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Introduction

Chapter 1



1.1 Global to local production

Sustainable chemistry is now more important than ever, especially since the beginning
of the 21+ century, as worldwide trade has advanced rapidly, spurred by ever-growing
cheap and fast internet access. Besides technical advances, tariffs and other trade
barriers were reduced, opening up global trade. Using airfreight and the Internet,
transport of international goods became more commonplace and efficient. This enabled
producers to locate each stage of their production processes in countries where
production costs are the lowest. The low-cost/long-distance trade has been the key to
global economic growth. Thanks to this growth, most people are better off in the 215t
century compared to the 20%, with less poverty and an overall increase in life quality.
Notably, China's economy has grown quickly, closing the gap with Europe and North

America.ll-3l

However, economic growth has been put on a sudden hold due to the COVID-19
pandemic. With forced lockdowns, the gathering of raw materials, the production of
goods and its shipping have all taken a hard hit. The pandemic has complicated shipping
globally and this will have lasting effects. The largest market affected is the oil industry.
Future contract prices fell in April 2020, for the first time in history, to negative values,
due to suppliers' fear of not being able to store their oil. Border closures reduced flight
and road traffic, lowering the demand for oil. With COVID-19 containment measures
remaining in place for months to come, the world economy won’t return quickly to its

pre-pandemic activity level.

Besides the effect of COVID-19 on the oil price and the transport industry, there are
other signs of changing economics. The economies of China and India are growing at
a fast but unsustainable pace.! China is expected to dominate the global economy by
2030, resulting in an increase of both work opportunities and average wealth there. This
means higher salaries, better working conditions and in general more expensive end
products. With overall processes becoming more expensive, producers might choose to

relocate, saving on shipping and/or seeking lower cost production locations, such as
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Africa. The final point that is influencing the global economy is the political climate. We
see many conflicting countries and regions, such as China vs the US, Europe dealing
with Brexit, and tensions between Russia and the Middle East.ll These conflicts already
have made marks in countries moving their production. Asian companies fear the tariffs
war between China and the US. These aren’t small companies either. Japanese giants
Mitsubishi Electric and Toshiba Machine Co. started relocating in July 2018.191 Others,
such as Compal (Taiwan) and LG Electronics (South Korea) have emergency plans

ready in the event that this conflict escalates further.

The pandemic is pushing de-globalisation further. With the paralysis of production and
global transport industries, some countries are moving manufacturing back home. Many
do not wish to rely on authoritarian governments for essential goods. Local industry
and food production will increase, giving independence to countries and ecological
benefits. Japan has announced a €2Bn stimulus package to shift manufacturing out of
China, avoiding the effect the virus has on supply chains. Higher tariffs and sanctions
will push other foreign companies out of China. The US is building an Economic
Prosperity Network, a network of trusted partners which develop common standards
in areas such as digital business, energy, education and commerce. This includes
Australia, India, Japan, New Zealand, South Korea and Vietnam, with a goal to prevent

a trade disruption like the current one from repeating.!’l

This shift in production will change how products are manufactured. Expect more use
of local resources, local production and local consumption. All of these bring their own
challenges to the table. Using local resources means not all raw materials will be available
for certain processes, but it can also lead to new technologies.[%1 One well-known
example is the shortage of crude oil in South Africa due to the international embargo
during the Apartheid period. To overcome this shortage, Sasol became the world leader
in coal gasification and synthetic fuel production via the Fischer-Tropsch synthesis.

Eventually, this development benefitted the whole world.



Local production and local consumption would lead to higher labour costs, but also to
less transport. This decrease in transport will reduce oil demand. Some energy
companies might shift their focus more towards chemicals, where they can still obtain
high value. For example, Saudi Aramco and Sabic are planning a new complex in Yanbu,
Saudi Arabia, for making petrochemicals. This complex will make 9 million metric tons
of petrochemicals from 400,000 barrels of oil per day. Roughly 45% of the output of

the facility will be chemicals, such as olefins, aromatics, glycols and polymers.[10:11]

This shift in production, processes and materials opens opportunities to redesign more
sustainable processes. Indeed, the pandemic is showing us how we can improve our
wortld by traveling less. In 2020, air quality levels in major world cities have improved

considerably, with lower CO», NOy, ozone and particulate matter.
1.2 Defining green and sustainable chemistry

Sustainability is extremely important in this discussion. The desired change in the
chemical industry relies on green chemistry. Sustainability and green chemistry are often
described together, with sustainability being a wider concept, applicable to any science.
Green chemistry, defined by Anastas and Warner in 19911121 shows how chemistry can
contribute to sustainable processes. The 12 principles of green chemistry give

guidelines for analysing the potential for environmental improvement, as follows:

1. Prevent waste; 1t is better to prevent waste than to treat or clean up waste after
it has been created.

2. Atom economy, Synthetic methods should be designed to maximize
incorporation of all materials used in the process into the final product.

3. Less hagardous synthesis; Wherever practicable, synthetic methods should be
designed to use and generate substances that possess little or no toxicity to
human health and the environment.

4. Design benign chemicals; Chemical products should be designed to preserve

efficacy of function while reducing toxicity.



5. Benign solvents & auxiliaries; The use of auxiliary substances (e.g., solvents,
separation agents) should be made unnecessary wherever possible and,
innocuous when used.

6. Design for energy efficiency; Energy requirements should be recognized for their
environmental and economic impacts and should be minimized. Synthetic
methods should be conducted at ambient temperature and pressure.

7. Use renewable feedstocks; A raw material or feedstock should be renewable rather
than depleting whenever technically and economically practicable.

8. Reduce the number of derivatives; Unnecessary derivatization (use of blocking
groups,  protection/deprotection,  temporary  modification  of
physical/chemical processes) should be minimized or avoided if possible,
because such steps require additional reagents and can generate waste.

9. Catalyst; Catalytic cycles using benign reagents (as selective as possible) are
superior to wasteful non-catalytic processes.

10. Design for degradation; Chemical products should be designed so that at the end
of their function they break down into innocuous degradation products and
do not persist in the environment.

11. Real Time analysis for pollution prevention; Analytical methodologies need to be
further developed to allow for real-time, in-process monitoring and control
prior to the formation of hazardous substances.

12. Inberently benign chemistry for accident prevention; Substances and the form of a
substance used in a chemical process should be chosen to minimize the

potential for chemical accidents, including releases, explosions, and fires.

Note that these guidelines were formulated for a linear production chain, whereas today
we aim more and more towards circular processes. In a circular process, materials are
fed back into the process to be reused, getting the most out of the resource and
preserving restock. The principles of circular chemistry focus on a closed-loop, waste-
free chemical industry, with principles such as collect and use waste, enhance process

efficiency and target optimal design./!3l



Sustainable chemistry covers the avoidance of hazardous materials (benign chemicals),
using renewable resources (optimize resource efficiency), minimising negative
environmental effects (no out-of-plant toxicity) and gives technologies that are
economically competitive for and advantageous to industry. Taking this into account
for the redesign of processes, local production is taking advantage of local resources.
Local resources will heavily influence the possible production process we can use for
them. New processes are often less optimised compared to the older ones, because
either they are brand new, or never optimised. We can design processes that fit the green

chemistry guidelines, making it sustainable and interesting for industry.

Where many of the 12 principles suggest safer chemical design and the use of renewable
resources, using catalysts should be highligchted more. Sustainable production requires
better processes and for numerous catalytic processes this means a better catalyst. The
dictionary defines a catalyst as a substance that increases the rate of a chemical reaction
without itself undergoing any permanent chemical change. This means a catalyst can
either change the selectivity of a reaction and/or its yield. The selectivity is the ratio
between the products of the reaction. In an ideal world, only one wanted product would
be made, but unfortunately, more often than not, multiple unwanted by-products are
created. The yield is the product of selectivity x conversion. Ideally, we want a yield of

100%, but in practice this is rarely the case.
1.3 Controlling reactions through catalysis

Here catalysts can make a big difference. Roughly 80% of the industrial chemical
synthesis depends on heterogeneous catalysis for bulk chemical production. With a few
exceptions such as hydroformylation and the Shell Higher Olefins Process,
homogeneous catalysis is more common in small-volume synthesis, such as fine-
chemicals and pharmaceuticals manufacturing. The advantage of a heterogeneous
catalyst is that it can easily be removed or recovered from a synthesis, saving on
separation costs and energy. Moreover, heterogeneous catalysts can often be reactivated

simply through a chemical or heat treatment.
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What we want to achieve are processes with less waste, a higher selectivity (product
ratio) and not compromising on yield (desired product formed). We can reach these
goals by having less separation of different products and using a smaller recycling stream
to achieve a higher selectivity. Catalysts can help with obtaining a higher selectivity and
or a higher yield. Catalysts typically speed up a reaction by reducing activation energies

or changing the reaction mechanism.

