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Development and understanding of catalytic reactions involved in fuel formation are crucial to
be able to make the energy transition into a sustainable future. One intriguing type of catalyst
for these types of reactions is organic material catalysts, which combine some of the tunable
nature of molecular catalysts with the scalability and robust nature of material catalysts. The
understanding of the catalytic mechanisms in these types of materials is still a work in progress.
In the last decade D-A type polymers have gotten a lot of attention as potential photocatalysts
for fuel-forming reactions but currently, the mechanisms in which these reactions take place
are very limited.

This thesis focuses on the molecular unit benzothiadiazole (BT) and its role in catalytic fuel-
forming reactions across various molecules and polymers. In paper I: The hydrogen evolution
reaction (HER) is investigated on the small molecule 2,1,3-benzothiadiazole-4,7dicarbonitrile
(BT). The study reveals that BTDN serves as an electrocatalyst for the HER. Some catalytic
intermediates were identified spectroscopically and a catalytic mechanism was proposed.

In papers II and III: Polymeric nanoparticles (Pdots) based on the polymer poly(9,9-
dioctylfluorene-alt-2,1,3-benzothiadiazole (PFBT) were investigated for photocatalytic fuel-
forming reactions. First, the HER was explored and it emphasised the significance of proton
binding to the BT unit as a catalytic intermediate. It also showed that changing to basic
conditions can quench the HER and make place for CO2 reduction to CO and that PFBT Pdots
exhibit good selectivity in catalyzing this reaction.

Finally, in Paper IV, the binding and reduction of CO2 on the molecule BTDN were
investigated. It was shown that BTDN can bind CO2 in multiple reduced states and reduce it to
CO and oxalate in a third reduction, albeit with seemingly low efficiencies.
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The cosmos is within us. We are made of star stuff. We are a way for the
universe to know itself - Carl Sagan
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1. Introduction

1.1 The Energy Crisis

The world stands on the brink of a cataclysmic event in the form of a com-
plete environmental collapse. Humanity has exponentially increased its mark
on nature and pushed the earth toward its planetary boundaries, the lines that
when crossed, there is no turning back [1, 2]. We are changing the earth in
terms of its geology and ecology so much that climate researchers call it a
new epoch, the Anthropocene [3]. To avoid irreversible changes and keep our
home a place where life in its current form flourishes, it is clear that we need
to stop exploiting nature and move to a sustainable society. The biggest culprit
for the rapidly changing climate is our over-reliance on fossil energy sources.
These hydrocarbons have amassed from decaying biomass in the pressure of
the earth’s crust over millennia. They are also storage of carbon dioxide from
the earth’s baby years when the earth had a much less gentle climate. It turns
out that burning these ancient molecules is a fantastic source of easily acces-
sible energy, however, it also comes with many unacceptable downsides.

The products from the combustion of hydrocarbons are water and carbon
dioxide, incomplete combustion will also make side products like NO,, methane
and carbon particles. Most of these molecules have large absorption bands in
the infrared region of the electromagnetic spectrum, the region of the spectrum
where heat is transferred. The fact is that an increase of CO; in the atmosphere
would increase the temperature of the planet due to the retention of the heat
that would otherwise be reflected out into space. This phenomenon is called
the greenhouse effect and the contribution that increased CO, concentration
has on the warming effect was first recognized by Svante Arrhenius already
back in 1896 [4]. So it is clear that while the importance and danger of a tem-
perature increase took longer to realize, we have understood the outcome of
releasing CO; into the atmosphere for over a century. The argument for re-
gression to a pre-industrial society can be made to stop these emissions. This
is, however, not a path that many people would find acceptable. The path
forward then, has to be a radical transition from fossil to renewable energy
sources to achieve a complete stop of excess carbon emissions in the coming
few decades. According to the best predictive scenarios we do not only need
to stop the use of fossil fuels but also start removing carbon dioxide and other
greenhouse gases and go below net zero in greenhouse gas emission in the
coming three decades [5].
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The by far most abundant energy source, renewable or not, is the sun [6].
Every year, more energy reaches the earth in the form of sunlight than the
entire known reservoir of fossil resources, and counting the energy of wind,
hydro and biomass, which are all generated by the sun. The switch then is
more a question of investment into renewable energy sources than a question
of where the energy can come from. However, solar energy comes with a big
flaw, it only works when the sun is shining. The solution to the intermittent
nature of solar energy (which also applies to wind power) is storing the energy
when it is available to compensate for the downtime. Storing energy is not
a trivial pursuit, especially electricity. And currently the most effective tech-
nology that is available to capture solar energy generates electricity through
the use of photovoltaics [7]. While batteries will be part of the solution, espe-
cially with the development of high-capacity lithium-ion batteries, the energy
density of batteries is still much lower than the fuels that are currently in use
[8]. An alternative way to store energy that we already have well-functioning
technologies and infrastructure to make use of is to store it in highly energetic
chemical bonds. In other words, to make renewable fuels.

Since the most abundant renewable energy source is the sun and perhaps
the most promising way of storing energy is in chemical bonds it makes sense
to combine the two. This class of fuels based on solar energy is aptly called
solar fuels. Generating these types of fuels is a process that is at the moment
an emerging technology with a wide scope of possible paths to get to the goal.
To be able to find the best possible solutions, we both need to invent systems
for the transformation and develop an understanding of the processes to build
on successful systems. In this thesis, I describe the work I have done in under-
standing the fundamental fuel-forming processes of organic molecules based
on the molecule 2,1,3-benzothiadiazole, as seen in Figure 1.1.

N S\N
\ /

Figure 1.1. The chemical structure of 2,1,3-benzothiadiazole with bonds at the 4, 7
positions on the benzene ring with alternative groups in the different molecules studied
in this thesis.
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1.2 Photosynthesis

The process of converting solar energy and saving it in chemical bonds is not
a novel idea, in fact, this exact process is the foundation of all life on earth.
Photosynthesis is the process of how nature utilizes the energy of the sun to
convert carbon dioxide and water to glucose, and later into larger carbohy-
drates, and oxygen. While the overall reaction might seem simple, the reality
is a complex chain of light receptors, electron transfer mediators, catalytic
centres, proton gradients, and energetic carrier molecules such as ATP and
NADPH. an overview of how the system is currently understood can be seen
in Figure(1.2) [9, 10].

The natural system’s complexity leads to a low energy conversion efficiency
often less than 1% [11], something that would need to be improved to use
this as an applicable energy conversion method. Even more importantly, the
complexity of the natural system hints at the difficulty of making the reaction
proceed in the correct direction. This comes from the fact that at every step
the high energy charge-separated state has a driving force to recombine and re-
lease the energy back as light or heat. To generate high-energy fuels we must
overcome the same issues as in nature. We must learn how to direct multiple
charges from stable compounds into high-energy compounds without them re-
turning to the same spot, but we must beat nature in energy efficiency, which
is no small task.
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Figure 1.2. A cartoon of the overall photocatalytic reaction, the blue arrow indicates
the photocurrent, the overall pathway of the photogenerated electrons. The reaction
starts in photosystem II (PS II) and ends with the Calvin cycle where the CO, is
reduced and converted into glucose. Recreated with permission from Annual Review
of Genetics.
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1.2.1 Artificial Photosynthesis

To beat nature in its processes we must first understand how to replicate the
chemistry it is performing. The field of science that has taken up this task is
called artificial photosynthesis. Artificial photosynthesis is a broad umbrella
of concepts based on the same general idea of converting solar energy into
high-energy chemicals. In contrast to the natural system, the products are typ-
ically way simpler molecules than hydrocarbons. One of the main reactions
pursued is water splitting [12], the separation of water into molecular hydro-
gen and oxygen (1.1). Hj is a high-energy product that can be both used as
a fuel in itself but can also be used as a valuable feedstock for industrial syn-
thesis. This reaction has the desired feature of being completely cyclic as the
product of Hy combustion or oxidation in a fuel cell is again H,O.

2H,0 = 2H, + Oy

2H,O = 4H' + 4e + O,
AH" +4e¢” = 2H, (1.1)

The reaction is typically divided into two sub reactions the oxidation of
H,0 to O, and the reduction of protons to H,. The separation of the oxidation
and reduction reaction makes sense from what they demand from both an
energetic and kinetic perspective and is typically performed at separate sites
in the photosynthetic system. Another reaction that is of large interest in the
field is that of reducing CO; and transforming it into high-energy carbon fuels
or chemicals. The targets are molecules such as methanol, ethanol, ethylene,
and later on more complex molecules such as jet fuels, plastics and medicines
[13]. In theory, this reductive step could just replace the proton reduction step
in water splitting while still taking the electrons from the oxidation of water.
However, the entire chemical system would have to be re-suited to fit the new
reactions in mind.

The overall scheme is quite general, the oxidation could also be swapped
out to do something valuable instead of just producing oxygen. An overall
general scheme of the artificial photosynthetic reaction can be seen in Figure
1.3. Approaches to make these reactions happen range from systems with very
little in common with natural photosynthesis, such as photovoltaics coupled to
electrolyzers, to more direct mimics of the natural system with molecular se-
tups resembling those found in the photosynthetic process. There are even
approaches to hijack the biological photosynthetic machinery to utilize it for
the production of valuable chemicals. Each approach comes with its own set
of advantages and challenges.
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Figure 1.3. A cartoon of the general scheme for artificial photosynthesis, taking either
the direct photocatalytic approach or the indirect electrocatalytic approach through the
generation of solar electricity. The cyclic nature of the reactants and products for the
generation of solar fuels is key to the sustainability of the process so that in the end
the only input is the energy of the sun (and if that stops we have bigger issues than a
renewable energy supply).

1.3 Catalysis in Fuel-Forming Reactions

Common to each approach of artificial photosynthesis is that they require a
catalyst that can assist the chemical transformations, reducing their energetic
barriers and increasing the rate at which they progress [14]. The general func-
tion of a catalyst is easiest described with transition state theory, where Arrhe-
nius equation 1.2, shows that the rate of a chemical reaction, k is determined
by the activation energy of the transition, E, [15, 16].

k = Ae Ea/RT (1.2)

A catalyst speeds up the reaction by lowering the energy barrier to the tran-
sition state without itself being altered in the reaction. A scheme of catalytic
systems can be seen in Figure 1.4, where the energy barrier is aptly described
as units of free energy. The complication that makes fuel-forming reactions
extra difficult is that the product will be more energetic than the starting
products, this means that the catalyst needs to be activated by an energy influx
to be able to make the reaction energetically feasible.

Overall, the full scale of the reaction follows the general reaction scheme
with a total negative AG® with the exception being that the chemical system
with the reactants needs to be activated to a higher energy level before the
reaction can occur. This energy will come from high-energy electrons or holes,
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Figure 1.4. Energy diagrams of catalysed and uncatalysed reactions both in a gen-
eral (a) case and in the case of a fuel forming reaction (b) where the catalyst is first
activated by an external energy source AG*. The catalyst reduces the energy barrier
AGLM, required for the chemical transformation and instead takes the pathway of the
catalysed transition state which requires less energy in AGIal, the lower energy path-
way speeds up the overall reaction. The wavy potential surface in b) is closer to a real

case of catalysis where the reaction transpires through one or several intermediates.

generated by light, in the case of photosynthesis, or due to high potential elec-
trons generated from an external power source in the case of electrocatalysis.
Due to the high energy of the activated complex, there is a high likelihood that
the high-energy electron will move back to its initial low-energy state [17]. To
prevent this recombination the intermediates formed in conjunction with the
catalyst need to be sufficiently stable. However, if the intermediates would be
too stable it would impede or stop the catalytic process. Fitting this parameter
is a key step in determining the catalytic activity of the catalyst. The catalysts
that fit all of these demands typically form into two categories, materials, and
molecular catalysts including enzymes. The stabilization of the catalytic in-
termediates is well described with a binding energy volcano plot in material
catalysis [18]. The concept that the catalytic rate is dictated by how strongly
bound the substrates are in the intermediates is also true for molecular
catalysts.

1.3.1 Molecular Catalysts, Tunability and Selectivity

Molecular catalysts have the advantage of an extremely tunable catalytic site
with the opportunity to modify not only the binding coordination of the cat-
alytic substrate but also the second and third coordination sphere [19-22]. This
has been shown to be of key importance and is especially clear when looking
at natural enzymes. In natural fuel-forming reactions, the enzyme typically
has a molecular cofactor active site that is surrounded by a strict protein fold.
Examples of such proteins are the PSII with its, MnyCaOs active site [23],
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and [FeFe]-hydrogenases with their cofactor [20, 24, 25]. Both cofactors lose
much of their activity or become completely unstable when removed from
their protein scaffold [24, 26]. This feature of a well-controlled active site can
be so specific that it enables this type of catalyst to be selective towards single
reaction products. Selectivity is especially important when reducing CO; for
two reasons, protons are required for most desired products from the

reduction process so hydrogen evolution will be a competing process [27, 28].
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[FeFe]-Hydrogenase Cofactor: PSII Active Site Cofactor:
2H" +2e = H, 2H,0 =0, +4e +4H"
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N \ "' \“‘ —- NG R
R
R R

DeBois Catalyst: Fe Prophyrin:
2H* + 2" = H, L0+ et zH+ = CtzOf+nH2y

Figure 1.5. Four molecular catalyst and enzymatic catalytic sites and the main cat-
alytic reaction they perform.

The second problem is that the thermodynamic potential for many of the
CO, reduction pathways are very similar, see Figure 1.6, so a mixture of prod-
ucts is likely from a catalyst with low selectivity. The best synthetic catalysts
often take inspiration from the enzymatic active sites, with examples such as
the DuBois catalyst that is highly inspired by the [NiFe]-hydrogenase active
site with nitrogen-centred proton shuttles to the metal centre, and the large
group of metalloporphyrins mimicking the binding site of O, and CO in
haemoglobin, their structures are shown in Figure 1.5 [19, 29-33].

