due to the forces induced by the drying process.'®* When
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exposed to conditions that access the reversibility of the imine bonds, these
amorphous films could be transformed into continuous films of 2D COFs with
aligned pores. Hence, if, following the transition into 2D COFs, the films
were exposed to the same linker-exchange method used in Paper III, they
might form their imidazole-linked counterpart. Another way is the use of
oligoether side chains, which have been shown to allow for the delamination
of the sheets into trifluoroacetic acid water mixtures and subsequent casting
into membranes.!® Using an alkylation reaction like the one used in Paper
I, the COF structures obtained in Paper III can be post-functionalized, and
might then become solution processable. If such membranes are synthesized,
they will be tested in operating fuel cell systems through collaborations with
other researchers.

Paper II also showed that electron-withdrawing groups increased the
fragility of the ionic liquid. With fragility not yet fully understood in ionic
liquids, attention should be paid to exploring the relationships among acid-
ity, intermolecular interactions, and fragility. Furthermore, electron-donating
groups should contribute to the opposite effect on the acidity of the ionic
liquid, and hence the conjugate acid should be stronger, which, when in an
aqueous solution, might contribute to an even higher degree of dissociation of
the sulfonic acid group protons.
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