The need for catalysts is evident for most reactions, but oxidation reactions are a special
case. These reactions are necessary in many chemical processes. Roughly 60% of all
industrial chemical reactions are oxidation reactions, with almost all chemical products
or intermediates containing an oxygen functional group.[' The problem with oxidative
reactions is that oxygen is very stable. While this is a good thing for our normal daily
lives, it is bad news for those who want to do oxidative chemistry. In order to do
oxidative reactions, we either have to use stronger oxidants, with all their hazards and
environmental consequences, or a catalyst to activate oxygen. However, this isn’t the
only issue. Oxidation reactions are challenging, with low selectivity being a big problem.
Common causes include over-oxidation of the material due to harsh reaction
conditions, a too-powerful oxidant and the final product of a reaction being usually
easier to oxidise than the starting material. This is because the activation energy of the
final product being lower compared to the starting material, making a final product
more sensitive to being oxidised. A good example of this is the synthesis of methanol
from methane, a reaction that has sparked much scientific interest for many years.
Currently methanol is obtained through an indirect, energy-intensive route via syngas.
This is done on huge scale in even larger plants, see Figure 1. The direct oxidation of
methane to methanol could fix this problem. However, this solution has a big

thermodynamic challenge.



Figure 1: Methanol plant from Atlantic Methanol in West Africa that produces 1,000,000 metric tons of

methanol per year. Photo from atlanticmethanol.com reproduced with permission.

Methane is a very stable molecule, having a low electron and proton affinity, low polarity
and a strong C—H bond of roughly 440 k] mol-1.1% It can be oxidised to methanol, but
methanol has a C-H bond of a little below 410 k] mol-1,I'l making this a weaker bond
compared to methane, and also easily oxidised, going to formaldehyde, continuing to
formic acid and ending up in being completely oxidized to carbon dioxide.l'”l Simply
stated; the reaction conditions required to oxidise methane to methanol will result in
over-oxidation to CO; and water.['8! As shown in Figure 2, the further oxidation of
methanol to formaldehyde, formic acid and CO are all strongly exothermic, increasing
the likelihood of over-oxidation. Controlling these reactions is difficult, and where

nature is capable of performing some of these reactions, we scientists struggle.



Figure 2: Energy diagram of the oxidation of methane to methanol, formaldebyde, formic acid and CO..
1.4 Controlling reactions through oxidative agents

With oxidation reactions being so important for the production of materials, how can
we gain control over these reactions and end up with a high selectivity and yield? We
need to control two aspects, one of which is the oxidant used. There are many oxidative
agents, so it should be possible to find at least a few sustainable options. However, some
will be very strong and will oxidise everything, causing a lot of unnecessary waste or
toxic side products. Others may be too selective, useful only in a few specific reactions.
Here we will compare multiple oxidative agents, on their availability (are they available
locally), cost (dollar per ton), environmental impact (energy and COs footprint),
adaptability (how universal are they) and their reactivity (how easily are they activated).
Here, we use oxidants as compounds that can donate an oxygen atom and accept
electrons. Figure 3 shows a comparison between the several options: oxygen, ozone,
sodium hypochlorite, sulphuric acid, nitric acid, permanganate, osmium tetraoxide and
hydrogen peroxide. In this type of graph, the longer the axes (larger web), the better the

result for that category.



Figure 3: Comparative overview of different oxidative agents. The further the point on the web, the better the
catalyst is in that category. Blue webs represent the pure oxygen oxidants, green webs denote metal-based ones and

orange webs denote acid/ base oxidants.

Oxygen (Oy) is freely available in the air, making it the cheapest and most abundant
oxidant. For its environmental impact, we can split oxygen up in two cases; one is air
(20.95 vol% of oxygen), the other is pure oxygen. Pure oxygen has a downside in that
it needs to be diluted before use. This is to scavenge free radicals, to adsorb and desorb
the reactant from the catalyst and to acts as a heat-transfer medium. The nitrogen in the
air already acts as the diluent, even though it doesn’t scavenge radicals well and is not a
good heat-transfer medium. The upside of pure oxygen is that it is a pure reactant,
giving a smaller footprint, and a better reactor space/time yield. When air is used, a

larger reactor is required to compensate for the nitrogen volume.[V] For the production
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of pure oxygen there are factors to consider, such as energy input. However, commercial
oxygen is one of the most significant chemicals. It can be manufactured wherever
needed and is therefore not traded on the international market, and making it requires
roughly 2.8 kWh/kg.l20l In general, using oxygen from air does not form a hazard, and
even pure oxygen is not as dangerous compared to other oxidative agents. It has no
GHS labels and a release into the environment is not a problem. A downside for oxygen
is its high activation barrier, due to its resonance stability.?!l However, once it is
activated it can react using free-radicals with many compounds. The downside here is

that over-oxidation is frequent.

Ozone (03) can be made from water and air, making it a process that can be conducted
everywhere with different methods. One kg of ozone requires roughly 10 kWh of energy
and 8.3 kg of oxygen,?l which is quite cheap, on the same level of pure oxygen and
hydrogen peroxide. It is adaptable for many reactions and easily produced. The most
common method of making ozone is by dissociating oxygen, either photochemically or
electrically. The latter is practical, efficient for large scale quantities and can be made on
location. Using pure oxygen for the generation of ozone is preferred, due to the absence
of by-products, the lack of corrosion due to the moisture content in atmospheric air
and the smaller generator required. However, ozone is highly reactive and therefore
forms a risk to work with, having 4 GHS labels; oxidizers, carcinogen, toxic to aquatic
environment and acute toxic. An ozone spill will affect the surrounding area, particularly
the plant life, however because it naturally decomposes any effect will be limited and

bioaccumulation does not occut.

Sodium hypochlorite (NaOCI), also known as bleach, is made by the Hooker process,
where chlorine gas is passed into a cold sodium hydroxide solution. The chlorine is
prepared by electrolysis and the entire process is not limited by any hard-to-get
chemicals and uses ~3.5 kWh/kg.20 Sodium hypochlotite is often used to oxidise

primary and secondary alcohols. Besides this, it is easily stored and safe to transport.
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However, the GHS classification shows that it burns skin and is toxic to the

environment, especially to aquatic life.

Sulphuric acid (H2SOy) is produced from sulphur, oxygen and water via the contact
process. Sulphur trioxide is made using a vanadium(V)oxide catalyst, the vanadium
being sourced from South Affrica, Russia and China. Countries can also make the
catalyst from local resources. Vanadium is also a by-product of the oil industry, so its
availability is guaranteed in the coming decades (although sulphur is not prominent in
every country). However, to use sulphuric acid as an oxidative agent you need a
concentrated solution, and is often used to oxidise metals. It is a corrosive material and

should not be released into the environment.

For the production of nitric acid (HNO3), ammonia, oxygen and a platinum and
rhodium catalyst are necessary. Platinum is mined in Canada, Russia, South Africa, USA,
Zimbabwe and Australia, and Rhodium in South Aftica and North America. As an
oxidative agent, nitric acid reacts violently with many organic materials, and is even used
as a rocket propellant. It is often used to oxidise primary alcohols. However, it is difficult
to handle and can break down the catalyst. On top of this, the fumes of nitric acid are

toxic and cause injury or even death.

Chromium oxide (Cr,O,) is only mined in South Africa and the Middle East.
However, there are many species of chromium oxide, ranging from chromium(II)oxide
to chromium(VI). For this, we are focussing on chromium trioxide, since this is the
most stable form and a strong oxidizing agent.?2l Again used for mostly primary and
secondary alcohols, it will explode on contact with organic compounds and solvents.
Therefore, it is also quite dangerous to work with, having GHS labels oxidizing, acutely
toxic, corrosive and carcinogen, scoring the lowest number possible on environmental

impact. Chemical companies avoid using Cr(VI), and many shun all chromium species.

Potassium permanganate (KMnQOy) is made of manganese and potassium hydroxide,
both widely available. Other methods include the MnO; ore fusion followed by

electrolysis, however this has a high energy consumption (15 kWh/kg).2%! Potassium
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permanganate is a very powerful oxidizing agent. This oxidative agent has the unique
property that it functions as one on all pH levels and in most solvents, making it very
adaptable and often used for the oxidation of double bonds, olefins and aromatic side

chains.

Osmium tetroxide (OsOy) is made of osmium and not easily accessible for all
countries. However, it is a dirty oxidiser, with short exposure leading to serious injury.
It has the GHS labels for deadly, toxic and dangerous to the touch. Itis a hard to handle

compound and not used very often.