In materials the tunability is much more limited; the well-defined binding
energies on material surfaces for reactants and catalytic intermediates typically
increase linearly leading to linear scaling relationships away from where the
most active catalytic process would occur [34]. Typically the active site for
catalysis in materials is also much more elusive and difficult to study but most
often occurs at kinks and edges on the material surface. However, materials
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K Nr: Reaction: E° vs SHE: \

1 CO; (aq) + € = €Oz (o) -1.90V

2 €O, +2H' + 2" —> HCOOH 061V

3 COy¢) +2H* + 2€" > €O, + 20H g -0.52V

4 CO,¢) +4H" + 4e = HCHO, + H,0 -0.48V

5 €O, +6H' +6€ — H3COH ) + H,0 -0.38V

6 €O, +8H* +8e - CH,() + H,0 -0.24V
\_ 7 2H" + 2€ - Hy, ov/

Figure 1.6. The thermodynamic redox potentials for the CO,RR compared to SHE
at pH 7 and 25°C with 1 atm gas pressure and 1 M of solvated species [27, 28].
Displaying that most products are within a potential window of 0.4V, well within the
over-potential required to run these reactions at high activities.

come with many benefits over the molecular systems outside of the selectivity
and activity.

1.3.2 Material Catalysts, Robustness and Scalability

A catalyst that would be practically applicable does not only have to be very
active it also has to fit the overall chemical system where it should be applied,
often some sort of device like an electrolyser or photoelectrode. Critically the
catalyst also needs to be robust so that the device performing the chemical
reaction can be in use for a long time. The stability and ease of integration
in a device are where material catalysts outperform their molecular counter-
parts by far, while there are successful attempts there are many problems with
integrating molecular catalysts onto electrode surfaces [35]. There are now
multiple scaleable methods for material synthesis that can be applied directly
to electrodes, and while direct structural tuning in material synthesis is still
difficult, control over nano-structures is more and more accessible[36-38].

While the selectivity becomes a big issue for more complex reactions like
the water oxidation reaction and the CO; reduction reactions (CO,RR) there
are some reactions that are essentially optimised on material surfaces such as
the hydrogen evolution reaction (HER) on platinum that is right at the top of
the volcano plot [39]. Copper is also exceptional with its affinity to catalyse
the formation of C-C bonds from CO, which allows C2+ products [40], how-
ever, it is also infamous for giving a huge mixture of carbon products from the
catalysis which in part is due to the unspecified active site and the difficulty
of tuning the surface for specific products [34, 36]. It is also well documented
that metallic catalysts are not static during the catalytic process [41, 42], so
even if the surface would be specifically tailored for a reaction it does not
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mean that it would stay that way in operado conditions.

Moewspeor (V)
06 04

‘ ‘ Bifunctionality Promoters

— —

o 9 ®
O0O00OO000 OOOOOOOOO

d e
Tethering/

E E

4 g -
000000000  ©OO0O0000

f 9
Interfacial sites Conf nement.

©00000000
fee] —

°
OO00CO000 GOe0e0e00

" DG (V)

Figure 1.7. The scaling relationship of metal oxides as catalysts for the water oxidation
reaction, as well as multiple suggested ways of breaking the scaling relationship by
modifying the electrode surface. Recreated from Montoya et al. [34] with permission
from Springer Nature.

There are several approaches applied to try and combine the benefits of
molecular and material catalysts and make systems that are active, selective,
robust and scaleable. Three widespread approaches are the incorporation of
molecular catalysts on conducting electrodes, and in metal-organic frame-
works (MOFs) [43-46]. The incorporation of catalysts in conductive elec-
trodes is perhaps the simplest idea, often utilizing highly porous semiconduc-
tors or carbon-based materials such as nanotubes as a scaffold. The approach
has such a huge span of combinations but it is often difficult to predict how
the catalyst will act when anchored to the structure. On an electrode surface,
the molecule will have stearic limitations as compared to a solution or protein
scaffold, and the strong electric field at the electrode surface has been shown
to alter the electronic structure to a large degree [47, 48]. MOFs offer an
enormous surface area and a well-defined structure where molecular catalyst
moieties are easily incorporated, however, the tight porous structure limits the
mass transport of substrates and products in the framework [49]. MOFs also
have the complication, similarly to molecules on electrodes, of largely affect-
ing the electronic structure and chemical surrounding of the molecule which
can change its properties radically.

Another approach to combine the tunable nature of molecular catalyst with
material properties are organic material catalysts. For as long as chemistry has
been a real field of science the masters of synthetic chemistry have been the
organic chemist. Due to the flexible nature of carbon, the varieties of struc-
tures that can be synthesised are gigantic, and several organic materials have
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displayed impressive catalytic capabilities including graphitic carbon nitrides,
covalent organic frameworks (COFs) and semi-conducting polymers [50-55].

1.4 Organic Material Catalysts

Fully organic catalysts are not a new thing, most of all enzymes in nature are
completely metal-free, however, most redox-active enzymes contain a metal-
centred cofactor. The first metal-free photocatalytic material was discovered
already back in the 80s with the polymer Poly(p-phenylene) shown to work
as being active for the HER but the research did not spark a huge interest in
the scientific community due to a large band gap and moderate activity [56,
57]. It was not until 2009 when Wang et. al. [58], reported photocatalytic
activity from graphitic carbon nitride that the field got a kick start. Since then
there has been huge progress in developing graphitic carbon nitrides, trying
to overcome the main flaws such as a large band gap and limited tuneability.
But the field has also branched out and started a huge interest in other organic
photocatalysts. This renewed effort has led to discoveries of a large variety of
semiconducting polymers and COFs have been reported [52-55], as catalyti-
cally active materials, mostly for photo-catalytic HER. COFs and conjugated
polymers share many features except their dimensionality as COFs are three-
dimensional whereas polymers are one or two-dimensional in their structure.
In the following section, I will focus on polymers but many of the features are
true for catalytic COFs as well.
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Figure 1.8. A short timeline of the development of organic material photocatalysts
for the HER, with PPP in 1985 [56], the first paper of graphitic carbon nitride [58],
the reintroduction of polymeric systems (*2D representation of the material) [59], the
first application of Pdots for better suspension [60], the development of highly efficient
single polymers [61], and the utilization of multiple heterojunctions in a particle [62].
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1.4.1 Conjugated Donor-Acceptor Polymers

The connecting feature in all of these materials is their high degree of con-
jugation, which allows for high electron mobility compared to other organic
materials. All of these polymers, importantly, share the feature of a donor-
acceptor or push-pull structure. This is a type of structure where electron-rich
and electron-poor moieties are alternated, which leads to a strong electronic
connection in the material’s backbone [63—-65]. It also means that the materi-
als easily form excitons upon excitation by light which can easily be reduced
or oxidised. This type of structure is also common in dyes and is notable for
its often very high extinction coefficients, in fact, many of the same polymers
that have been used as photocatalysts are also used in organic photovoltaics
(OPVs) as well as organic light-emitting diodes (OLEDs) for the same rea-
sons [65-67].

While studying a photocatalyst it is typically only for one half-reaction at
the time due to the different demands of the catalytic reactions. This leads
to the use of sacrificial agents, molecules that are easily reduced or oxidised
depending on the counter-reaction, so for HER sacrificial donors (SDs) are
used [68]. The role of the sacrificial agent is to not interfere with the catalytic
process but is only present to mimic the electronic property of the other half-
reaction. The inclusion will change the chemical environment substantially,
and it will also dictate features of the chemical system such as pH and ionic
strength conditions that may or may not be applicable to the finalized catalytic
system.

A drawback for these polymeric systems is that they are typically very hy-
drophobic which is a large problem when the main reaction they are being
studied for is the HER from water. Early systems overcame this issue by util-
ising a solvent mixture of water and methanol, and high concentrations of
sacrificial donors [59, 69, 70]. While many of these systems showed promise
the optical density of the suspension was often a problem due to high de-
grees of light scattering. A way to overcome this challenge was introduced
by Wang et al. in 2016 where they utilised the concept of surfactant-assisted
polymer nano-particles called polymer dots or Pdots [55, 60], previously used
as fluorescent probes in cells. The inclusion of amphiphilic polymer surfac-
tants makes the particles highly dispersible in pure water solutions without
any problems with scattering. The high surface and increased hydrophilicity
have allowed Pdots to reach overall higher activities compared to the previous
suspensions as well.

Another problem with these photocatalytic systems is their short lifetime

and poor light stability, something that has always been a problem with organic
light absorbers [71, 72]. This is often attributed to the poor charge mobility in
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the systems as compared to inorganic semiconductors which leads to charge
accumulation inside of the polymer and in turn to degradation of the poly-
mer. In theory, this could be alleviated by increasing the catalytic turnover to
quickly use the charges before they start degrading the system. Though there
has been steady progress in both performance and stability the field is still
missing key information to be able to make significant improvements [73].
Specifically, a mechanistic understanding of how the chemical structure and
environment affect the catalytic properties is required.

A point of investigation for these polymers is the role of palladium in HER.
Pd will almost always be present in small amounts in the polymer, as a resid-
ual from the Suzuki-Miyaura coupling reaction that is used to synthesise them
[74, 75]. It has been confirmed that the residual Pd plays a role in the HER
for at least a few of the polymer-based systems [76, 77]. However, it has also
been seen that for some polymers, that do contain a substantial amount of Pd,
the photocatalytic activity is still very low or absent [78, 79]. This implies
that what happens in the polymer structure, especially the acceptor unit is key
to understanding the mechanisms of the reaction and why certain structures
outperform others.

One thing that has been made clear in the last few years is that also the
catalytic performance in these types of systems is severely limited by slow
exciton diffusion through the polymers [80, 81], charge separation occurs lo-
cally in the polymer backbone and often has ultrafast recombination rates. A
successful route to get around the problem has been to introduce heterojunc-
tions with mixed polymer systems to have charge separation occur in between
the different polymer structures and finally to add co-catalysts that utilize the
charges for the HER [62, 82-84]. This strategy has also been shown to im-
prove the overall catalytic stability and longevity of the systems. In these
types of systems, the photophysics of the organic components is the most im-
portant factor since their only purpose is to absorb light and facilitate charge
separation. However, there are still polymeric systems that function as de-
cently efficient catalysts even without extra added catalysts, in these systems
the chemistry that occurs on the polymer backbone becomes a key factor in
the catalytic process.

The understanding of the chemistry that occurs on the polymeric backbone
was the initial motivator of this thesis and the polymer of choice was poly(9,9-
dioctylfluorene-alt-1,2,3-benzothiadiazole (F§BT or PFBT) that was the ini-
tial polymer to show high activity in the form of a Pdot. In this polymer, the
electron acceptor moiety is benzothiadiazole (BT) a unit that has been highly
successful in many of these types of D-A polymers. It was predicted that any
chemical reaction occurring on the polymer backbone would be centred on the
BT unit, as when the polymer was activated, either excited or reduced, most
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of the electron density would be centred on the BT [78].

1.5 Benzothiadiazole as an Electron Acceptor

2,1,3-benzothiadiazole is one of the most widely used electron acceptors in
D-A-type polymer structures and was first used in a polymer by Mullekom et.
al. in 1996 [85]. It has since then been included in some of the most efficient
OPVs, OLEDs, non-fullerene acceptors and organic photocatalysts known to
date [54, 86, 87]. The reason for its success is the unique electron-withdrawing
ability of the electron-deficient thiadiazole structure, as well as the tight conju-
gation with the benzene ring that makes it easy to incorporate into larger con-
jugated structures with strong electronic coupling [88]. The ability to modify
it at the 4-7-sites of the benzene ring to different conjugations as well as at the
5-6-sites to modulate the electron-withdrawing properties has also helped its
rise to prominence.

Before the work in this thesis, little was known about the redox chemistry
that can be performed on the moiety, with the majority of studies focusing on
its optoelectronic properties. The investigation of this acceptor unit in poly-
mers would also lead to a neighbouring field of small organic molecules as
catalysts for fuel-forming reactions.

1.6 Small Organic Catalysts

Even though the synthetic control of small molecule synthesis has led to an
expansive library of catalysts, the vast majority of these have a metal ion in
the centre. There are good reasons for this as the many possible redox states of
the metal centre are able to accumulate the many charges that are required in
all fuel-forming reactions. There are, however, ways around this where mul-
tiple charges can be stabilised in extended conjugated systems. And there are
certain approaches that use small organic molecules for all of the most typical
fuel-forming reactions such as water oxidation [89, 90], HER [91-94], and
CO2RR [95-97]. Common for all of these catalysts is that they are highly
conjugated and nitrogen-rich systems, see Figure 1.9. The nitrogen sites func-
tion as important modulations of the electron structure due to their high elec-
tronegativity, which is important to modulate hydride strength either the HER
or CO2RR depending on the hydricity [95, 98]. The nitrogen sites can also act
as protonation sites to generate catalytic intermediates that are crucial for the
same reactions.

25



Figure 1.9. The chemical structures of some small organic catalysts with marked
N atoms (blue) and active sites (red) in the structure. 1) A benzimidazole hydride,
MeBIMH ([95, 96]) and 2) bis-imidazolium-embedded heterohelicene hydride ([94,
97]) capable of catalysing the CO,RR and the HER, 3) 2,4,6-triphenylpyridine ca-
pable of catalysing the HER [92], and pyridine-N-oxide capable of catalysing water
oxidation [90].

The field however is still in its infancy and very few parameters have been
explored in these types of systems. All of the catalysts are also severely lim-
ited by some different properties. Water oxidation in general is often limited
by high energetic barriers due to the complex kinetics of removing four elec-
trons and four protons, often leading to high energy intermediates [36, 99].
The same problem exists for the small organic versions of this type of catalyst
as well while they do not offer any significant advantage over their metal-
centered or material-based versions. However, the pyridine-N-oxyl radical
cation investigated by Li et. al. [90] shows promise as it has the ability to
oxidise water to hydrogen peroxide instead of O, through a HAT mechanism,
which could be a valuable mechanism to build on. For CO,RR there has been
a range of impressive hydrides developed in the last few years that selectively
can generate formic acid completely avoiding the typical side products of H»
and CO [96, 97]. However, these hydrides suffer from incredibly sluggish ki-
netics, especially in the regeneration of the hydride species, which has limited
their ability to generate catalytic equivalents of the product. Currently, these
results also indicate unfavourable comparisons to metal-organic complexes in
terms of overpotential. Addressing this issue will be essential in forthcoming
advancements. For hydrogen evolution the main problem seems to be stabil-
ity [92-94], the most efficient catalysts reported only have faradaic efficien-
cies in the range of 80-90% and turnover numbers below 500 and these cat-
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alysts also require a substantial overpotential to operate. One of them, 2,1,3-
benzothiadiazole-4,7-dicarbonitrile (BTDN) is later described in this thesis.

While the current catalysts in this class are still leaving much to be desired,
the landscape of these types of catalysts is still almost completely unexplored
with just a handful of catalysts of each type described in literature. Even
if none of these types of catalysts will find practical use, there is still much
to learn about catalytic processes for reactions based on organic materials or
ligand-based reactions in organo-metallic complexes. There is also an emerg-
ing field of utilising small organic molecules to modify the catalytic properties
of material catalysts [100, 101].
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2. Theory & Methodology

2.1 The Electronic Structure of Molecules

To understand what is happening in catalytic chemical reactions, it is key to
understand the chemical processes at a level of bond formation. Essentially,
all molecular bonds and chemical reactions are dictated by the energetic land-
scape and charge density distribution of the electronic orbitals. These orbitals
are best described by the wave functions in Schroédingers equation (eq 2.1)
[102], or equivalent matrix [103], or path integral formulations [104]. While
methods to calculate the chemical structures are becoming more and more
powerful, and are used to certain extents in the thesis, the only way we can
experimentally look at these structures is indirectly through the quantum tran-
sitions that the electron will perform when excited by electromagnetic radia-
tion.

ihgt‘P(r,t) = H¥(r,1) 2.1)

2.1.1 Electronic and Vibrational Spectroscopy

The quantum transitions inside molecules are studied by excitations driven by
vibrations in the electromagnetic field or more simply, light, these are the fun-
damentals of spectroscopy. The type of transition that can be probed depends
on the energy range of the light that is inducing the transition, typically re-
ferred to in terms of the frequency of the photon is directly proportional to its
energy 2.2.

E=hv 2.2)

Light can also be described by its wavelength, A, which is proportional
to the inverse of the frequency through 2.3. Even though the frequency has
the benefit of being directly proportional to the energy most spectroscopic
measurements are in the scale of wavelength.

A=c/v 2.3)

The information that can be gained from the spectroscopic measurement
depends on how the experiment is arranged, the overall alignment of the light
source or sources and the detector. The most common form of spectroscopy is
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an absorption measurement where the absorbed light can be seen as a differ-
ence in the incoming and outgoing light where the missing intensity at certain
wavelengths has been absorbed by the sample due to the light-matter interac-
tion. The energy range of the light source and the detector determines what
features will be probed by the experiment. In the UV to visible range (150-
800 nm) electronic transitions between orbitals occur which gives information
on the electronic structure of the molecule. The intensity of the transition is
determined by the Frank-Condon factor, which is related to the wave function
overlap of the vibronic wave function between both sides of the transition. In
the lower energy range of IR (2,5-25 um or 400-4000 cm™), the transitions
in the vibrations of molecular bonds can be probed, this can give in-depth in-
formation about the structure of a molecular species and how it changes in a
reaction. The intensity of the vibrational transitions measured depends on how
they are measured. In Fourier transform infrared spectroscopy (FTIR) spec-
troscopy it is dependent on a change in the dipole moment of the bond, while
Raman scattering is dependent on the polarizability of the bond. Overall, dis-
crete energy levels can be described in an energy diagram, Figure 2.1.
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Figure 2.1. A schematic of the energy levels in a molecule, with the potential curves
symbolising the electronic states Ey and E, the vibrational levels V as well as their
vibrational wavefunctions and on top of each vibrational level the rotational energy
levels J. The arrows symbolise absorption excitation (up) as well as fluorescence
emission (down).

When the energy levels go to higher energies they become closer to each
other at the so-called classical limit and where the states are separated by so
little energy they essentially form a continuum of states. A similar effect also
happens to large chemical structures such as materials or polymers but for
a different reason. The continuum arises due to the mixing of bonding or-
bitals forming non-degenerative energetic states, and the more bonds involved
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the more possible states are available. The changes lead to the sharp absorp-
tion lines of the atoms into so-called bands which are a wider continuum of
states. In semiconductors, there are energetic separations between the bands,
so-called band gaps that allow for excitation between the bands. Since the
number of possible states that can be involved in excitation becomes much
larger than in a molecule, the bands typically allow for a wide range of excita-
tion energies.

Other spectroscopic measurements such as photoluminescence spectroscopy
utilise the emissive transitions from molecules, such as fluorescence and phos-
phorescence that occur as electrons relax to lower energies. Emission spec-
troscopy is a powerful tool to study reactions from electronically excited states
as the quenching of the excited states can be used to see how other chemical
processes take place. Transient techniques in the nanosecond to femtosecond
ranges are also incredibly powerful tools to study how short-lived states de-
velop over time.

2.1.2 Spectroscopy of Catalytic Mechanisms

During the types of fuel-forming reactions described in this thesis, a cata-
lyst will undergo a range of physical and chemical transformations which will
both be dictated by and change, the electronic structure of the chemical sys-
tem. During a photo-catalytic process, the catalyst will first be excited, leading
to a shift in electron density over the catalyst. This excited state will then go
to a reduced or oxidised state as a result of electron transfer in the catalytic
system, and the shift in electronic density will once again reshape the elec-
tronic structure. This state will then start to form new chemical bonds and
take the structure of catalytic intermediates, and in the end, ideally, return to
its initial state. The same procedure can be said for electrocatalysis with the
exception that no electronic excitation takes place, instead the applied elec-
tric field will provide sufficient potential energy to start the redox event and
initiate the catalytic process. However, it is also shown that the electric field
itself can perturb the orbital structure of molecules inside, it a phenomenon
called the Stark effect [47, 105]. This effect will shift the vibrational modes
to lower energies and broaden the vibrational bands that can be seen in FTIR
or Raman measurements. The presence of a strong electric field can therefore
also change the catalytic properties of molecular species inside of it, some-
thing that has been recently shown to be an important factor in heterogeneous
electrocatalysis [47, 48].

To probe these reactions one can use either transient pump-probe experi-
ments where the reactions are triggered by a light pulse and then probed by
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a following light probe to see how the reaction takers place. An alternative
that is used in this thesis is spectro-electro chemistry (SEC) where the reac-
tions are triggered through electrochemical methods and that is then coupled
to transient spectroscopy.

2.1.3 Magnetic Resonance Spectroscopy

Not all information on the structure of a molecule is probed by looking at the
electrons, rich information on the construction of a molecule can be attained by
looking at spin resonances between the nuclei of the atoms [106, 107]. These
techniques use induced magnetic fields to look at how strong the response of
the species is. For nuclear magnetic resonance (NMR) spectroscopy the inter-
actions between the nuclei can be measured. This gives chemical shifts that
can be used to determine the molecular structure. A similar technique can also
be used for unpaired electrons, electron paramagnetic resonance (EPR), and
the coupling of unpaired electrons in paramagnetic species can be measured.
This can be used to detect radical species and see how these unpaired electrons
couple to the surroundings to determine where they are located in the structure.

In this thesis, a wide range of these spectroscopic techniques have been
adapted in order to understand and describe the intermediates that arise in the
catalytic systems that have been investigated. The species that have been iden-
tified spectroscopically have also been compared to species generated through
quantum calculations by collaborating groups.
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2.2 Chemical Environment

While the electronic structure and properties are of key importance, a catalytic
mechanism is never solely reliant on the catalyst, instead, it depends on the
properties of the overall chemical environment. I define the chemical envi-
ronment as everything in the catalytic process surroundings such as solvents,
temperature, pH, concentrations, additives, surfaces, and other boundaries. In
essence, it is everything in the system outside of the catalytic site itself and
fully determines the thermodynamics and kinetic limitations.

A well-functioning catalytic system needs to be well-aligned thermody-
namically so that the charges will move in the correct direction with as little
extra energy required as possible, in electrocatalysis, this extra energy is re-
ferred to as the overpotential. It is also important to have no significant side
reactions take place. It also needs to have sufficient access to the reactants so
that the system will not be limited by mass transport to the active sites.

The chemical environment can also change what type of reaction the cata-
lyst promotes. Many catalysts can perform different reactions depending on
the parameters of the chemical environment are. A basic pH would for exam-
ple need the HER mechanism to swap from using free protons from H3;O™ to
a water dissociation mechanism, not something all HER catalysts can do. In
this condition, the catalyst can then be used for other reduction reactions such
as, for example, the CO,RR shown later in this thesis.

2.3 Electrochemical Analysis

Since the key to all of the fuel-forming reactions is the movement of electrons,
it is essential to understand the redox behaviour of both the catalyst on its own
and the overall catalytic system. Perhaps the most powerful way of probing
these behaviours is by using analytical electrochemistry, with the most widely
used variation and often most information-rich being cyclic voltammetry. The
general setup for an analytic electrochemical experiment is to use a three-
electrode setup (Figure 2.2), including a working electrode (WE) where the
reaction of interest will take place, secondly, a counter electrode (CE) where
the charge neutralising opposite redox reaction will take place. And finally,
a reference electrode (RE) against which the potential will apply, at this elec-
trode a know redox reaction takes place to keep the reference potential steady
during the full experiment. Connected to these electrodes is typically a po-
tentiostat which allows for control of both the current and the potential that is
running in the system, depending on what type of experiment is set up.

In the solution, there needs to be a significant amount of supporting elec-
trolyte to make sure resistances a low enough to generate current and to stop
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the migration of charged species. The choice of electrolyte is typically some-
thing that is very chemically stable and that will not interfere with the reaction.
However, in water buffers can be used as the electrolyte that will also fill the
purpose of regulating the pH of the solution. The presence of ions will lead to
the formation of an electrical double layer that will both impact the surface of
the electrode and lead to a capacitive background current of the electrochemi-
cal measurement. For homogeneous samples, the electron transfer will almost
exclusively be outer sphere so the double layer will not impact the chemistry
of the chemical reactions studied.

Potentiostat

Working Electrode
Reference Electrode
Counter Electrode

Figure 2.2. Cartoon displaying the typical setup used for analytical electrochemistry.

2.3.1 Cyclic Voltammetry

One of the most utilised and powerful techniques based on this concept is
cyclic voltammetry (CV), a non-destructive measurement, where a potential is
scanned back and forth in a potential range while the current is measured at
the WE as a function of the potential. This means that when the potential is
reached for a specific redox reaction a current will be measured at the electrode
and when the potential scan reverses the opposite redox reaction can be probed
[108]. In essence, this follows the simple expression of the equation 2.4, in a
time frame where both species A and B are electrochemically stable.

Ate = (2.4)

The majority of CV experiments are performed without any applied convec-
tion so that diffusion is the only source of mass transport in the system, this
leads to more involved data experimental analysis but also leads to incredibly
information-rich data sets. The fact that mass transport is controlled by such a
slow process and that the current measured is proportional to how many redox
events are available leads to a peak-shaped behaviour to the current response
as the diffusion layer of the redox active species is depleted [108, 109], Figure
2.3. The current response is also dependent on the scan rate v, measured in
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Figure 2.3. Scheme of the diffusion behaviour of the simple redox reaction A +e~ =
(right) as well as a simulation of a CV for the same reaction displaying the peak shaped
behaviour arising from the diffusion control (left).

Vs~!, which will determine the width of the diffusion layer and in turn the
current response as a faster scan rate means a stronger polarization at the elec-
trode surface. Since the mass transport of the species is completely controlled
by diffusion the expression for the movement is Fick’s second law [110], eq
2.5, where D is the diffusion coefficient for species A and x is the distance of
movement in absolute movement travelled in the time frame.

8C 52
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The current measured in the experiment is in turn described by Faraday’s

law of electrolysis that can be expressed as [111, 112], eq 2.6, where S is the
surface area if the cathodic current is defined as negative.

2.5)

oC,
i=FS—2| =-rFs—2%
ot lx=0 ot
When inserting the law of the mass transport behaviour in the expression
for the current we get the overall description for the current measured in the
CV experiment, eq 2.7.

(2.6)

x=0

, 0Cy 6Cp
i=—FSDy 5t Lo = FSDp 5t
From this equation it is made clear that the current is mainly dependent on
the concentration gradient close to the electrode surface, this gradient, seen in
Figure ??, also determines the diffusion layer in the system. This means that
the peak current coincides with the steepest point in the concentration gradient
and then starts to decrease as the species starts to deplete. At what potential
the current will start depends on the thermodynamic reduction potential, E°,
for the redox couple in question and is then described by Nernst’s equation, eq
2.8, where n is the number of electrons transferred in the redox reaction.