The last one is hydrogen peroxide (H203), which must be made in bulk to be
profitable, and can be made by the anthraquinone process, which is energy efficient
(>3.5 kWh/kg).l2023] In this process, 2-alkyl-9,10-anthraquinones reacts with hydrogen
to form hydroquinones. This is oxidized to quinones using air and yield hydrogen
peroxide. The quinones is recycled back into the feed loop.l2423 H,O is even made in
living organisms using enzymes. While its toxicity is low, it can cause skin irritation and

burns.

Comparing the above oxidants, oxygen is clearly preferable. It is the only one that is
abundant, free, suitable for most oxidative reactions and forms no environmental risk.
Oxygen sounds like the ideal option, but it has limitations. It is thermodynamically
stable and yet is capable reacting exothermically with almost all other elements.[21:26.27]
This is prevented due to the large activation barrier.8] Once this barrier is crossed,
oxygen reacts violently. This causes over-oxidation, leading to CO; and HoO as
products. Using oxygen in a controlled selective manner is a challenge and ideas on how
to do this can be found in nature. Every life-form uses oxygen and therefore is capable

of doing very selective oxidative reactions.
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Figure 4: a. Overall fold of P450 CYP2C9. The haem group is depicted as a ball-and-stick model in
the centre of the molecule, flanked by helices I and 1. b. The haem group, with in orange the iron centre.

Reprinted from ref: 29 with permission from Nature.

The biological answer to selective oxidation reactions are enzymes. In all forms of life,
it is cytochromes P450, a family of enzymes that catalyse monooxygenase reactions.
This entails the binding and splitting of dioxygen, after which the enzyme inserts a single
oxygen atom into an organic substrate and reduces the other oxygen atom to water. The
oxygen activation is performed by the single metal centre in the haem, located in the
centre of P450. This haem is a porphyrin containing often a single iron atom. Porphyrin,
shown in Figure 4 on the left, is a ligand containing a metal centre surrounded by four
nitrogen atoms.l?’l This ring around the single-atom centre is crucial to the process,
since it donates an electron during the process of the cleaving of the O—O bond.%31]
However, the porphyrin cannot do the entire process alone. It is the enzyme protecting
the haem centre and helping it achieve controllable oxygen activation. P450 comprises
multiple a-helices, two of which are in contact with the haem group. One of these
delivers a proton to stabilize the peroxo intermediate formed in the oxidative process.
Another amino acid spatially close to haem, containing a thiol group, works together

with the iron centre to selectively create a Fe—S bond, able to “push and pull”, helping
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in the activation of the O—O bond splitting and C—H activation. .32l This “push and
pull” system is done by having an strong electron donation (“push”) from the thiol,
increasing the electron density on the ferryl oxygen and this enhances the reactivity for
the C—H bond activation (“pull”).33-3] It is clear from the functioning of haem, that the
active site needs help from its environment. The haem group offers protection,
necessary protons and a “pull and push” system, all nestled in perfectly within the
enzyme. The confinement effect haem has is the key to high yield and selectivity in

oxidation reactions.
1.5 Confinement effects in heterogeneous catalysis

Confinement effects can be found in nature, and we can mimic them in our materials.
Since metal active site optimisation is often limited, it is beneficial to develop
confinement effect to increase the activity of the catalyst. This confinement can be done
in three different ways, geometric confinement, chemical confinement and space

confinement, all with their own respective advantages and challenges.

Geometric confinement is the physical confinement around an active site. There are
simple ways this can be achieved, one of them making a material with small pores,
meaning a larger surface area per g of catalyst, which will increase the contact between
substrate and catalytic surface. This will increase the yield of a reaction, but not the
selectivity. To achieve geometric confinement, the size of the pores can be of great

influence.[36]

An example of a geometric confinement effect can be found in several zeolites, also
known as "molecular sieves". These have microporous channels that interconnect with

cavities, with sizes of 2-20 A, in the range of many molecular diameters. 3]

Zeolites are used in many different areas, mostly in the oil industry, but also as water
softeners. They ate easily modified to contain Bronsted and/or Lewis acid sites.
However, the property that makes them interesting is their shape selectivity.*8! The

active site inside the zeolite can only convert the substrate that can actually fit inside.

15



This can be divided in 3 categories; reactant selectivity, product selectivity, and
transition-state selectivity (Figure 5a, 5b, and 5c, respectively).’?) The first excludes
larger reactants from entering the pore, resulting in specific smaller reactants reacting.
This mass-transfer effect ensures that in a mixture, only the desired reactant reacts.
Shape selectivity will occur not only when a reactant doesn’t fit into the pore, but also
when the diffusion is sufficiently smaller than the smaller species.*! The second
category, product selectivity, occurs when the products form inside the pores, however
only specific product shapes can exit the pore. The zeolite limits the formation of high
mass-transfer limited products. This gives a very selective reaction, but it is only useful
when the undesired products can convert to the desired product. Otherwise, these large
and incorrectly shaped final products will block pores and therefore deactivate the
catalyst.*ll The final category, transition-state selectivity, limits the shape of the
transition state, prohibiting certain larger transition states and therefore allow only
specific products.*>#81 All three categories of confinement increase the selectivity

simply by changing the geometry of the catalyst.
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Figure 5: Shape selectivity in zeolites with examples of reactions. (a) Reactant selectivity: cleavage of hydrocarbons.
(b) Product selectivity: methylation of toluene. (c) Restricted transition-state selectivity: disproportionation of m-

xylene.

The second type of confinement that influences a reaction is chemical confinement.
In this case, the surface of the catalytic material influences the binding of the substrate.
This can either be that the reactant can only selectively bind, meaning only one side of
the molecule can react. Another option is that the entire surface prevents binding at all.
One of the advantages enzymes have is that they have binding pockets, causing a
reactant to bind in a specific orientation to the active site.[*)) We can try to recreate this,
as done by Medlin ¢7 a/. by adding thiolate self-assembled monolayers to substrates.!>']
Changing the functional group of the hydrocarbon tails influences the interactions close
to the surface, similar to the enzyme binding pockets. By doing this, reactants can only
bind at the active site. Other examples can be found in homogeneous catalysis, where

noncovalent interactions between reactant and catalyst occur. In this way small chiral
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catalysts with specific ligands show enantioselectivity by reducing the ways the reactant
can react with the active site.>'-531 Another option is changing the entire surface of an
catalyst, i.c. very hydrophilic or hydrophobic.l* This effect can be used in any reaction
where reactant and product have different hydrophilicity, for example the methane to
methanol reaction, where excess oxidation of the methanol might be prevented this

way.

Finally, there is spatial confinement. This category differs from the other
confinements since it is a unique interaction between the active sites and its direct
surroundings; otherwise the reaction could not occur. One example is the "active
doughnut" concept, where an active particle supported on an active site work together
to create a doughnut-shaped volume around the active particle.> Here, the oxygen gets
activated on the surface, and immediately reacts further using the active particle. This
prevents the very reactive oxygen going into solution and prevents over-oxidation,
therefore increasing the selectivity. Other examples are tandem reactions, where you
make the reagent close to the active site, after which it can react further with the active
site. The last example is solvent pockets, which can occur when a variety of solvents are
used. Solvents can nestle inside the pores, creating small spaces that are more reactive
than others.[*6:>¢ Besides this specific effect, solvents have an influence on reactions,
and choosing the right solvent is important.l’l All these effects can either help the yield

of a reaction, and or the selectivity of products.
1.6 Objective and scope of this thesis

The previous sections showed the importance of sustainable production in our
changing world. In my opinion, a key solution to these problems is to design catalysts
for specific reactions. By optimising catalysts, we can achieve maximum selectivity and
yield. This is tricky, especially in oxidative chemistry, where the right type of oxidant

must be found and the chance of over-oxidation is always present.



The design of oxidation catalysts is the metaphorical red thread running throughout my
thesis. Chapter 2 is about the selective oxidation of cyclohexene using metal oxides on
nitrogen-doped carbon. The different reaction pathways are discussed, and how the
surface and active site interact with each other and affect the selective oxidation of
cyclohexene. The catalyst design combines nitrogen-doped carbon, that can activate
oxygen, and metal particles, achieving high selectivity and yield. On top of this, it gives

us insight into oxidative chemistry which we can use later on.

The third chapter discloses a novel synthesis of phthalocyanine, a catalyst related to
haem. This catalyst is purposely chosen for oxidative chemistry. The single atom catalyst
gives optimum use of the metal, and the ligand around it is suitable for industrial
conditions. The synthesis procedure described in chapter 3 is then further applied in
chapter 4. Here, the catalyst building blocks are further designed into a polymer,
through a mix & match approach. By varying the distance between the active sites in
the polymer, we can see the intermetal distance influencing the reaction. As we can
easily change metal, active site distance and environmental effects in this catalyst, we

control the confinement of the metal in the reaction. True design power is shown here.