Q2.7)

x=0
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When a flat electrode is used, the motion of the diffusion can be simplified

down to a single dimension along an x-axis where x = 0 at the electrode surface

as notated in eq 2.6-2.8, the boundary conditions for the concentration gradient

can then be set up with a semi-infinite approximation of the bulk solution

which is fine in most cases due to the narrow range of the diffusion layer [108,
113]. This boundary then takes the form of:

(2.8)

1 =0, Yx, Cs(x,0) =Y
CB()C, 0) =0
t>0, lim, Ca(x,r) = o)

Vx, Vi, Ca(x,1) +Cp(x,1) = CY
2.9)

The dependable behaviour of diffusion and the concentration gradients it
sets up allows for simple mathematical descriptions for a reversible redox sys-
tem where both peak current, i), eq 2.10, and peak positions, E), eq 2.11 are
predictable quantities [108].

. nFv
i, = 0.446FSC\/Dy T (2.10)
RT
E,=E’—1.11— 2.11
P nkF ( )

These parameters can also be utilized to check the ideality of the system, in
the ideal case a peak split, §E,, will be the 2.22nF /RT which comes out as
59/n mV (at 25°C) and the current will be i o< /v if it follows Fickian diffu-
sion.

2.3.2 Coupled and Catalytic Reactions

However, for catalytic reactions, the real power of voltammetry reveals itself
in the move from simple redox reactions to coupled reactions where the elec-
tron transfer is coupled to chemical transformations. The reaction mechanisms
can be separated into two types of steps electrochemical steps (E in reaction
mechanisms) where a redox reaction with the electrode takes place and chem-
ical steps (C in reaction mechanisms) where chemical steps take place unre-
lated to the electrode [109]. The most simple coupled reactions are either the
CE reaction where a reaction first occurs in solution which makes a new redox
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Figure 2.4. Scheme of the diffusion behaviour and concentration gradients in an
electro-catalytic system following the reaction schemes P+e~ = Q, andQ +A =
P + B (left) and the simulation of the full catalytic CV as well as the corresponding
CV without a catalytic substrate (right).

transfer possible, or the, in this context, more interesting EC reaction where a
redox reaction triggers a chemical with the newly formed species. An example
of how an EC mechanism can be described follows in 2.12.

A+e =
B=C
(2.12)

The EC reaction also has a characteristic behaviour in the CV where the
current wave will change due to the depletion of species B. This will both
lower the reversibility of the reaction depending on the equilibrium between
B and C, the wave will also move to lower potentials due to the shift in the

(Ca)

In ﬁ ratio in 2.8. Due to the depletion of certain species in the coupled re-

x=

actions the concentration gradients of the species follow different behaviours
dependent on the reversibility of the chemical steps [114].

When it comes to introducing an electro-catalyst into the system an addi-
tional species, P, that will work as a redox mediator while reacting with the
catalytic substrates to then turn over and return to the initial state, the sim-
plest variation of this reaction is written as 2.13 [115, 116]. The concentration
graph shown in Figure 2.4 is now replaced with the catalytic equivalent [117].

P+e =0
O0+A=P+B
(2.13)

In the ideal case, this means that the current no longer takes a peak shape
but is instead sigmoidal shaped and limited by the diffusion of A, the catalytic
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substrate, and will reach a current plateau with the expressions eq 2.14 and
2.15[116].

nFSCO\/Dp/kCY

i— (2.14)
1+exp[ 2 (E - EIQQ]
ip1 = nFSCH/Dpy/kCY (2.15)

This ideal case is, however, rare and will be distorted by slow catalyst kinet-
ics, substrate limitation or too fast scan rates. There are multiple forms that the
wave in the CV can take depending on the limiting factors in the system, this
can be used to divide the behaviour into a so-called kinetic zone diagram[118—
120], as seen in Figure 2.5. For catalysts with slower kinetics, the wave will
most often look something like the K zone in pure kinetic conditions where
there is still a peak shape to the wave due to the consumption of the catalytic
substrate. Usually, these parameters can be experimentally varied to gain more
information about the system.

Figure 2.5. The kinetic zone diagram for an electrocatalytic system shows how the
concentration ratio, the catalytic kinetics, and the scan rate controls how the current
wave in a CV will look. Recreated from [120] with permissions from ACS.

For most catalysts the mechanism is not so simplistic that it can be re-
duced to this ideal model especially because these fuel-forming reactions re-
quire multiple charge transfers and bond formations [121]. Often all of the
catalytic steps do not occur at a single potential but there can be several pre-
catalytic transformations that form the real catalyst [122]. These irreversible
steps that will be part of the catalytic mechanism can also be probed by vary-
ing certain parameters and see how the potential peaks react with this variation
[109, 123]. A great example of this is to de-convolute what happens when the
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Table 2.1. A table showing the characteristic descriptions of different coupled EC
mechanisms and the behaviour on their peak potentials when varying scan rate and
concentration, including radical-radical dimerization (RRD) and radical-substrate
dimerization (RSD) mechanisms.

Mechanism aaiv"a %a E,—E°

EC 296 0.0  —0.7808T 4 KT |n(RT kv
ECE 29.6 0.0  —0.780%T 4 RT T In(5T5)
DISP 29.6 0.0  —0.7808T 1 RT LIn(5L )
RRD 197 197 —0.903%T RT T |n(4RT de°)
RSD-ECE  -29.6 29.6 —1. 15RT + &L RT ln(¥TCO)
RSD-DISPI  -29.6 29.6 —I1. 15RT + &L RT 1n(%TC
RSD-DISP2 -19.7 394 4.14% % In(4£T degc%)

current of a current peak increases without reaching catalytic currents, often
a doubling of current. This mechanism can be a dimerization a non-catalytic
ECE reaction or a disproportionation mechanism where electrons are trans-
ferred between species in the solution, refered to as a DISP mechanism [109,
124].

Some of these mechanisms are difficult to separate experimentally even
with the linear fits and approximations, so more tools are needed to sepa-
rate them. Due to the straightforward mathematical treatments of every single
mechanistic step, simulations of CVs can be an incredibly powerful tool for
mechanistic analysis. In a comparison between the ECE and the DISP mech-
anism, the mechanistic descriptions follows:

A+e =
k
B—C
ECE DISP
Cte = B+C*™a4D

(2.16)

where the final steps can be mathematically distinguished by a simulated fit
to the data.

Electrochemical methods are excellent tools to understand the thermody-
namics, kinetics and mechanisms in redox reactions. They do, however, not
give any information on the structure of the species that form in the reactions.
So to gain a more complete understanding of what is happening, the electro-
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chemistry has to be coupled to spectroscopic methods leading to the methods
that are aptly called, spectro-electro chemistry.

2.4 Spectro-Electro Chemistry

SEC encompasses a wide arrangement of different techniques, essentially any
combination of electrochemistry and spectroscopy can be classified as SEC.
The ability to probe how the structure of a catalyst changes is of key impor-
tance to any catalytic system as a full understanding of the system is key to
being able to make it better or to learn principles that can be adapted to other
systems. Since many of these species are short-lived intermediates they can
not be generated in bulk and must be measured at the electrode surface where
the reaction takes place. Most species will have significantly changed elec-
tronic spectra when in a different redox state, both due to the difference in
available electronic states and due to the perturbation of the orbitals when the
electron density changes in the species. Vibrational energies will also change
due to the difference in electron density, this means that the formation of new
bonds can be measured and in some cases be identified.

The most powerful variations of this combination of SEC are so-called
operando measurements where the reaction at the electrode can be directly
probed spectroscopically as the reaction takes place. This means that some
sort of time-resolved spectroscopy needs to be utilised so that the change can
be monitored directly. For many processes, this can be in the time frame of
seconds, but studying faster reactions might require resolutions down to the
femtosecond time scale. Typically the experiment is either performed at a set
potential where a single reaction can be studied or in a scanning potential ex-
periment where the reactions during the scan can be followed.

While SEC experiments provide a lot of information on the reaction every
single experiment will have different requirements, which puts high demands
on the experimental setup. It requires that the light can reach the electrode
surface as the new species are formed. This also means that the electrode still
allows the light to be measured after it interacts with the species at the surface,
so the electrode needs to be either transparent or reflective. The electrode of
choice also needs to be of a material that does not interact with the reaction
that is studied, this is extra important for catalytic reactions. An example of
this is a Pt-based electrode, it is a malleable material that can be formed into
a transparent net that is great for transmission measurements. However, Pt is
perhaps the best possible catalyst for the HER which interferes both with the
reaction of other HER catalysts and with the protons that are required for most
variations of CO;RR. To avoid the reactivity the choice of the electrode is
often carbon-based but good carbon-based electrodes like glassy carbon (GC)
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Figure 2.6. Cartoon of two SEC setups utilised in this thesis for transmission UV-Vis
(left) and reflection FTIR (right).

are incredibly fragile if made to a transparent form like GC foam. While
transmission measurements require specialized cuvettes, the electrodes are of-
ten easy to connect to the setup in the spectrometer. The alternative is to do
reflective measurements where a normal disc electrode in theory can be used
due to the reflective surface, the difficulties instead come from the fact that
usually a special setup is required to couple it to most spectroscopic setups.
Some examples of how the experimental setups that were utilised in this thesis
can be seen in figure 2.6.

SEC is applied in most of the content of this thesis. Its usefulness in the

application to understand the progression of redox chemistry, especially in
combination with electrochemical analysis is difficult to match.
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3. Proton Reduction and Hydrogen Evolution

Centred on Benzothiadiazole (Papers I and
IT)

The emergence of conjugated D-A type polymers as photocatalysts led to
questions rising about what the active site for catalysis is and how the catalytic
mechanism works [59, 60]. Initial studies of varying the building blocks in the
polymer with three components 9,9-dioctylfluorene as a donor unit and, thio-
phene, 2,1,3-benzothiadiazole, or a combination of the two as acceptor units
[78]. In this study, it became clear that the BT unit was of key importance
for the catalytic mechanism. The similar polymers F8T2, with two thiophene
units as the electron acceptor, and PFBT, with BT as the acceptor, showed or-
ders of magnitudes difference in HER activity even though their bandgaps are
very similar and the energy is enough to drive the reaction. Moreover, the Pd
content was similar in both polymers with F8T2 having slightly more, even so,
the F8T2 systems barely showed any hydrogen evolution. Initial DFT calcula-
tions of the polymer structure also showed that the electron density was almost
entirely focused on the acceptor units when the polymer was either excited or
reduced. So it was clear that further investigation into BT as the active site for
the HER mechanism was required.

The initial studies were focused on the polymer PFBT, however, after un-
derstanding the complexity of characterizing intermediates in the polymer the
project was moved towards a different approach. No organic based HER
mechanism had previously been described in these types of polymers at all
and no reductive chemistry had been explored with BT as the active center. So
to understand if there is a possible mechanism for catalytic hydrogen centred
on BT, BTDN was chosen as the molecule of interest, a small molecule centred
around the BT unit with two attached nitrile groups that would fulfil the role
of blocking radical polymerization as well as be used as spectroscopic probes
due to the characteristic energy of the nitrile stretching mode. In this chap-
ter, I walk through the analysis of the catalytic pathway of proton reduction
in BTDN and how these ideas can be applied in the analysis of the polymer
counterparts.
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3.1 The Electrochemical Behaviour of BTDN (Paper I)

The selection of BTDN as an interesting molecule to study was that the ini-
tial reduced step of a radical anion species was well studied in the literature,
where the stable radical had been generated inside of micelles by photochem-
ical methods [125-128]. This would be important since a reduction was ex-
pected to be the first intermediate in the catalytic mechanism. After a replica-
tion of this behaviour, the project was moved to focus on the electrochemical
behaviour of the molecule, where the analytical depth of voltammetry could be
applied. In a CV of BTDN in non-protic solvents it shows two very reversible
reduction waves one at -1.06 V vs Fc”* and a second at -1.88 V vs Fc%/*,

When protons are introduced into the solution the response in the CV changes
immediately with both reductions becoming irreversible and when the acid
was strong enough a catalytic wave formed at the second reduction, Figure 3.1.
Three acids were used in acetonitrile (AcN) acetic acid (AcA) pK, = 23.51,
salicylic acid (SAL) pK, = 16.7, and trifluoro acetic acid (TFA) pK, = 12.7
[129, 130]. Of these SAL was chosen for the rest of the studies as AcA was
a too weak acid so the catalytic wave was very small while TFA was a bit too
strong so the catalytic wave was difficult to distinguish from the background
on a pure GC electrode. The first reduction showed a doubling of current with
a slight positive shift in the potential of the wave, the slope of the potential
peak change based on the log[BTDN] and log v showed that it was a ECE or
DISP mechanism. The conclusive data was a mechanistic shift at lower con-
centrations around 50 uM where no current increase was observed so it fits
with a EC reaction. Since an ECE reaction would not be expected to be de-
pendent on the concentration of BTDN the mechanism was determined to be
of an EC-DISP type.

The mechanism at the second reduction can be seen as a pre-catalytic for-
mation of the catalytic species for the catalysis that happens at the second
reduction. This catalytic wave was shown to be due to hydrogen evolution by
measuring the H, content in the headspace after an electrolysis experiment.
The Faradic efficiency was calculated to be 82% for two different periods of
electrolysis with a TON of at least 13, with sufficiently more than that of the
background with only SAL that had a fraction of the current and with only
25% Faradaic efficiency. While these are not high numbers for a HER catalyst
it shows that BTDN is clearly a catalyst in these conditions and that there is a
mechanism for HER centred on the BT unit.
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Figure 3.1. Cyclic voltammetry data of BTDN with the titration of SAL into the
solution and the current from the electrolysis experiment. a) Showing how the two
reversible reductions turn irreversible as more protons were added, and the doubling
of current at the first reduction as well as the appearance of a catalytic wave at the
second reduction. b) The currents from the bulk electrolysis experiments in AcN and
10 mM SAL, with and without 2 mM BTDN, showing how much extra current was
generated with the addition of the catalyst.

3.2 Spectroscopic Insight Into the HER Mechanism
(Paper I)

While the electrochemistry showed both the existence of a HER mechanism
as well as some of the types of steps it goes through, it does not explain what
the reaction looks like or the structure of the intermediates involved in the
reaction. To understand the mechanism the intermediates were isolated and
studied using an array of SEC techniques.

3.2.1 The BTDN ~— Radical Anion

Since the first step in the mechanism was an EC step it was understood that
the first step of the reaction must be a reduction. This also correlates well with
the fact that PFBT Pdots need an electron donor to do anything, just low pH
is not enough to change anything in the system [60]. The first reduction is
indeed the same radical anion species previously described from the micelle
studies [126], BTDN ™ confirmed by both UV-Vis spectroscopy as well as
EPR 3.2a. The EPR experiment shows a pattern of a single peak with 27
waves on it meaning it has hyperfine coupling to two chemically different
nitrogen atoms which both give rise to triplets (and since 33 = 27 it gives 27
peaks) which means that it is indeed a radical species and that the electron
is delocalized over the entire molecule. UV-Vis spectra go from a single UV
absorption at 323 nm for BTDN to at least four weaker transitions covering the
majority of the visible spectra, which gives the radical solution a dark brown
colour. This also makes the radical easy to identify in SEC experiments. FTIR
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Figure 3.2. SEC of BTDN with and without an acid present. a) The UV-Vis SEC data
showing the rise of the BTDN ™ radical after the first reduction and new bands corre-
sponding to the BTDN?~ species at the second reduction, as well as the appearance of
a new band when SAL is added while all of the BTDN' ™ features disappear. b) The
FTIR spectra of BTDN' ™ as SAL is added to the solution, following the disappearance
of the 2184 cm™! peak as the two new 2217 cm~! and 2235 cm™! peaks appear.

spectroscopy shows that the nitrile stretching mode shifts from 2235 cm™! to
lower wavenumbers at 2184 cm™! for the radical species with a much higher
absorption coefficient, Figure 3.2b. Both of these behaviours are as would be
expected with a higher electron density on the BT centre. This radical anion
species has also proven to be incredibly stable in inert conditions, months in
an Ar glovebox, which makes it comparatively easy to study.

3.2.2 The Protonation Reaction and the Catalytic Step

The following steps after the reduction is the reaction with the acid. This
reaction was probed both by mixing the radical generated through bulk elec-
trolysis with the acid and by running SEC operando studies. In the UV-Vis
operando SEC (Figure 3.2a), there is a huge difference with and without the
SAL present. Without any acid the characteristic signal of the BTDN'™ rises
at the first reduction and at the second reduction new spectral features can be
seen, assigned to the BTDN?~ anion that is further characterized in Paper III.
When the acid is added these features disappear in favour of a shoulder fea-
ture in the first reduction that then disappears in the catalytic conditions. The
disappearance of the feature is assigned to the fact that a lot of the species
would turn over and BTDN would be recreated. However, it could also be
that the species generated here just absorb further into the UV where both
SAL and BTDN absorb and their bleach covers the spectra. According to the
mechanism proposed in the next section, it seems likely that not only BTDN
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is present in this condition.

In the FTIR 5 mM of the BTDN ™ radical was mixed with SAL in a 1:1
ratio, this turns out to be a pretty slow reaction so it could be studied over time
in the spectrometer, Figure 3.2b. In the spectra the 2184 cm™! peak can be
followed as it disappears as two new features appear one at nitrile the stretch-
ing mode of BTDN at 2235 cm™! and one new peak at 2217 cm ™! with a peak
amplitude ratio of about 1:1. This could be interpreted in two ways, either that
an asymmetric species is formed where the stretching modes are separated or
that two new species are forming were one is the BTDN ground state species.
To deconvolute these two possibilities an operando experiment was run at the
conditions of the first reduction, in this experiment only the 2217 cm~! peak
was formed while the 2184 cm~! BTDN'~ peak was still present. This con-
cluded that the 2217 cm~! peak belonged to a new symmetrical species. It
was this experiment in conjunction with some good reviewer comments that
led us back to investigate the mechanism of protonation to determine that it in
fact was a disproportionation mechanism that occurred in the step. In fact, the
BTDNH; species that is formed had previously been suggested in literature
[131] and the band fits well with the value that DFT predicts.

3.2.3 The Proposed HER Mechanism of BTDN (Paper I)

From the mechanistic insights from both the CVs and the SEC, the first reac-
tion could be determined to be the formation of the BTDNH, species from a
disproportionation reaction. From the CV it was also known that this species
needs to be reduced once more to lead into the catalytic step where the Hj is
released. To try and understand this step DFT calculations were applied. From
these calculations, it was determined that it was unlikely that the H, could be
released from a single BTDNH, ™~ species, however, for a hydride transfer to a
proton in the solution or seemed energetically feasible. If this proton is from
another of the protonated catalytic intermediates or directly from SAL was
undetermined in this study but both seem possible. This mechanism leads to
the end product of H, as well as a BTDNH' species that would then react
with another BTDNH' in the disproportionation reaction yet again, so the full
mechanism can be seen in Figure 3.3. This means that the reaction can never
give a 100% Faradic efficiency, since some of the electrons will always stay in
this intermediate, and the buildup of this reactive intermediate explains why
the reaction can not be fully sustained. This was one of the first cases in which
a HER mechanism was discovered and explained on a small organic catalyst
of this kind.
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Figure 3.3. The suggested catalytic mechanism of HER from BTDN, with the genera-
tion of BTDNH), in the first reduction through the DISP mechanism and then followed
by the hydrogen release after the second reduction.

3.3 The Electrochemical Behaviour of PFBT and the
Molecular Analogue BTDF (Paper 11)

After demonstrating that there is a possible mechanism for HER on the BT
site we moved back to the PFBT polymer and photocatalytic Pdots where the
project started. The goal was to identify how the BT site in PFBT reacts with
protons and try and illuminate the role of benzothiadiazole in the catalytic pro-
cess of PFBT Pdots. To understand this process electrochemistry was again
utilised even though it is a photocatalytic process, this was the choice because
is difficult to follow exact processes occurring spectroscopically, in such a
complex system.

Qo apbar

CyHyy CyHyr
CyHyy CiHyz CyHys CiHyr
PFBT BTDF
Figure 3.4. The chemical structures of PFBT and the molecular analogue BTDF.

The redox behaviour of a D-A polymer is, however, also quite complex.
The electron density changes as some sites become reduced or oxidised which
makes, previously identical sites now able to be reduced or oxidised at other
potentials since the local environment has changed. This is clear from the CV
of PFBT dissolved in THF Figure 3.5, on the scan back there are now new ox-
idations not directly corresponding to any previous reductions. On following
scans new reductions can also be seen in the CV with varying correspondence
to the new oxidative peaks. The diffusion of a polymer is also more complex
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Figure 3.5. CVs of a) PFBT in the first and second scan as well as when 10 mM SAL
is added and b) of BTDF at different scan rates both in THF solution

than that of a small molecule, to follow Ficks’s law of diffusion a particle
must follow Brownian motion and therefore be approximated as a dot or hard
sphere. This is a poor approximation for a long polymer as it is better de-
scribed as a string where different parts of the polymer can move in different
directions at the same time. Considering this, adding acids to the CV exper-
iment still illuminated something about the reaction. Both the visible current
waves in the CV move to lower potentials as would be expected for an EC
reaction and there is a large current increase in the previously very weak -1,38
vs Fc”/* reduction. This reaction shows that there is a reaction between the
reduced PFBT and protons, but to be able to study the reaction in depth a more
electrochemically well-behaved system was needed.

To emulate the BT site in the PFBT polymer the molecule 1,2,3- benzoth-
iadiazole di-9,9-dioctylfluorene (BTDF) was synthesized. The molecule only
has one BT site but is surrounded by two dioctylfluorene like it is in the poly-
mer, however, the UV-Vis showed a similar D-A type band in the visible region
although a bit blue-shifted so from the electronic structure it appears to be a
good model. In the CV BTDF is, like BTDN, very well-behaved with two
reversible reductions at -1.89 and -2.49 V vs Fc®/* and the current is propor-
tional to the square root of the scan rate like a free diffusing molecule should
be. The shift of the reductions to more reductive potentials compared to the
BTDN reductions is expected since the fluorene groups are electron donating
instead of electron-withdrawing like the nitrile groups are. This means that the
BT centre will have a higher electron density in its ground state and therefore
be more energy-demanding to put another electron there, leading to a more
reductive potential. Salicylic acid was again chosen as the proton source since
it had worked well for the previous study. When added to the CV experiment
with BTDF clear signs of an EC reaction could be detected in the first reduc-
tion, however, since the reduction potentials required are so large no catalytic
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Figure 3.6. CVs and simulations (dotted lines) of BTDF in a) a titration experiment
with different amounts of acid added and b) at different scan rates with a set acid
concentration of 0.4mM for a 1:1 ratio.

wave could be distinguished from the background reduction of SAL on the GC
electrode. The lack of a clear electrocatalytic reaction was not unexpected. It
did not affect the study too much since the main goal was to understand the
proton interaction at the first reduction.

To understand the proton interaction with the first reduction an acid titration
experiment and a scan rate dependence experiment were run similar to the
BTDN reaction in Paper I. Multiple simulations were run to understand the
electrochemical reaction with different sorts of ECE and DISP combinations
since the clear current doubling could be seen when at least two equivalents of
acid were present. Unlike in the case of BTDN, no concentration dependence
could be seen for BTDF and the fit over all the data was by far the best for
an ECEC mechanism. The peak splitting behaviour is unique to the ECEC
mechanism, at lower concentrations of acid only some of the BTDF will react
in the ECEC way while the rest of the molecules will proceed unperturbed by
the acid. So overall the same reaction takes place as for BTDN that the species
would take up two electrons and two protons. However, unlike the reaction for
BTDN the intermediate species was so easy to reduce (only requiring -0,5 V
in the simulation) so the second reduction occurs directly at the electrode. The
simulations also showed that the initial reaction between the reduced BTDF
and the SAL is very fast, at least diffusion-controlled k, > 5% 10° s~! M~!
which is important from the standpoint of electron movement in the Pdot.

3.4 Summary and Conclusions

A proton reduction mechanism centred on BT was demonstrated in all cases it
was explored with a catalytic mechanism for HER found and described on the
molecule BTDN, one of the first of its kind. This was also the first case where
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a catalytic fuel-forming reaction has been proved on a moiety that is also a
building block in D-A type polymers. In the cases where the mechanism was
explored in depth, the BT seems to go to a symmetrical doubly protonated
species. The electrochemical mechanism takes either the part through dispro-
portionation or through a double reduction, photochemically the path may be
different but the formation of the symmetrical species seems likely, even in
this case, from an energetic point of view. The polymer PFBT will react with
protons when reduced and by comparing with the model compound BTDF it
seems like this is a fast process. While the catalysis from BTDN is not so
impressive as an HER catalyst it shows that there is a possible mechanism
centred on the BT unit.
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4. Tuning Photocatalytic Reduction Processes
in PFBT Pdots (Papers II and III)

In the field of polymer photocatalysts, the consensus picture has been that the
residual Pd in D-A polymers is the active site for HER [54, 76, 77]. In Paper
I we showed that there is a possibility for a BT-centered reaction which led
us down the path to investigate what properties that control the reaction. A
big difference between the studies where the Pd influence had been demon-
strated and the way that our group had measured before is the conditions that
the photocatalytic experiments were performed. The mechanistic studies had
been performed with a 30% volume of diethyl amine (DEA) (about 0.6 M) as
an electron donor while the condition that had been used in our group and by
others was with 0.2 M ascorbic acid (AscA) at pH 4. Since DEA is a base with
a pK, = 10.7 an unbuffered solution of 30% DEA is very basic, above pH 13
[132]. So for this study, we wanted to identify how the conditions affect the
catalytic activity of PFBT Pdots, including the amount of Pd in the sample and
pH and look for a protonation reaction on the polymer itself as previously de-
scribed in Chapter 3. In this chapter, I go through the photocatalytic reactions
of PFBT Pdots and how altering the catalytic conditions alter and define the
catalytic activity and what reaction takes place.

4.1 PFBT Pdots

PFBT Pdots (Figure 4.1) were prepared by nano-precipitation where a solu-
tion of the active PFBT polymer and the PS-PEG-COOH polymeric surfactant
in THE, is mixed into the water which acts as an anti-solvent for the poly-
mers. The polymers then nucleate into nano-particles as the THF evaporates
from the solution to particles of around 30-100 nm depending on the poly-
mer concentration in the THF phase. The structure of the particles is not fully
understood, from microscopy it is clear that they are not crystalline as no re-
fractive fringes can be seen but how densely packed the polymers are is still
not clear. There are reports of Pdots with different morphologies seemingly
dependent on the polymer and surfactant combination [133, 134]. So it is not
clear what the surface area for these particles is, it seems likely that there is
significant surface area inside of the particles as well as on the surface. The
nature of the residual Pd is not fully clear either, according to Kosco et al. it is
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in the form of tiny nanoparticles on the Pdot surface, but in other microscopy
data, these dots are not visible. Overall the nature of Pdots being the soft mat-
ter with some micelle characteristics makes them unusually difficult to study.
This is because it can not be trusted that they will keep the same morphology
when dried, which is usually used to study the structure of nanoparticles.
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Figure 4.1. The chemical structures of PFBT and PS-PEG-COOH that construct the
PFBT Pdots as well as a cartoon of the Pdots structure as stabilized by the polymer
surfactant and performing the catalytic reduction reactions.