Finally, in the fifth chapter we apply the knowledge that we gained on synthesis and
design of catalysts to a new related problem. This is the synthesis and design of zeolites,
a different type of confinement catalyst. The purpose here is to see if the approach we
have developed over the previous chapters is translatable to new type of materials.
Overall, I hope to show the you, the reader, that the design of catalysts is a right step

into making our world more sustainable.
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Selective catalytic
oxidation of cyclohexene

with molecular oxygen

Chapter 2



Abstract

We study the allylic oxidation of cyclohexene with O under mild conditions in the
presence of transition-metal catalysts. The catalysts comprise nanometric metal oxide
patticles supported on porous N-doped carbons (M/N:C, M=V, Ct, Fe, Co, Ni, Cu,
Nb, Mo, W). Most of these metal oxides give only moderate conversions, and the
majority of the products are over-oxidation products. Co/N:C and Cu/N:C, however,
give 70-80 % conversion and 40-50 % selectivity to the ketone product, cyclohexene-
2-one. Control experiments in which we used free-radical scavengers show that the
oxidation follows the expected free-radical pathway in almost all cases. Surprisingly,
the catalytic cycle in the presence of Cu/N:C does not involve free-radical species in
solution. Optimisation of this catalyst gives >85 % conversion with >60 % selectivity
to the allylic ketone at 70 °C and 10 bar Oz We used SEM, X-ray photoelectron
spectroscopy and XRD to show that the active particles have a cupric oxide/cuprous
oxide core—shell structure, giving a high turnover frequency of approximately 1500
h~1. We attribute the high petrformance of this Cu/N:C catalyst to a facile surface
reaction between adsorbed cyclohexenyl hydroperoxide molecules and activated

oxygen species.

Part of this work has been published as “Selective Catalytic Oxidation of Cyclohexene
with Molecular Oxygen: Radical Versus Nonradical Pathways”, I.M. Denekamp, M.
Antens, T.K. Slot, G. Rothenberg, ChenCatChen 2018, 70, 1035-1041.



2.1 Introduction

The allylic oxidation of alkenes is an important chemical reaction. It allows us to keep
the double bond and at the same time create a new alcohol or carbonyl function.!’-2
As such, it is useful across the board, from bulk chemicals and agrochemicals, |34 all
the way to fine-chemicals and fragrances.>7l In theory, allylic oxidation is a
straightforward exothermic reaction. It requires only Oy, a free, eco-friendly and widely
available reagent. However, there is a trade-off: Oz has a high activation barrier because
of its resonance stabilisation.8! Once this barrier is overcome, the active oxygen species
often react with hydrocarbons via free-radical intermediates. These wreak havoc in
solution and cause side reactions that all-too-often lead to unwanted over-oxidation

products.>-11]

Recently, we showed that this problem can be solved for the specific case of the
oxidation of activated alcohols to aldehydes and ketones by using a bifunctional
catalyst.'2l Yet this oxidation was “only” a dehydrogenation reaction. It involved the
transfer of protons and electrons without the addition of a new O atom to the
substrate. Allylic oxidation is tricky because it is an oxygenation that involves the
cleavage of at least one C—H bond and the creation of new C-O or C=0O bonds. This
requires a direct interaction between the substrate and an active oxygen species, which
must then be stopped at the allylic alcohol/ketone stage before “burning” further to

carboxylic acids, CO and COa.

Here we examine the catalytic oxidation of cyclohexene with Oz under mild conditions
[Eq. (1)]. Cyclohexene is a good model compound for two reasons: first, it is a small
and symmetric molecule, similar to many starting compounds in chemical synthesis.

Second, it is itself industrially important and participates in the synthesis cycles of key
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Cs chemicals such as adipic acid and caprolactone.l'>14 Building on our preliminary
communication on alcohol oxidation,['?l we designed a set of metal oxide catalysts
supported on N-doped carbons. We used no noble metals and we focussed on

abundant transition metal oxides as catalysts.

There are several reports on the allylic oxidation of cyclohexene catalysed by abundant
transition metals. In general, the use of Oz as an oxidant requires additional activation,
either by adding 5-10% of a free-radical initiator such as H,O» or by using elevated
temperatures. Zhang and Tang!"l reported a Cu catalyst on expanded graphite that
gave 99% conversion and 65% selectivity to 2-cyclohexene-1-one. Yin e¢# a/l'9 and
Rossi ez al.l'l used Co-based catalysts to obtaining 94% conversion and 44% selectivity
and 90% conversion and 61% selectivity, respectively. Peng ez 2/1'8 used metal-free N-
doped carbon nanotubes as catalysts. They tested 22 organic solvents and found that
acetonitrile gave the best results of 60% conversion and 39% selectivity to the 2-

cyclohexene-1-one.

Our initial hypothesis was that the allylic oxidation reaction would follow a pathway
similar to alcohol oxidation with oxygen activation at the support surface followed by
a reaction at the oxide particle. Based on the reports, we expected the reaction to
involve free-radical intermediates.1%:17.19 Surprisingly, we found that at least in one
case, namely if we used copper oxide particles supported on N-doped carbon, there
are no free-radicals in the solution. In this study, we try to resolve the different
pathways that lead to allylic oxidation, with the goal of gaining a better understanding

of this important reaction.

2.2 Results and Discussion

Catalyst synthesis and testing. We began by preparing and testing a set of nine
d-block metal oxides supported on the same batch of hierarchically porous N-doped
carbons9 (1.2 mmolg-! M/N:C, M =V, Ct, Fe, Co, Ni, Cu, Nb, Mo, and W). The
catalysts were prepared using vacuum pore impregnation (see experimental section for

details). To this set of catalysts, we added two blanks: a clean N:C support and a carbon



prepared from a citric acid precursor (denoted Ce), which has a similar surface area to
N:C (=1500 m2/g!) but contains no N. All catalysts were then tested in cyclohexene
oxidation by using an autoclave under 10 bar Oz and 55 bar Ar, within safe explosion
limits. Typically, each autoclave was charged with approximately 25 mmol of
cyclohexene, 10 mg of catalyst (a nominal substrate/metal oxide ratio of 2000:1) and
15 mL of MeCN as solvent. Reactions were stirred for 16 h at 1000 rpm and analysed
by GC.

Table 1. Cyclohexene oxidation in the presence of different
catalysts.?

Selectivity (%o)

Entry Catalyst Conversion (%)
A B C D other
1 None 22 8 2 0 10 80
2 Cit 23 14 2 0 17 67
3 N:C 49 28 3 0 5 64
4 W@N:C 43 17 4 0 12 67
5 Ni@N:C 44 17 3 0 17 63
6 Mo@N:C 45 17 5 0 11 69
7 Fe@N:C 53 23 3 0 3 74
8 Nb@N:C 58 25 6 0 8 61
9 V@N:C 64 20 15 0 2 63
10 Cr@N:C 66 32 7 1 4 56
1 Cu@N:C 71 47 9 16 4 24
12 Co@N:C 80 38 6 6 6 44

[a] Reaction conditions: 10 bar O 2,5 mL. (24,7 mnol) cyclobexene; 0.5 mL (1.85 mmol) cyclobexane (IS);
10 mg catalyst; 15 mL MeCN; stirred in an antoclave (1000 rpm); 70 °C; 16 h.



Cyclohexene is oxidised to four main products (Table 1): 2-cyclohexene-1-one (A),
cyclohexene oxide (B), 2-cyclohexene-1-ol (C) and 2-cyclohexene-1-hydroperoxide
(D; herein the ketone, epoxide, alcohol and hydroperoxide, respectively). The rest of
the products were over-oxidation products, mainly CO and COs,. Products A—C were
determined directly by GC. The hydroperoxide D could not be observed by GC and
was quantified by reacting each sample with PPh3 (see Experimental Section for
details). Control expetiments confirmed that the internal standard, cyclohexane,
showed no conversion under these reaction conditions. Further, in the absence of any
catalyst, the background reaction at 70 °C gives only 22 % conversion, most of it to
CO and CO; (Table 1, entries 1-3). The addition of porous carbon does not change
the conversion but reduces the amount of over-oxidation slightly, possibly because of
radical-scavenging by the carbon surface sites.2!l In the presence of pristine N:C, the
conversion more than doubles to approximately 50 %. Moreover, the selectivity to the
ketone A increases to 28 %, at the expense of the hydroperoxide D. Indeed, we
showed recently that these porous N:C materials are excellent oxygen reduction

catalysts, |2l yet these results also point to a N:C-catalysed route from D to A (vide infra).