4.2 The Catalytic Activity of PFBT Pdots and the
Influence of Pd and pH (Paper II)

The Pdots were prepared from two different sets of the PFBT polymer, one
that was directly commercially available, and one that we had all the Pd re-
moved from with the help of another company. The final concentrations of
Pd were 1000 ppm for the commercially available one and <10 ppm for the
washed one. The Pdots were made to be as similar as possible although this is
not as simple as it sounds as a high variance in size, absorption, and catalytic
activity can be seen even in standardized preparation conditions. However,
the Pdot solutions were controlled with UV-Vis and dynamic light scattering
(DLS) and kept within a few percentage variations to make sure the systems
were as similar as possible. The systems were then tested in two photocat-
alytic conditions with 0.2 M AscA at pH 4 and with 0.2 M DEA which gives
a pH of 13.5. The experiments, as seen in Figure 4.2a, showed that the pH 4
condition was by far the more efficient one while the Pd had a comparatively
small positive effect on the HER. What differentiates the two conditions could
be as simple as the large difference in driving force when comparing the two
pH conditions, Figure 4.2b. However, it is difficult to say since the driving
force for electron transfer is intrinsically tied to the SD in this type of experi-
ment. The SDs are typically most efficient as electron donors at their pK, so
it is difficult to disentangle the effect of pH from the electron transfer charac-
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Figure 4.2. a) Showing photocatalytic HER experiments from PFBT Pdots in the
different pH conditions and different Pd content. b) The driving force for the HER
with PFBT Pdots at the two different pH conditions.

teristics of the SD.

To decouple the driving force for electron transfer from the pH of the so-
lutions electrocatalytic experiments were run, something that PFBT Pdots had
been shown to be capable of previously [60]. Electrocatalysis and photocataly-
sis are, however, not a one-to-one comparison because they differ significantly
in the availability of electrons for the catalytic reaction. In a photocatalytic re-
action, the initial charge separation step is the most important part of the reac-
tion since recombination is most often the energetically most favoured path for
the electron. In electrocatalysis, this is not really a problem since the electron
energy is set by the applied potential so recombination becomes much less of
an issue. With this said electrochemical measurements can provide a clearer
picture of what does happen when the polymer is in its reduced state.

The electrochemical setup allows complete separation of the electron trans-
fer driving force and the pH, which was required for the experiment. The pH
was altered within the range of pH 4-11 by different K,H,PO4 buffer ratios,
Figure 4.3. The overall electrolyte concentration was kept to a low 0.1 M since
Pdot suspensions can be destabilized by ionic strength. The CVs show a strong
catalytic peak at acidic conditions, being the most active at pH 4 and then grad-
ually dropping off to pH 7 after which the catalytic current completely drops
off. The reaction was confirmed to be the HER by bubble formation at slower
scan rates. The explanation for the quick drop-off in current between pH 7 and
8 is explained by the pK, of KH,POy, at 7.2. This is assigned to the possibility
that when species is depleted there is no longer a strong enough acid in the
solution to react with the reduced PFBT in the Pdot. This would mean that
PFBT can not catalyse HER by water dissociation which explains the poor
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Figure 4.3. The CVs of PFBT Pdots at different pH values, display their catalytic
dependence, with the catalytic wave gradually getting lower from pH 4 to pH 7 and
then completely disappearing at pH 8 and higher.

photocatalytic HER from the basic solutions.

4.3 Tracking the Photocatalytic Electron Pathway
(Paper II)

For the electrocatalytic experiments to make sense, an assumption is made
that excited PFBT undergoes reductive quenching with the SD after excita-
tion. There is evidence from Sachs ef al. that the major quenching pathway
in the DEA conditions is oxidative quenching by the Pd followed by electron
transfer from the SD [77]. Reductive quenching with the DEA was also seen
in this study, although weaker than oxidative quenching. Reductive quench-
ing of the PFBT with AscA has also been seen both in water solutions and,
in this project, in a THF solution. So it might be the case that both reductive
pathways take place but it seems that the reductive pathway should be domi-
nant when the Pd concentration is as low as <10 ppm, since the likelihood of
a nearby Pd centre is very low.

In their study, Wang et al. noticed that adding the fullerene electron accep-
tor, phenyl-C61-butyric acid methyl ester (PCBM), to the Pdots completely
stopped the HER from the Pdots in a pH range from 0-14 [135]. Interest-
ingly, when reduced the energy of this compound should still be enough to
perform the HER especially if the electron first reduced Pd. Still, no catalytic
performance was seen even at pH 0. However, these experiments were per-
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Figure 4.4. The photocatalytic experiment of PFBT Pdots with and without the addi-
tion of the PCBM acceptor, also shows that even with a significant addition of 5 w%
Pd the catalytic activity is barely recovered.

formed with methanol as the electron donor so we performed the experiments
again with AscA as the SD. In these new experiments (Figure 4.4), we saw the
same result, the HER was almost completely quenched compared to the Pdots
without the PCBM and substantial amounts of Pd or Pt needed to be added as
co-catalysts to the Pdots to regain the catalytic activity.

In the same study, they showed that the electron transfer between PFBT and
PCBM was very fast around 400 ps so in this case oxidative quenching would
be the kinetically dominant electron pathway. This also means that no signif-
icant amount of reduced PFBT would have the chance to form. A reduction
in the driving force by electron transfer to PCBM would only be expected to
lower the catalytic efficiency, not quench it completely, one might even expect
an increase in catalytic efficiency due to the improved charge separation. The
complete lack of any catalysis when the PFBT is not reduced makes it seem
likely that this is an important catalytic intermediate. Bringing this together
with the fact that reduced PFBT will react with acidic protons in the solution
at a seemingly high rate, as shown in the electrochemical data with PFBT and
BTDF in Chapter 3, it seems that the protonated PFBT species would also be
a catalytic intermediate. The nature of the catalytic site is, however, still not
fully determined. It is difficult to fully rule out Pd as a catalytic centre, and it
more than likely contributes to the catalytic activity even if the majority of the
activity would occur on the polymer backbone. If the Pd is the only catalytic
site it is very efficient since it is highly catalytically active even at a concentra-
tion of <10 ppm. In this case, it also seems likely that the polymer is very good
at moving both electrons and protons to the active site since the protonated BT
site seems important to the catalytic activity.
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Figure 4.5. The photocatalytic activity for CO evolution, a) by PFBT in three forms
of suspensions with 0.2 M TEOA and b) Pdots where CO; is readded into the system
every 5 hours.

4.4 Switching the Reaction to CO; Reduction (Paper
I1I)

The insight that the HER process in PFBT Pdots could be more or less turned
off by moving to basic conditions in Paper II, in combination with that we had
seen an interaction between BT and CO; in electrochemistry (discussed fur-
ther in Chapter 5) led us to investigate if we could change the catalytic process
from HER to the CO,RR. To achieve this it is clear that a SD that is active
in basic conditions was required, three SDs were tried ascorbate (NaAsc), tri-
ethylamine (TEA), and triethanolamine (TEOA). NaAsc turned out to be inef-
ficient due to the low pH in which it operates so the HER was still a problem
and TEA while basic did turn out to not be as efficient. So in the end, the
SD of choice was TEOA which has a pK,, of 7.9 but works best in pH ranges
above pH 8 due to its decomposition pathway [68]. TEOA can also function
as a proton source when it has been oxidised which is needed for an efficient
CO3RR reaction, this is likely why it is more efficient than TEA for this pur-
pose. The 0.2 M TEOA solution gives a pH of around 10 so it is both basic
enough to stop the HER and to keep TEOA in its optimal condition as a SD.

The Pdot solution was saturated with, and put under a CO, atmosphere by
flushing the solution vial with CO, gas for half an hour. In this condition,
we could indeed, see a photocatalytic reduction of CO; to CO at a rate of
57 uMg~'h~!, Figure 4.5. This reaction was also shown to be significantly
enhanced by the Pdot structure when compared to Pdots without the PS-PEG-
COOH surfactant or pristine PFBT powder. This behaviour leads credence to
the idea that the morphology of the Pdots is not completely closed but has a
porous character where the reaction can take place inside of the particle and
not just on the outer surface. The CO was confirmed to come from the CO
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Figure 4.6. The isotopic Co evolution experiments, displaying that depending on the
CO, gas different isotopes of CO will be generated.

gas and not from any other source by isotope experiments where '3CO, gas
was used, Figure 4.6. In these experiments exclusively '*CO was produced
instead of only '2CO in the experiments with the regular '>CO, gas. More-
over, no other carbon-based product was detected in NMR experiments which
makes it seem that the selectivity towards CO conversion is high, although it
can be difficult to detect all possible CO,RR products, this is discussed further
in Chapter 5.

From quenching experiments in Figure 4.7, it can be seen that the fluores-
cence lifetime is not quenched noticeably by only the CO, but it is by the
TEOA SD. This shows that the particle likely goes through reductive quench-
ing as the first step in this reaction as well. For the reaction mechanism, the
influence of Pd was tested here as well, since Pd is a known catalytic site for
the CO,RR from CO; to CO [136]. However, neither the removal of Pd by
washing it nor the addition of more Pd seemed to have a substantial effect on
the catalytic activity. This indicates that the most important factor for catalysis
is centred on the polymer backbone, similar to the HER. The mechanism was
investigated using electrochemistry, SEC, and DFT calculations and is further
discussed in Chapter 5.

Unlike the acidic HER condition, where the catalysis is only stable for a
couple of hours, the catalytic activity could also be maintained for 25 hours
by purging the solution with CO, every fifth hour. This could either be due to
the stability of the particle suspension, it has been seen that aggregation leads
to reduced catalytic activity, or it could be due to chemical or photochemical
degradation of the catalyst. Often photo-degradation is attributed to charge
accumulation or oxidative stress from oxygen species [137]. But in the case
of polymer-centred catalysis, it could also be due to the buildup of unstable
catalytic intermediates or alternative routes to the catalysis where the species
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Figure 4.7. The fluorescence quenching experiments show the quenching from TEOA
but no significant quenching from CO;.

are more stable. This is also a possible problem of having polymer-centred
catalytic reactions if the goal is only to use the polymer as a photosensitiser
the chemical reactions centered on the polymer can be problematic. However,
if the goal is to have a fully organic catalyst then it is important to be able to
understand the chemical mechanism that occurs on the polymer itself.

4.5 Summary and Conclusions

We have shown that tuning the reactive conditions of PFBT Pdots has a large
effect on the catalytic performance of the particles and what catalytic mecha-
nisms they can access. The pH is very important for any reaction that includes
protons and can dictate the availability of an HER mechanism which is im-
portant depending on the target reaction. For both the reactions investigated it
seems that the influence of Pd is low, while the availability of reduced polymer
is very important. The choice of polymer system is, therefore, more compli-
cated than just selecting a good light absorber with good photo-physical prop-
erties, the chemical reactions that can take place on the polymer also need to
be considered. These reactions can be helpful if the system will work catalyt-
ically on its own, without a co-catalyst, and might be lowering the catalytic
output if the polymer is only there to be an electron mediator to an active cat-
alyst. The particle structure also seems like a key parameter either through the
available high surface area or due to possible active sites inside of the particle.
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5. Reduction and Capture of CO, with

Benzothiadiazole Centered Systems (Papers
IIT and IV)

The idea of fully organic CO,RR electrocatalysts has been around for a while
with the first report of the pyridinium ion seemingly being able to convert
CO; into methanol with an impressive Faradic efficiency of 20% [138]. How-
ever, this has turned out to be a pyridinium-assisted mechanism requiring a
catalytically active electrode surface to actually perform the catalysis [139,
140]. This surface-mediated technique has since been worked on [100, 101,
141, 142], but aside from the hydride systems described in the introduction
and a variety of organic materials [143—147]. There are few examples of small
molecules performing the reaction on their own without the hydride mecha-
nism one example is triazole which has been reported to reduce CO; to formic
acid by only the surface energy of micro-droplets [148].

Another important reaction for the energy transition and reducing the en-
vironmental impact of the pollution that has been, and will be produced, is
COs capture [149]. This could be done in a magnitude of different ways some
physical and some chemical and some a combination of both. One method
to do this is by using molecular redox carriers that can bind the CO, elec-
trochemically [150]. Recently BT was shown to be able to perform such a
reduction in a two-electron reduction which is followed by the binding of two
CO; molecules in the process [151]. Simultaneously, we have been working
on the same reactions yet again based on BTDN and PFBT. BTDN is an inter-
esting molecule for these reactions because it is much easier to reduce and has
two reversible reduction steps in the window that BT only has a single one. In
this chapter, I discuss the interactions of BTDN with CO» in its reduced states
as well as the interaction and insight we have gotten into the CO; reduction
mechanism of PFBT.

5.1 The Interaction Between BTDN and CO; (Paper IV)

This project took its start close to our discovery of BTDN as a HER catalyst
where we became interested in its ability to catalyse other reduction reactions
such as the CO,RR as well. A few CV experiments showed a clear interaction
between the reduced species and CO; from the telltale signs of a positive shift
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in the reduction potential and an increase in current in the second reduction.
Returning to the project we realized that the story is much more complex than
the initial considerations with interactions between CO, and all of the reduced
states of BTDN.

In the CVs of BTDN in a CO, saturated AcN solution, there are three reduc-
tion waves appearing, Figure 5.1. The first reduction looks mostly unperturbed
at slow scan rates (<100 mVs~!) while losing some reversibility at faster rates.
The second reduction both shifts to a more positive potential and gains an in-
crease in current so it is a clear indication of an EC mechanism coupled to a
further electron transfer step ending up into something like an ECE or DISP
mechanism. This reaction also shows a scan rate dependence where the cur-
rent ratio as compared to the first reduction becomes lower and lower as the
scan rate increases, from a ratio of above 2 at 10 mVs~! to around 1.3 at 800
mVs~!. The ratio above 2 could be due to the shifting background current
or potentially due to several reactions occurring at the same time. The de-
creasing ratio is assigned to the kinetics of the reaction that takes place at this
potential, slow kinetics would mean that the full reaction does not have time
to take place so all the electrons do not have time to transfer which leads to a
lower current. In theory, the kinetics could be extracted from this wave, by for
example simulating the mechanism, however, the reaction is quite complex as
demonstrated later in the chapter and if the mechanism is unknown there is no
point in trying to extract any kinetics.

The third reduction that appears is something completely new that is related
to the CO, bound species that has been formed in the second reduction. The
third peak shows the largest scan rate dependency of the three because it is de-
pendent on the species that form in the second reduction. Interestingly, at 10
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Table 5.1. Table displaying the peak currents and current ratios of the three reduction
peaks with the third reduction taken at -2,4 'V vs Fco/ *, measured at different scan
rates for 0,2 mM BTDN in CO, saturated AcN.

v(mVs D) iri (MA)  ipro (UA)  iprs (MA)  ipri/ipr2 ipR2/ipR3  ipR1/ipR3

10 -1.46 -3.63 -7.36 2.49 2.03 5.04
50 -3.24 -5.87 -11.48 1.81 1.96 3.54
100 -4.71 -6.86 -13.70 1.46 2.00 291
200 -6.48 -8.87 -14.80 1.37 1.67 2.28
400 -9.56 -12.7 -17.25 1.33 1.36 1.80
800 -14.58 -18.75 -18.44 1.29 0.98 1.26

mVs~! this wave has a five times larger current than the first reduction. Since
the first reduction in this measurement is basically completely unperturbed as
compared to the BTDN scan in the Ar atmosphere, and that reduction was
confirmed to be a 1 electron transfer in Paper I, that means that 8 electrons
are transferred in the forward scan. On the reverse scan, there is only one
clear oxidation peak meaning that there are 7 electrons missing in this scan.
A small part of the current can be explained by the fact that there seem to be
some more sluggish oxidation processes that are more clearly seen as broad
oxidation peaks at potentials lower than the first reduction, at the faster scan
rates.

The missing electrons show that something stable is generated during the
scan and since the first reaction looks unperturbed it seems like it has left the
BTDN in its initial form. From this data, it looks like a catalytic reduction
process has taken place in the CV, however, as discussed later in this chapter,
while so impossible products were identified, it is not quite clear were all the
electrons go in this reaction. Since there should be no protons in the solution
there is a very limited scope of products from the CO,RR, though water can
not be excluded as a proton source AcN should be sufficiently dried by 3A
molecular sieves after 24 hours to rule it out as a dominant proton source [152].
It is however known that CO can be formed without a proton source as another
CO, molecule can act as an acceptor for the oxygen, forming carbonate ions
(CO%f ) [153]. Another reduced species of CO, that can be formed without
any proton is the oxalate ion (CZOi*) so both of these species were looked for
in the spectroscopic parts of the project [154].

5.1.1 Detecting CO;, Bound Species (Paper IV)

Like in Paper I the obvious next step to clear up what happens in the different
reductions was to move towards SEC. When it comes to CO, reduction SEC
with FTIR becomes even richer in information since CO, itself has a charac-
teristic absorption in this range, around 2340 cm~! in THF and AcN, that is
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Figure 5.2. The data from the SEC UV-Vis of 0.1 mM BTDN at the three reduction
potentials b), ¢), and d). As well as a) the comparison of the spectra of the reduced
species after 300 s.

also quite different from the modes that absorb from the bound species that are
more similar to carbonate or carboxylic acid bands and absorb in the, 1500-
1700 cm~! range.

The first experiments run were, however, UV-Vis SEC which, while not
being as structurally rich can help differentiate the different species that arise
during the different reductions, the spectra can be seen in Figure 5.2. The first
thing that is very noticeable is the spectra in the first reduction that looks noth-
ing like the spectra of the BTDN' ™ anion as seen in Figure 3.2, even though
these are the features one might expect from the unperturbed nature of the first
reduction in the CVs. So the fact that the spectra look so different shows that
even in the first reduction there is a reaction between the reduced BTDN and
CO, that changes the electronic structure significantly. In the second and third
reductions, there are also significant differences in the spectra especially in
the 200-300 nm region and when comparing the intensities of absorption in
the 350-450 nm wide bands that appear in all of the three reduction spectra.
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Figure 5.3. The SEC IR measurements of BTDN under Ar atmosphere, show how
the nitrile stretching bands shift to lower wavenumber as the BTDN becomes more
reduced, and the peaks corresponding to the two reduced species rise and fall as the
CV progresses.

5.1.2 FTIR SEC to Detect Bound CO,

When moving to FTIR SEC we used a cell where the sample was measured in
a film between a glass and a GC disc electrode which the light was reflected
against, as drawn in the cartoon in Figure 2.6. This setup allows for pretty
well-defined CVs to be measured alongside the spectroscopic changes, which
makes it easier to couple the changes to the electrochemical reactions. When
measuring the SEC in an Ar atmosphere, Figure 5.3, it can be seen that both
the reductions in the CV look similar to how they did in the regular electro-
chemical cell. The IR spectra show first an appearance of the 2184 cm™! peak
as seen for the BTDN'™ species in the IR SEC in Paper I. For the second reduc-
tion, the nitrile stretching band moves even further to lower wavenumbers with
an even more intense peak at 2112 cm ™! assigned to the BTDN?~ species. On
the scan back the same reactions happen in the reverse order as expected.

When CO; is added to the system things become much more complex, Fig-
ure 5.4, with a wide array of peaks appearing, after the second and third reduc-
tion, in the 1500-1700 cm™' range of the spectra where the bands belonging
to the bound CO, are expected to appear. Interestingly the first reduction goes
through the BTDN ™ species here and does not seem to react the behaviour is
ascribed to very slow reaction kinetics between the BTDN ™ and CO;, which
is only seen in the UV-Vis SEC due to the big difference in concentration be-
tween BTDN and CO; in that measurement. The new peaks from the CO,
species evolve over the CV where some peaks keep growing over the experi-
ment while some appear at certain potentials and then disappear. In the fixed
potential experiments it is clear that the peaks grow at different rates so they
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Figure 5.4. Showing the SEC IR measurements of BTDN with CO,, with the CVs and
correspondingly coloured spectra IR related to specific points in the CVs. Stopping at
the second reduction (a and b) and moving to the third reduction (c and d).

do not all belong to a single species but a mixture. This makes sense from
the perspective of the CV experiments where it is clear that there are multi-
ple electrons transferred and multiple chemical steps even in just the second
reduction wave. To try and figure out if some of the bands correspond to
any ionic species stemming from the CO, we synthesised tetrabutylammo-
nium (TBA) salts of bicarbonate (HCOy3), CO%‘ and Cin_. Of these salts,
it seems like HCO5 is the most likely to be in the mixture but it could also
be that some of the CO, bound BTDN variations have very similar peaks.
In the IR SEC experiments, the peak ratio is around 1 or a bit more so it is
mostly similar to the fast scan rate experiments even though the scan rate in
these experiments is about 20 mVs~!. The behaviour can be explained by the
fact that the concentration ratio between BTDN and CO; is much lower in the
SEC experiment since 5 mM BTDN was used compared to the 0.2 mM in the
CV experiments, the diffusion is also more constrained in the SEC experiment
since the measurement is done on a thin film and not in bulk solution. The re-
stricted amount of electrons transferred in the measurement could be a reason
why no clear catalytic products are seen in the data.
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Figure 5.5. The DFT calculations of BTDN and a variety of CO, bound species dis-
playing their IR absorption in the region of interest as well as their chemical structures.

To try and understand what species we were seeing in the IR spectra we did
DFT calculations of many possible structures of reduced BTDN and attached
CO; molecules. However, the DFT did not turn out to be as helpful as hoped
to distinguish the arising species because it is possible to calculate a large
variety of CO, bound species that all have bands in the 1500-1750 cm ! range,
Figure 5.5. By comparing the data and using the nitrile stretching bands as a
reference I was able to suggest the appearance of two states in the second
reduction where it seems the BTDN2~ will first bind two CO, molecules to
form the 2b species (Figure 5.5). The reaction then continues to bind two
more CO, molecules to form the 4a species that seems to build up over the
CV scan. The 1740 cm~! band assigned to the 4a species does not grow if the
potential is set for the third reduction directly in a potential step experiment,
since more electrons are transferred at their potential it makes sense that either
this species or an earlier species is further reduced. The species assignment
is overall speculative since the bands in the DFT calculation are so close and
blend together in the experimental data.

5.1.3 Catalytic Product Formation and CO; Release

To try and look for the formation of any catalytic products in the third re-
duction wave, we performed bulk electrolysis experiments at this reduction
potential. From the analysis of the sample, there was still no conclusive data
on the possible products. We do see tiny amounts of CO forming but only at
around 1% Faradic efficiency, and while there is a band in the NMR that does
look like CZOﬁ* and fits decently with the IR spectroscopy of the TBA salt. So
it is difficult to say that BTDN is an active catalyst for the CO,RR at least in
the conditions measured, and likely most of the electrons go into binding CO;.

The bound CO, was able to be released from the bound states in several
different ways. For the interaction between BTDN ~ and CO, we could see
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Figure 5.6. The SEC IR of BTDN in low a low Ar atmosphere a) showing the spectra
as the BTDN is reduced and re-oxidised b) following the amplitude of the 2338 cm™!
and 1638 cm™! peak over the CV cycle.

that when acid was added to the solution the BTDNH, species formed, as
confirmed by IR, we could also see the concentration of CO; increasing in the
headspace by measuring with GC. When doing SEC with a low concentration
of CO; in the atmosphere a bleach of the 2338 cm~! band belonging to CO,
can be followed as the BTDN is reduced and on the back scan the band recov-
ers fully, Figure 5.6. In this scan, a peak at 1638 cm~! can be seen to rise and
fall in the same scan, attributed to the species that captures and releases the
COa». So it seems like the CO; binding is, for the most part, reversible.

5.2 Investigating the Interaction Between PFBT and
CO; (Paper III)

To investigate the interaction between PFBT and CO; that leads to the photo-
catalytic formation of CO from Pdots. We used the same toolkit as had been
successful for the studies of the BTDN interaction with CO,. I started like
usual by measuring the CV to see if there were signs of a reaction with just
the polymer dissolved in THF. The CVs, Figure 5.7, show that there is clearly
a reaction between CO, and the reduced polymer, although not a catalytic
one. The reductive current slightly shifts toward less reductive potentials and
is slightly increased, the biggest difference comes in the lack of any oxidative
peaks where the measurement in Ar has many oxidations on the return scan.

Since this interaction is so apparent in the case of BTDN we figured that the
formation of a CO, bound should be visible in the SEC UV-Vis experiment.
Indeed we can see very clear spectral shifts when the experiment is performed
under an Ar atmosphere or a CO, atmosphere. In the Ar experiment, the dif-
ference spectra are dominated by large bleaches by the main absorption bans
of PFBT, at 450 nm and 320 nm, with some increase in absorption, mainly
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a wide band stretching from 500-700 nm. When CO; is present the bleach
bands can be seen to form initially but instead of growing over the duration
of the experiment, there are new absorbing bands rising. There are three new
peaks forming, one strongly absorbing at 200 nm, one at 350 nm, and the third

a bit wider band at 420 nm.
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Figure 5.8. The SEC UV-Vis of 100 ug ml~' PFBT in THF under the atmosphere of
a) Ar and b) CO; in the first reduction at a bias of -2V vs AgO/ + for 250 seconds.

This interaction shows that like BT and BTDN, PFBT will bind up CO
once reduced. However, the fact that we do not see a catalytic current hints
that some more complex mechanism takes place in the Pdots. One candidate
for the active site could be Pd, but as discussed in Chapter 4, neither increasing
nor decreasing the Pd content significantly changes the catalytic activity of the
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Pdots. So to try and understand this better we did some DFT calculations on
a very simplified analogue of the PFBT polymer. These calculations show
that two reduced BT sites need to be in close proximity to have a significant
driving force for the release of a CO molecule. If this is true it makes sense
that the polymer on its own is not catalytic because the reduced sites can repel
each other in the freely solvated polymer state. In the Pdot the structure is
more locked in due to the hydrophobic interactions with water, moreover, if
the Pdots are indeed porous there will be channels inside of the Pdot where BT
sites will be both close to the particle surface as well as other surface facing
BT sites. So in these channels, a double-site mechanism makes sense.

5.3 Summary and Conclusion

We can see that BT, in all the forms that it has been studied so far, will react
with CO, when it is reduced. In most cases, the interaction is binding of the
CO; but there are cases where it can catalytically be released in the form of
CO,. For BTDN we can see that it will react with CO, at three different reduc-
tion potentials and will bind up multiple CO, molecules, we have also seen an
increase in current that seems catalytic but have been unable to determine any
products except for a tiny amount of CO. For PFBT Pdots we have shown that
there is an interaction between the reduced polymer and CO, but for catal-
ysis to take place it seems that the Pdot structure and possibly the chemical
environment is of great importance.
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6. Summary and Outlook

The understanding and advancement of the catalytic reactions involved in the
generation of renewable fuels are pivotal for facilitating the transition to sus-
tainable energy sources. One intriguing category of catalysts for such reac-
tions comprises organic materials, which combine the adjustable characteris-
tics of molecular catalysts with the scalability and durability seen in mate-
rial catalysts. Nevertheless, our understanding of the catalytic mechanisms
within these materials remains an ongoing area of investigation. Over the
past decade, there has been substantial attention directed towards D-A type
polymers as promising photocatalysts for fuel-forming reactions. However,
the precise mechanisms underlying these reactions remain largely unexplored.
This thesis focuses on elucidating the role of the molecular unit benzothiadi-
azole in catalyzing fuel-forming reactions within various molecules and poly-
mers.