The addition of W, Ni, Mo, Fe or Nb does not change the results significantly (T'able
1, entries 4-8). For some of these catalysts, the selectivity to A is lower than that of
the pristine N:C support, which may reflect the blocking of labile sites on the support
by metal oxide particles. However, the catalysts that contain V, Cr, Cu and Co showed
a significant increase in conversion (entries 9—12). Vanadium oxide (V/N:C), which is
known as a good epoxidation catalyst,|?223] gives a high selectivity to the epoxide B .
The remaining three catalysts are interesting: they are the only ones to give
measureable yields of the alcohol C . All three give less hydroperoxide compared with
the blanks, which indicates a pathway from D to C. Cobalt oxide gives the highest
conversion. However, copper oxide gives the highest selectivity to the ketone A with
a remarkably low amount of over-oxidation products. Even at this un-optimised stage,
the Cu/N:C catalyst gives a combined ketone + alcohol yield of nearly 45 % with a

minimum turnover number (TON) >1400 and turnover frequency (TOF) >88 h~!



(the actual TON and TOF per site are much higher because most of the copper oxide
is not accessible, see discussion below). Therefore, we focussed our investigation on

these two catalysts.

Table 2. Oxidation of cyclohexene with various copper oxide and
cobalt oxide catalysts.?

. N . Selectivity (%)
. Temp Conversion ’
Entry Catalyst oC v
9 o A B C D  other

1 Co@N:C 70 80 38 6 6 6 44
2 Co@Alu 70 56 20 3 0 3 74
3 Co@N:C 70 87 43 6 11 nde 40
4 Co@N:C 80 87 41 12 5 nde 42
5 Cu@N:C 70 71 47 9 16 4 24
6 Cu@N:C 70 86 61 15 8 nde 16
7 Cu@N:C 80 85 53 10 17  nde 20

[a] Reaction conditions: 10 bar O 2.5 ml. (24.7 mmol) cyclobexcene; 0.5 mL (1.85 mmwol) cyclobexane (IS);
10 mg carbon catalyst, 73 mg alumina catalyst; 15 mL MeCIN; stirred in an autoclave (1000 rpm); 16 b. [b]
1.0 ml. H202 added (10 wt %, 3.3 mmol, 13 mol % based on cyclobexene). [c] Not deternined.

Control reactions in which we used equivalent amounts of cobalt oxide supported on
y-alumina showed lower conversions and more side-products, which confirms the
importance of the N:C support (Table 2, entry 2). Copper oxide supported on y-
alumina shows a good conversion but with a lower selectivity and more side-products
than that supported on N:C, making the y-alumina-supported catalyst less favourable
(entry 6). Notably, the difference in the surface area between the carbon and the y-
alumina was corrected for by increasing the catalyst amount accordingly. To boost the
number of free radicals at the start of the reaction, we added H2O> (13 mol % relative

to the substrate, entry 3).[57]
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Table 3. Effects of adding free-radical scavengers.2
Selectivity (%o)

Entry Catalyst Addition  Conversion (%)
A B C other
1 N:C - 49 28 3 0 69
2be N:C BHT 0 0 0 0 0
3 Co@N:C - 87 41 12 5 42
4 Co@N:C BHT 0 0 0 0 0
5 Cu@N:C - 85 53 10 17 20
6 Cu@N:C BHT 76 46 10 20 24

[a] Reaction conditions: 10 bar O 2.5 ml. (24.7 mmol) cyclobexcene; 0.5 mL (1.85 mmwol) cyclobexane (IS);
10 mg carbon catalyst; 15 ml. MeCN; stirred in an autoclave (1000 rpm); 80 °C; 16 h. [b] Reaction
temperature 70 °C. [¢c] 354 mg BH'T added (7 mol % based on cyclohexene).

H202 can decompose into water and oxygen under these reaction conditions. The
water molecules themselves do not change the conversion and selectivity (the HO»
solution is already 90 % water), but the decomposition of H,O» affects the reaction by
releasing free radicals into the solution. The addition of H2O; increased the conversion
but did not change the selectivity significantly. A similar increase was observed if the
reaction was performed at 80 °C. With copper oxide, however, the addition of H2O»
or an increase of the reaction temperature affected both the conversion and the
selectivity (entries 7 and 8). The conversion increased to 85 %, and the combined
selectivity to A + C increased to 70 %. Importantly, this increase in selectivity came at
the expense of the over-oxidation products (unlike with Co, with which there was still
a lot of over-oxidation products). To our minds, this was counter-intuitive: we would
assume that the addition of an initiator such as H>O» or an increase of the temperature
would lead to more CO and COx. These results led us to think that perhaps the copper
oxide catalysed reaction is not a simple free-radical process. Previous reports in which
the oxidation kinetics of cyclohexene and [D10]cyclohexene are compared show a
clear primary isotope effect (kn:kp =8.2), which indicates that the rate-determining

step involves C—H bond scission.l'!] Moreover, the addition of a radical scavenger



quenched the reaction.l'%13 To check if this also applies our system, we ran additional
control experiments in the presence of 6 mol % of 2,6-di-tert -butyl-4-methylphenol
(BHT; see details in the Experimental Section). The addition of BHT to the reaction
mixture that contained the N:C support or the Co/N:C catalyst stopped the reaction
completely (Table 3, ¢ entries 2 and 4 with 1 and 3). However, if we added BHT to
the Cu/N:C-catalysed reaction, there was only a slight dectrease in the conversion and
selectivity (from 85 to 76 % and from 53 to 46 %, respectively; entries 5 and 6). This
shows that although the reactions catalysed by metal-free N:C and by Co/N:C are
definitely free-radical processes, the Cu/N:C-catalysed reaction is not affected by free-
radical scavengers (these experiments were repeated multiple times by different people
to ensure their repeatability and reproducibility). Therefore, we conclude that in the

Cu-catalysed system, there are no free radicals in solution.

SEM images (Figure 1) of the Cu/N:C catalyst showed spherical copper oxide
particles of approximately 200-250 nm in diameter distributed evenly across the
surface. Unlike the support, the particles are non-porous. Consequently, most of the
copper oxide is “inside” the particle and unavailable for catalysis. If we consider that
the active outer shell is approximately five atomic layers (=2 nm in thickness), the
actual active catalyst comprises only 0.1 wt %. Accordingly, the actual TON of this

catalyst would be >24 000 with a corresponding TOF of >1500 h=".



Figure 1: Scanning electron micrograph of Cu/ N:C at X15 000 magnification (an image with particle

measurements is included in the Appendix).

We used X-ray photoelectron spectroscopy (XPS; Figure 2) to show that the
impregnation of the N:C surface with copper oxide does not affect the N binding
energy. This suggests that the copper oxide is not coordinated to surface N atoms.
The impregnation increases the intensity of the O 1s peak, which indicates a higher
oxygen content in the sample. For Cu, the XPS spectrum shows the typical Cu 2p1,2
and Cu 2ps2 peaks, which can be assigned to both Cu* and Cu?*. Yet the characteristic
CuO peak at a binding energy of 945 eV is absent, which supports the presence of
CuOP4 (metallic Cu is unlikely at such low treatment temperaturesl®! and if we

consider the increase in the O signal).
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Figure 2: XPS' spectra of Cu/N:C and pristine N:C that show the O 1s, Cu1/2p and 3/2p, N 1s and
C 15 binding energies. Impregnation of copper oxide on the N:C increases the O content but does not affect the

N or C peaks. The N and C spectra are normalised for clarity.

The carbon peak is not affected by impregnation with Cu. However, powder XRD
patterns of the catalyst show CuO as the major component in the particles (see details
in the Appendix). These results are consistent with a CuO—CuO; core—shell structure
as XRD measures the entire particle, whereas XPS penetrates only a few atomic
layers.[?0l Therefore, we suggest that during the thermal treatment following the
impregnation step, the adsorbed Cu(NOs), precursor is first converted to CuO and
NOg. As the temperature approaches 300 °C, the CuzO shell statts to form. Indeed,
temperature-programmed reduction measurements indicate the presence of multiple
copper oxides (details in Appendix). Similarly, thermogravimetric analysis of the
pristine N:C and the Cu/N:C samples shows that the latter decomposes at a lower
temperature (400 vs. 500 °C, respectively). This supports the hypothesis that Cu

partially oxidises the surface to create more labile sites (see details in the Appendix).
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Mechanistic considerations. From these results, we propose two alternatives for
the catalytic allylic oxidation of cyclohexene with O. The first follows the traditional
free-radical route and pertains to the Co, Fe, Ct, Mo, V, Ni, Nb and W/N:C catalysts.
Here, Oz is either activated thermally or in a redox process on the N:C surface. The
insertion of this activated oxygen into the allylic C—H bond gives the cyclohexenyl
hydroperoxide D . This can then either rearrange to give the ketone A or undergo
scission to give oxo and peroxo radicals that propagate a chain oxidation reaction.[%!9]

Accordingly, this pathway, which involves free-radicals in the bulk solution, is

quenched readily if BHT is added.

Conversely, in the presence of Cu/N:C, there are no free radicals in the bulk solution.
Oxygen can still be activated at the N:C surface sites but now there are two options:
the small amounts of short-lived activated oxygen species (e.g., O2™ radical anions)
that travel into solution will be quenched by BHT (Figure 3a, ¢ also the difference
in conversion between entries 5 and 6 in Table 3). The BHT molecules are too bulky
to enter the micropores. Therefore, they will quench only the radicals in the solution.
Conversely, the activated oxygen species that are close enough to diffuse to a
supported copper oxide particle,”’l and react there with cyclohexene to form an
adsorbed hydroperoxide (Figure 3b). This adsorbed hydroperoxide can undergo two

reactions.

The first is rearrangement and dehydration to give the ketone A and a molecule of
water (Figure 3c¢).”28 The second is a disproportionation teaction with another
cyclohexene molecule to give two molecules of cyclohexene-1-ol C (Figure 3d).
Compared with the other metal oxides, the scission of the RO—OH bond on the
copper oxide surface is apparently much slower. This means that fewer free radicals
are released into the solution, which gives enough time for the rearrangement and

disproportionation reactions.



Figure 3: Proposed reaction pathways for the catalytic oxidation of cyclobexene with O2 in the presence of
Cu/N:C. a) Oxygen activation at the support surface followed by radical migration into solution. b) Insertion
of activated oxygen into the allylic C—H bond to give the adsorbed hydroperoxcide D followed by either ¢)

rearrangement to the ketone A and water or d) reaction with another cyclohexene molecule to give two molecutes

of the aleohol C.

Interestingly, there is a marked difference between the oxidation of activated alcohols,
which we reported earlier,l'?l and that of cyclohexene. With an activated alcohol
substrate such as cinnamyl alcohol, the N:C support is required for oxygen activation.
There, no reaction was observed for copper oxide particles supported on Cg, an
analogous porous carbon with no N dopants. Cyclohexene oxidation, however, does
proceed in the presence of Cu/Ce, which shows that the allylic oxidation in this case
is easier. This is supported by the results of Gray and co-workers,['% who showed that
the allylic C—H bond scission is rate-determining, and by the fact that this bond is

weaker than the alcohol C—H bond (83 and 96 kcal mol-!, respectivelyl2-3).

In all cases, the epoxide B probably forms via another pathway.3 Cyclohexene
molecules can interact with M=O groups on the particle surface to give the epoxide

and a labile surface site which is then re-oxidised by incoming oxygen./>4
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2.3 Conclusions

The catalytic oxidation of cyclohexene with O can follow different pathways that
depend on the type of catalyst. In the presence of transition metal oxide nanoparticles
supported on N-doped carbons, the key step is the insertion of O into the allylic C—H
bond to give the cyclohexenyl hydroperoxide. This reaction can be enhanced by
oxygen activation at the N-doped carbon surface. In most cases, the allylic oxidation
follows a free-radical pathway. However, in the presence of Cu/N:C the reaction does
not release free radicals into solution. This enables a more selective reaction at the

copper oxide surface, which probably involves cuprous oxide sites.



2.4 Experimental Section

Materials and instrumentation. GC was petformed by using a PerkinElmer
Clarus 580 instrument. This system was equipped with a flame ionisation detector and
autosampler (G4513A). A 30 m*32 mm L.D. Rxi-5 ms fused silica crossbond diphenyl
dimethyl polysiloxane column with a film thickness of 0.25 pm was used. The injector
volume was 1 pL, and the flow was 100 mL min~! of He carrier gas. The temperature
program was 40 °C, 20 °C min~!, 160 °C for 2 min. SEM was performed by using a
Verios-460 microscope (FEI) at an accelerating voltage of 5kV with a working
distance of 2-5 mm. Powder XRD patterns were obtained by using a MiniFlex II
diffractometer by using Ni-filtered CuK, radiation. The X-ray tube was operated at 30
kV and 15 mA with a 0.01° step and 1s dwell time. XPS measurements were
performed by using a PHI VersaProbe II scanning XPS microprobe (Physical
Instruments AG, Germany) using a monochromatic AlK, X-ray source with a power
of 24.8 W and a beam size of 100 um. The spherical capacitor analyser was set at a 45°
take-off angle with respect to the sample surface. The pass energy was 46.95 eV to
yield a full width at half maximum of 0.91 eV for the Ag3ds/; peak. Peaks were
calibrated using the C 1s position. Curve fitting was performed using the XPSPeak 4.1
software package. All chemicals were obtained from commercial sources (>99 % pure)
and were used as received. Temperature-programmed reduction (TPR) was performed
by placing 25 mg of sample sandwiched between two quartz wool plugs in a quartz
tube reactor (4 mm i.d.). After purging with No, a flow of 5% H» in N2 was applied.
The system was allowed to equilibrate and then heated at 5°Cmin~" to 800 °C (no

hold time).

Preparation of the N-doped carbon support. The N:C support samples were
prepared following the procedure published by Eisenberg ezall??! Briefly,
nitrilotriacetic acid (NTA) was mixed in a 1:1 ratio with magnesium carbonate. This

was dissolved in de-ionised water, stirred for 10 min at 85 °C, and cooled to RT. The



solid was then precipitated by adding an excess of ethanol and chilling in an ice bath
for 2 h. The white solid was scraped out, dried at 40 °C for 48 h, and ground into a
fine white powder. This powder was then pyrolysed in Ar at 900 °C. The MgO
particles were washed with 3X500 mL of 0.5 M citric acid. The resulting crude N:C

sample was dried at 120 °C for 2 h and treated under Ar at 1000 °C for 1 h.

Preparation of M/N:C catalysts. This is a modification of the procedure
published by Slot ez /"2l The N-doped carbon support (100 mg) was placed in a small
vial with a septum. The air was removed carefully by using a needle, and an aqueous
solution of the desired metal precursor salt (0.2 mL, which corresponds to a nominal
loading of 1 mmol m~2) was added to the vial under continuous stirring. The vial was
shaken vigorously for 2—-3 min to create a uniform solid paste, which was then dried
at 85 °C for 12 h. Each catalyst was then heat-treated at 300 °C under Ar (except for
Nb/N:C, which was treated at 700 °C) and cooled to RT. The different M/N:C
catalysts were prepared from their respective precursors salts: Co(NOj3)2:6 H2O,
Cu(NO3)2:3 H20, Fe(NO3)3-9 HoO, NH4VOs (dissolved using 2 equiv. of oxalic acid),
Cr(NO3)3'9 H20, (NH4)sM07024-4 H20, NiINO3)2:6 H2O, Ci10HsNbOzo'x H2O and
(NH4)10W12041-5 H2O. The Co/alumina catalyst sample was prepared similarly from
y-ALOs (Ketjen; ground and sieved to 200—400 nm) and Co(NOs3)2:6 H>O stock
solution (0.8 mL, 0.55 M).

Catalytic oxidation of cyclohexene. This is a modification of the procedure
published by Cao ez /1?2 A 75 mL autoclave lined with a 50 mL Teflon insert was
loaded with cyclohexene (2.5 ml, 24.7 mmol), cyclohexane (0.5 mlL, internal
standard), acetonitrile (solvent, 15 mL), catalyst (10 mg M/N:C carbon or 73 mg
Co/alumina) and a stirring bar (30 mm). The autoclave was sealed, flushed with Ar
and Oz twice before the final O; (10 bar) and Ar (55 bar) atmosphere was applied. The
autoclave was then heated to 70 °C for 16 h with stirring at 1000 rpm. After 16 h, the

autoclave was cooled to ambient temperature. Acetone (5 mL) was added to the



sample, and the reaction mixture was filtered using 0.45 um PTFE syringe filters and

analysed by using GC.

The presence of free radicals in solution was tested by adding BHT (354 mg, 6 mol %)
to the reaction at /=0 and then following the above procedure. Reactions were

performed in triplicate, and all GC analyses were performed in duplicate.

Quantification of the cyclohexenyl hydroperoxide D. The hydroperoxide
D cannot be measured directly by using GC because of its instability. Instead, we
quantified it by comparing a control reaction sample to one in which
triphenylphosphine (PPh;, 30 mg, 1 mol %) was added. The sample was shaken for 1
min, and heat was generated as the PPhs reacts with the hydroperoxide D to give
PPh;0O and the alcohol C [Eq. 2]. After this reaction, the sample was analysed by GC
and compared to its untreated counterpart. The subtraction of the initial amount of
the alcohol formed in the control reaction from the amount of the alcohol after the

addition of PPhj gives the amount of hydroperoxide D in the original sample.l6-3]

OOH OH

+ PPhs RT,T(—:‘CI\T + PPh3O (2)
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Appendix - The supporting information for Chapter 2

Figure A1: Scanning electron micrographs of Cu/ N:C. The size of the copper oxide is ca. 200=250 nm.