Papers I and II investigate the reaction mechanism of HER from BT-based
systems. A seemingly general reaction between the reduced BT unit and
protons is distinguished showing that the BT is likely to form a symmetri-
cal species with protonation sites on the nitrogen atoms. Paper I shows that
the small organic molecule BTDN is a catalyst for the HER, one of the first
catalysts for this reaction, with this type of molecule. The catalytic interme-
diates were identified spectroscopically and a disproportionation mechanism
could be identified by combining electrochemical and spectroscopic data. The
significance of identifying catalytic intermediates on the acceptor moiety of
a photocatalytic D-A polymer can not be understated. The design principles
for new catalytic polymers are currently mostly focused on the energetics and
photophysical properties of the polymers while the chemical properties have
been more or less ignored [54, 79]. I would argue that the choice of acceptor
moiety needs to be deliberately chosen depending on what role the polymer
is expected to perform. If the polymer is only expected to work as a light
harvester, a chemical reaction that takes place on the polymer backbone might
quench the electron transfer. However, if the polymer is expected to perform
a catalytic reaction it needs to contain a moiety that can perform this chemical
reaction.

Papers II and III focus on polymeric nanoparticles called Pdots based on
the polymer PFBT as photocatalysts for fuel-forming reactions. A large pH
effect was measured on the activity of the HER where it only was highly ac-
tive in acidic conditions, which was attributed to the reaction of the BT-site
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with acidic protons. It was shown in Paper III that this effect can be used to
change the catalytic reaction to the reduction of CO; into CO by changing to
basic conditions and changing the SD. For both of these reactions Pd, which
has been proposed as the active catalytic site for the HER [76, 77], showed
little to no impact on the catalytic activity. The chemical conditions are shown
to be of key importance in these cases but currently, in the literature, they are
often dictated by the SD. To move towards more practical catalytic systems
the field should move away from SDs. Instead, we should look at full catalytic
systems or use redox mediators where catalytic conditions can be optimised
around the photocatalyst and to the catalytic reaction.

In Papers III and IV the reaction between reduced BT and CO, is stud-
ied. Interactions between BT and CO, are shown in both the PFBT polymer
form and in the BTDN, where different reactions take place at three different
reduction potentials. Pdots based on PFBT are shown to be selective photocat-
alysts, in basic conditions, for converting CO;, into CO and the reaction seems
to take place between two reduced BT units. BTDN is shown to bind CO,
in all its three reduced states. It is also shown that one BTDN molecule can
bind several CO, per unit likely up to four CO, molecules after being reduced
twice. This binding is also proven to be mostly reversible upon oxidation. In
its third reduction, BTDN can generate some CO and oxalate from a reduction
process, albeit at what seems to be low efficiencies. The mechanism found
for PFBT could inform the low efficiencies found in BTDN, that perhaps a
closer proximity to other BT units could improve the reaction. Altering the
reaction conditions of these catalysts would have a chance to improve them
further, and the studies inform about how the catalysts could be modified to
make them more active catalysts.

The research presented in this thesis has significantly advanced our under-
standing of fuel-forming reactions occurring on organic catalysts. Although
the primary focus of this work has been on benzothiadiazole, the insights
gained have broader implications for various systems. It is our hope that this
research will serve as a catalyst for further mechanistic exploration of these
catalytic reactions across different systems and inspire efforts to enhance their
efficiency.
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7. Popular Science Summary

Climate change is very much upon us, in the coming decades we will have to
live with its repercussions. The time for action to do something about it has
come and the most important step in altering these changes is a rapid swap to
a sustainable, fossil-free, energy economy. The sun is by far the largest source
of renewable energy that is available to us and of course, we need the sun
to have life on earth. As solar energy from solar cells and other solar-driven
forces like wind power is becoming cheaper and cheaper the biggest problem
for an energy transition, from a technical standpoint, is not generating the en-
ergy but storing it. Storing electricity is not as easy as it might seem, even
with the huge development of batteries in the last few decades the amount of
electricity we would need to store is so large that batteries just don’t become
a practical solution.

A way of storing energy that we are very much used to handling in our in-
frastructure is chemical fuels, which are able to store a huge amount of energy
while being more energy efficient than most other storage solutions. These re-
newable fuels such as for example hydrogen gas or methanol can be generated
from basic easily accessible chemicals such as water or carbon dioxide but
require an input of energy from light or electricity, but more importantly they
require a catalyst for the reaction. A catalyst is a molecule or material that can
make a chemical reaction go faster, without being used up in the reaction itself.
Many chemical reactions are unlikely to take place at all without the use of a
catalyst. To be able to develop and improve new catalysts for these purposes it
is important to understand how the reactions work down on the chemical scale.

One type of catalyst that has piqued the interest of researchers in the last
decade is light-active polymers. Polymers are long molecular chains with re-
peating molecular units with common examples such as plastic and cellulose.
The type of light-active catalytic polymer is built out of two alternating build-
ing blocks one of which attracts electrons and the other pushes them away,
giving it the name push-pull or donor-acceptor structure. This is the same type
of material that can be found in an OLED TV where the polymers are activated
by electricity to emit light. The opposite reaction can also take place where
the polymers instead take up light and generate high-energy electrons, these
electrons can then be used, either in a solar cell or to drive the generation of
fuels. How these polymer catalysts work is still under investigation, which led
to the work in this thesis. The building block in the polymer that is pulling
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the electrons has been shown to be very important for the catalytic reaction.
And, one of, if not the most important of these pulling building blocks is the
molecular unit called benzothiadiazole or BT for short.

In this thesis, I have investigated the role that BT plays in the reaction when
these renewable fuels are formed. I started by looking at the polymer PFBT
it is quite a simple polymer built of a common "pushing" unit called fluorene
and BT as the pulling unit. This polymer had already been shown to generate
hydrogen gas from water and light, but how this worked was still a mystery.
To investigate if BT could be the centre for this reaction the simple molecule
BTDN was chosen as a good model for a part of the polymer. It was shown that
BTDN indeed can act as a catalyst for the generation of hydrogen gas, with an
in-depth description of how the reaction progresses on the microscopic scale.
In the polymer itself, it turns out that the BT unit fills a similar role. Hydrogen
gas is the simplest chemical one can imagine, built from two protons and two
electrons. In the reaction where the hydrogen gas is generated the polymer
will send two high-energy electrons but the protons will have to come from
somewhere else. The protons should ideally come from water but they can
also come from acidic protons in water, the acidic nature of something sour
is simply reactive protons. It turns out that the polymer is much more active
in generating hydrogen gas from acidic protons as compared to protons from
water. This is because the reaction that takes place is similar to that of the
molecule BTDN and requires the protons to be more reactive than those in
water. The fact that this reaction was tunable by just altering the acidity of the
water was utilised for the next project where instead of making hydrogen the
aim was to make carbon dioxide react.

The project of removing carbon dioxide and making it back to something
useful is huge for the transition into a sustainable society. Since BT was able
to catalyse the reaction that makes hydrogen gas, we also investigated to see
if it can bind up carbon dioxide and force it to react. Again the polymer PFBT
was chosen to see if it could perform the reaction. If the reaction conditions
were basic instead of acidic, so no reactive protons that can react to form hy-
drogen were present, it could be seen that the polymer can catalyse the reaction
that makes carbon dioxide into carbon monoxide. While carbon monoxide is
a toxic gas it is also valuable as a part of so-called synthesis gas or syngas that
is useful for chemical synthesis in the chemical industry. The molecule BTDN
was also investigated for the same reaction, BTDN can bind carbon dioxide
which is valuable on its own, and it can also as a catalyst to generate small
amounts of carbon monoxide and the ion oxalate.

So in conclusion, this thesis shows that benzothiadiazole a very common
building block of light active polymers can act as a catalyst for many interest-
ing fuel-forming reactions, something that was not known before this work.
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8. Populirvetenskaplig Sammanfattning

Klimatet haller pa att férdndras, och under de kommande decennierna kommer
vi att behdva leva med konsekvenserna av detta. Tiden for atgédrder har kom-
mit, och det viktigaste steget for att bekdmpa dessa foréndringar dr en snabb
overgang till en héllbar, fossilfri energiekonomi. Solen &dr utan tvekan den
storsta killan till fornybar energi som ér tillgénglig for oss, och sjalvklart be-
hover vi solen for att ha liv pa jorden i vilket fall som helst. Eftersom solenergi
fran solceller och andra soldrivna energikillor sa som vindkraft blir billigare
och billigare, dr det storsta problemet med en energidvergang, fran en teknisk
synpunkt, inte att generera energi, utan att lagra den. Att lagra elektricitet &r
inte sa enkelt som det kan verka, dven om batterier har kommit otroligt langt
de senaste artiondena dr méngden elektricitet som vi skulle behova lagra sa
stor att batterier helt enkelt inte dr en praktisk l6sning.

Ett sitt att lagra energi som vi dr mycket vana vid att hantera &r kemiska
brinslen, och de kan lagra en enorm méngd energi samtidigt som de &r tekniskt
mindre komplicerade @n de flesta andra mojlig I6sningarna. Dessa fornybara
brinslen, som till exempel vitegas eller metanol, kan genereras fran grundlag-
gande och littillgdangliga kemikalier som vatten eller koldioxid, men krédver en
tillforsel av energi fran ljus eller elektricitet, men @nnu viktigare kriver de en
katalysator for reaktionen. En katalysator dr en molekyl eller material som kan
paskynda en kemisk reaktion, utan att sjilv forbrukas i reaktionen. Fér manga
kemiska reaktioner dr det osannolika att de kommer dga rum alls utan anvind-
ning av en katalysator. For att kunna utveckla och forbittra nya katalysatorer
for dessa dndamal #r det viktigt att forsta hur reaktionerna fungerar pa den
kemiska skalan.

En typ av katalysator som har vickt forskarnas intresse de senaste tio aren
ar ljusaktiva polymerer. Polymerer dr 1anga molekylédra kedjor med upprepade
molekyldra enheter, exepmpel i vardagen &r plaster och cellulosa. Den hir
typen av ljusaktiv katalytisk polymer dr uppbyggd av tva alternerande byggste-
nar, varav den ena attraherar elektroner och den andra skjuter bort dem, vilket
ger den namnen push-pull eller donor-acceptor-struktur. Detta dr samma typ
av material som finns i en OLED-TYV, dér polymererna aktiveras av elektricitet
for att avge ljus. Den motsatta reaktionen kan ocksa dga rum, ddr polymer-
erna istillet tar upp ljus och genererar hogenergi-elektroner. Dessa elektroner
kan sedan anvéndas antingen i en solcell eller for att driva produktionen av
brinslen. Hur dessa polymerkatalysatorer fungerar &dr fortfarande inte kint,
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vilket ledde till arbetet i denna avhandling. Byggstenen i polymeren som drar
till sig elektronerna har visat sig vara mycket viktig for den katalytiska reak-
tionen, och en av de viktigaste av dessa byggstenar dr molekyldra enheten som
kallas benzothiadiazol eller BT.

I den hir avhandlingen har jag undersokt den roll som BT spelar i reak-
tionen nér dessa fornybara brinslen bildas. Jag borjade med att titta pa poly-
meren PFBT, som &dr ganska enkel och bestar av en vanlig "skjutande" en-
het kallad fluoren och BT som den drar till elektroner. Den hir polymeren
hade redan visat sig kunna generera vitgas fran vatten och ljus, men hur
det fungerade var fortfarande en gata. For att undersoka om BT kunde vara
centrum for denna reaktion valdes den enkla molekylen BTDN som en bra
modell for en del av polymeren. Det visade sig att BTDN kan fungera som
en katalysator for generering av vitgas, och vi kunde beskriva reaktionen
djupgapa en mikroskopisk niva. I sjdlva polymeren visar det sig att BT-enheten
fyller en liknande roll. Vitgas &r den enklaste kemikalie man kan tinka sig,
med tva protoner och tva elektroner. I reaktionen dir vitgas genereras skickar
polymeren ut tva hogenergetiska elektroner, men protonerna maste komma
nagon annanstans ifran. Protonerna bor idealiskt komma fran vatten, men de
kan ocksa komma fran sura protoner i vatten, det som for nagot surt dr helt
enkelt reaktiva protoner. Det visar sig att polymeren dr mycket mer aktiv i
att generera vitegas fran sura protoner jimfort med protoner fran vatten. Det
beror pé att reaktionen som #ger rum liknar den hos molekylen BTDN och
kréaver att protonerna dr mer reaktiva dn de som finns i vatten.

Att denna reaktion kunde styras genom att bara dndra vattens surhet anvin-
des for nista projekt dir syftet var att fa koldioxid att reagera istillet for att
producera vite. Projektet att avldgsna koldioxid och gora den anvéndbar dr
enormt viktigt for overgangen till ett hallbart samhille. Eftersom BT kunde
katalysera reaktionen som producerar vitgas, undersokte vi ocksa om den
kunde binda koldioxid och tvinga den att reagera. Aterigen valdes polymeren
PFBT for att se om den kunde utfora reaktionen. Om reaktionsforhallandena
var basiska istillet for sura, sé att inga reaktiva protoner som kan reagera for att
bilda vite fanns nidrvarande, kunde det ses att polymeren kan katalysera reak-
tionen som omvandlar koldioxid till kolmonoxid. Kolmonoxid &r en giftig gas
sa dr den ocksa virdefull som en del av sa kallad syntesgas eller syngas som
ar anvindbar for kemisk syntes inom kemikalieindustrin. Molekylen BTDN
undersoktes ocksa for samma reaktion, och BTDN kan binda koldioxid, vilket
ar vdrdefullt i sig sjdlv, och den kan ocksa fungera som en katalysator for att
generera sma mingder kolmonoxid och jonen oxalat.

Sammanfattningsvis visar denna avhandling att benzothiadiazol, en my-
cket vanlig byggsten for ljusaktiva polymerer, kan fungera som katalysator for
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manga intressanta brinslebildande reaktioner, nagot som inte var ként innan
detta arbete.
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