Scanning electron microscopy (SEM) of Cu/N:C catalyst with particle measurements.
The average size of the copper oxide spherical particles is ca. 200-250 nm.

Furthermore, the clusters are evenly distributed onto the support surface.
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Figure A2: Temperature programmed reduction (TPR) spectrum for Cu/ N:C.

The temperature programmed reduction (TPR) shows multiple copper oxide species
presence inside the copper oxide catalyst. At 300 °C copper oxide is reduced, whete
multiple peaks indicate multiple copper oxide species. At 600 °C the support N:C is
reduced.!!l

Figure A3: X-ray powder diffraction (XRD) spectrum for Cu/ N:C.

X-ray diffraction showed a broad peak at 25° which is typical for carbon. The small
peaks at 36.1° (-=111) and at 39° (111) are typical for CuO.2



Figure A4: Thermal gravimetric analysis (TGA) curves of Cu/ N:C and plain N:C.

TGA showed the mass loss of N:C at 500°C, whereas the Cu/N:C has a mass loss at
a lower temperature. This difference indicates that the copper oxidises the nitrogen-
doped surface during the treatment, thereby lowering the temperature of the mass loss.
The difference in weight petcentage at the end of the measurement around 600 °C is

the copper oxide that is present in the Cu/N:C sample.
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A simple synthesis of
phthalocyanines as

oxidative catalysts

Chapter 3



Abstract

We report a simple synthesis protocol for making phthalocyanines (Pcs) starting from
phthalonitriles. This method is general and requires no specialised equipment. The
complexes are isolated and characterised using X-ray diffraction, NMR, FTIR and
Raman spectroscopy and high-resolution mass spectrometry. First, we study and
present a one-step synthesis route to a metal-free Pc (H2PcHig), as well as to the
corresponding MPcH1s complexes of Mn, Fe, Co, Ni, Cu and Zn. Then, we show that
this route can also be used to make the fluorinated Pc analogues (MPcFie). Finally, we
present a new and useful procedure for inserting a metal ion into a metal-free HoPcHis
ring, by direct metalation, yielding the corresponding MPcHis complex. This last

method is especially useful if you want to make different MPcH1s complexes.

Part of this work has been published as “A simple synthesis of symmetric
phthalocyanines and their respective perfluoro and transition-metal complexes”, I.M.
Denekamp, F.LL.P. Veenstra, P. Jungbacker, G. Rothenberg, .App/l. Organomet. Chem.
2019, 33, e4872.

50



3.1 Introduction

Nature excels at evolving complex catalytic systems that can carry out “simple”
chemical reactions cleanly and efficiently. The best (and to us chemists, most
frustrating) examples are the enzymes nitrogenasl!l and methane monooxygenase,?!
which can fix nitrogen from the air and oxidise methane to methanol under ambient
conditions, respectively. Another example is the activation of dioxygen, which is
particulatly challenging owing to its resonance stabilisation.’] Here, one of nature's
tools is the heme porphyrin molecule, which is embedded in vivo within the protective
shell of the haemoglobin protein. This combined system shows many features of an
ideal catalyst, operating efficiently at ambient temperature and pressure and using only
a single iron atom per site. However, transferring this activity to in vitro and ultimately

to industrial setups is far from trivial.

As part of our ongoing research into selective oxidation with molecular oxygen, -9 we
tried building synthetic porphyrin analogues that could serve as good single-atom
catalysts 7z vitro . For this, we turned to phthalocyanines (Pcs), which are highly stable
two-dimensional macrocycles with a structure analogous to that of porphyrins
(Scheme 1). Pcs are by no means new compounds. They were first characterized in
1934 by Linstead, after their discovery at Scottish Dyes Ltd., in Grangemouth.”]
Today, Pcs have a broad range of applications due to their strong colour and long-
term stability. The copper phthalocyanine pigment is the single largest-volume
colorant sold worldwide (mainly thanks to its availability and low price).l891 Pcs are
applied as colour pigments for cars, due to their strong blue colour, insolubility in
water, high dispersability and high heat stability.l'%.11] They atre also found in printing
inks,l'2l pen inks,['314 general dye applications, biomedical applications and in

catalysis.[1>-19]
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Scheme 1: left: Heme B, within the porphyrin highlighted in gray. Right: FePcH .

Pcs can be made by the cyclisation of phthalonitriles in the presence of an organic
base.[1820-22 However, all these procedures include cumbersome and/or difficult
synthesis or separation steps. The reactions require high temperature, typically above
180 °C,123-23] Jeading to side products and lowering yields.[?d! Other protocols require
high pressure,”” ionic liquids,?8l gaseous ammonial?®l or long reaction times (>150

h).29

Notwithstanding the synthetic achievements of the above reports, one would prefer a
simple, short and general synthesis protocol that requires no specialised equipment. In
this chapter, we present a one-step synthetic route to metal-free Pcs (hereafter noted
as HoPcHig), their corresponding Mn, Fe, Co, Ni, Cu and Zn complexes (MPcHig),
and the perfluorinated analogues (MPcFig). Furthermore, we present a new and facile

procedure for making the same complexes by metalation of a metal-free HoPcHig ring.

3.2 Results and Discussion

First, we tried synthesising the metal-free HoPcHi6 ring following the procedures of
Ogawa,l?2l WohrlePY and Kharisov.2!l These protocols give a good basis, advising the
use of 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) as the base and alcohol solvents.
They are based on the cyclisation of phthalonitrile (Scheme 2) but should be done

under inert atmosphere, as moisture from the air can hydrolyse the nitrile groups,
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forming unwanted side products. The reaction proceeds best in an alcohol solvent,
and is quite solvent-dependent.’2l We found that #-pentanol is the optimal choice
because it also enables the solvation of various MPcs thanks to its higher boiling point.
The reaction can be monitored visually, as dissolving the phthalonitrile in #-pentanol
gives a milky liquid, which turns orange on addition of DBU. When this mixture is
heated, it turns a dark blue-purple, indicating the formation of the Pc ring, which can

then be washed and isolated (see experimental section for details).

Scheme 2: Cyclisation of phthalonitrile gives the symmetric phthalocyanine.

We then turned to the metal-Pc complexes, or MPcHis. In principle, these complexes
can be made in two ways. One can either synthesise them in a single step from the
metal precursor and phthalonitrile, or one can first synthesise HoPcHie ligand, and
then complex it with the metal salt precursor. The first method is most commonly
used, and here we present only a simplified variation. To the best of our knowledge,

the second method is new.

The direct route to MPcHig is very similar to the synthesis of the HoPcHi4 ring. The
reaction should be run under an inert atmosphere, not only to prevent the hydrolysis
of the nitrile groups, but also to avoid unwanted oxidation of the metal cation
(manganese, for example, will only form the complex as Mn?*).B1l The choice of
solvent is critical, because the reaction is run under reflux. Low-boiling point solvents
such as pentane, cyclohexane, and even #-butanol gave only trace amounts of product.
Control experiments showed that #-pentanol, which boils at 138 °C, gave the highest

yields, with quantitative conversion of the phthalonitrile precursor after 2 h.
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We first optimised this protocol for CuPcHis, and then applied it to the synthesis of
the manganese, iron, cobalt, nickel and zinc analogues. All six complexes were
characterised by IR, Raman, XRD and high-resolution MS (see experimental section

and the appendix chapter 3 for details).

Figure 1: FTIR spectra of H.PcH s (black), CuPcH16 (red) and MnPcH,s (blue).

The FTIR spectra of HoPcHig, CuPcHis and MnPcHis, Figure 1, show distinctive
peaks. Small shifts between the Pcs are expected due to the different metals. The peak
at ca. 428 cm™! shows the in-plane C—C—H bend, while that at ca. 717 cm™! pertains
to the out-of-plane C—C—H bend. Further, we observe the N—H bend at 752 cm™, the
C—N stretch at 1118 cm™1, the C—H bend (or possibly C—N stretch) at 1164 cm™, a
strong C—C stretch peak at 1333 cm™!, and the C=N stretch at 1508 cm=.132-34
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The structure of ZnPcHis was also confirmed by TH-NMR, shown in Figure 2. The
NMR clearly shows the formation of the highly symmetric complex, with only two
types of chemically different hydrogen atoms, noted in the figure as o and B. The two
double doublets at 8y = 9.46-9.43 and at dy = 8.15-8.12 have coupling constants of
3.0 and 5.6 Hz, respectively, indicating meta and ortho coupling. This is in good

agreement with what is expected for aromatic systems.!

Figure 2: "H-NMR of ZnPcH,s (300 MHz, CDCl). The a and 8 designations corvespond to the fwo types
of chemically different hydragen atoms. Chemical shifts are reported relative to CDCLBl

The second route to MPcH¢ involves the insertion of a metal ion into a metal-free
H2PcHie ring, giving the MPcHi6 product plus two equivalents of protons (Scheme
3). This is a new procedure, which we feel has merit, especially if you want to make
several different MPcHis complexes. The main barrier to this reaction is the general
insolubility of HaPcHie (it does dissolve in methylnaphthalene, even at room
temperature, but unfortunately the metalation does not occur). However, we found
that HoPcH¢ dissolves slightly under reflux in #-pentanol, giving an opportunity for
the metal insertion to proceed. Once this starts, the reaction runs readily. Quantitative

yield is reached after 2 h, and the product isolation is simple and straightforward (see
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experimental section for details). This reaction doesn't requite inert atmosphere
(control experiments showed that the metalation of CuPcHi proceeds readily under

air).BG]

Scheme 3: Complexcation of the “empty” Pe with various metals; M = Mn, Fe, Co, Cu, Zn.

This metalation requires an organic base to remove the acidic protons from the centre
of the Pc ring. The reaction proceeds well with either tributylamine (TBA) or
butyldimethylamine (BDMA), but no conversion was observed in the presence of
DBU. We hypothesise that the 3D bulkiness of TBA and BDMA helps in unstacking
the Pc rings, which are bound to each other by n—n interactions. At the end of the

reaction, any excess base is easily removed by washing with dilute HCL

The metalation was confirmed by powder X-Ray diffraction studies, which show a
clear difference between the metal-free HoPcHi6 and the metalated MPcHje. Figure 3
shows the diffraction patterns for three samples: an HoPcHyg (black), a CuPcHis made
using the direct route (red) and a CuPcHis made by the two-step method (blue). The
H>PcHi sample shows four peaks in the region 20 = 10-20°, namely at 13.6°, 14.95°,
15.95° and 16.8°. Conversely, both of the CuPcHis samples show peaks at 10.65°,
12.6°, 14.2°, 18.25° and 18.65°, which are distinct from those of HoPcHjs. This also

confirms that both metalation protocols result in the same MPcHis product.



Figure 3: Powder x-ray diffraction pattern of HPcH s (black), CuPcH,s (red) prepared via the direct route
and CuPcH s (blue) made in the two-step method. The inset shows the Zo00med-in spectra for the region 20 =
10-20°.

Scheme 4: MX, = Co(O.Ag),4H,0, Mn(OAc),4H.0, Fe(OAc), CuCl, Zn(OAc) 2H.O0.
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The first route, starting from the phthalonitrile, can also be used for making the
perfluorinated metal-Pc complexes MPcFi¢ (Scheme 4). These are interesting because
the perfluorinated ring creates a ‘protective shell” around the complex that can prevent
its oxidation and degradation. As an added bonus, the perfluorinated metal-Pc
complexes are much more readily soluble in several organic solvents. Here we
combined two different procedures, from van Lier ¢z a/P and Mortley and co-

workers.[38]

Using 2,3,4,5-tetrafluorophthalonitrile as our starting material, we ran the reactions at
higher temperatures, typically 200 °C for CuPcFis and 250 °C for CoPcFis, ZnPcFie,
FePcFis and MnPcFiq, without any solvent (the reagent itself melts at ca. 85 °C, so in
practice it serves as its own solvent). The synthesis is straightforward, giving the crude
MPcFis complexes as dark blue/black solids. After crushing the hard black solids, any
leftover metal salt is washed away with water. The product is then Soxhlet extracted
using acetone and checked in NMR for starting material. Note that the type and the
size of the reaction vessel is important here, because if you use a too-large round-
bottomed flask the tetrafluoro-phthalonitrile will sublime on the top patt of the flask,
effectively separating your reagents from each other.Powder X-Ray diffraction studies
of the different MPcFis compounds show one main single peak (Figure 4), which
shifts slightly depending on the metal ion. In general, complexes of heavier metals
show this peak at higher 20 values: {MnPcFg, 26.90°}; {FePcFie, 27.65°}; {CoPcFis,
27.70°}; {CuPcFi, 28.45°}; and {ZnPcFi, 28.6°}.



Figure 4: Powder x-ray diffraction of MPcF,5 complexces. The data for the iron and manganese complexes are

omitted for clarity.



3.3 Conclusions

We successfully developed the synthesis of HoPcHis, MPcHis and MPcFi, for a
variety of metals. Furthermore, we succeeded in inserting a metal into the HoPcHis
structure. The synthetic protocols are easy, general and can be performed with
standard lab equipment. We trust and hope that these simple and effective routes will
help researchers who are interested in making phthalocyanines, increasing their variety

of applications even further.



3.4 Experimental Section

Materials and instrumentation. All chemicals were purchased from either VWR
chemicals, Fluorochem or Merck and were used without further purification, except
for solvents, which were dried prior to reaction over 3 A molecular sieves. All

experiments were performed under nitrogen atmosphere, unless stated otherwise.

NMR spectra ['H, F] were measured on a Bruker AV 300 spectrometer. IR spectra
(4000-400 cm™, resol. 0.5 cm™!) were recorded on a Varian 660 FTIR spectrometer
using ATR and the transmission technique. X-Ray diffraction (XRD) patterns were
obtained with a MiniFlex II diffractometer using Ni-filtered CuKo radiation. The X-
ray tube was operated at 30 kV and 15 mA, with a 0.01° step and 1 s dwell time. Raman
spectra were recorded using a Renishaw InVia system (532 and 632.8 nm) and a Kaiser
Optical Systems RXN-4 system (785 nm) coupled with fibre optics to an immersion

probe with a short focal length.

Mass spectra were collected on two instruments: (A) AccuTOF LC, JMS-T100LP
Mass spectrometer (JEOL, Akishima, Tokyo, Japan). ESI source, positive-ion mode;
needle voltage 2500 V, orifice 1 voltage 120 V, orifice 2 voltage 9 V; ring Lens voltage
22 V; orifice 180 °C, desolvating chamber 250 °C. The samples were measured using
flow injection with a flow rate of 0.01 mL/min, and the spectra were recorded with an
average duration of 0.5 min. (B) AccuTOF GC v 4 g, JMS-T100GCV Mass
spectrometer (JEOL, Japan). FD emitter, Carbotec or Linden (Essen, Germany), FD

13 pm. Current rate 51.2 mA/min over 1.2 min.
Procedure for synthesising the metal-free phthalocyanine (H.PcHig).

Phthalonitrile (0.50 g, 3.9 mmol) was dissolved in #-pentanol (2 mL). Then 1,8-
diazabicyclo(5.4.0)undec-7-ene (0.1 mL, 0.7 mmol, DBU) was added and the mixture
was heated for 2 h at 140 °C, forming a dark blue/purple solution (adding more DBU
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is unadvisable as this creates problems in the workup). The reaction was cooled down
to ambient temperature, filtered and washed first with water (5 X 10 mL) and then
with EtOH (5 X 10 mL) and dried in air at 20 °C. This yielded the product as dark
blue/purple small needles, 0.33 gram (66 mol% based on phthalonitrile). HRMS
(FD+) /% calculated Cs3,HisNs, 514.165, found, 514.167. FTIR (cm~!): 1110, 1095,
995, 717; Raman shift/cm™!: 682, 723, 795, 1141, 1337, 1541. XRD (20 °): 13.6, 14.95,
15.95, 16.8.

General procedure for synthesising metal-containing phthalocyanines

(MPcHje) via the direct route.

Phthalonitrile and the corresponding metal salt were dissolved in #-pentanol after
which the DBU was added. The mixture was heated for 2 h at 140 °C, forming a dark
coloured solution. The reaction mixture was cooled down to ambient temperature,
forming a solid. This was filtered under vacuum and washed with water (5 X 10 mL)

and then with EtOH (5 X 10 mL). The residue was dried under air.

Example 1: CuPcHjs: Phthalonitrile (0.50 g, 3.9 mmol) and Cu(OTf), (362
mg, 1.0 mmol) were dissolved in 7-pentanol (2 mL). DBU (0.1 mL, 0.7 mmol)
was added and the mixture was heated at 140 °C for 2 h, forming a dark blue
solution. The reaction was cooled down to ambient temperature, filtered
under vacuum and washed with water (5 X 10 mL) and then with EtOH (5 X
10 mL). This gave the CuPcHje as a blue powder, 0.40 gram (70 mol% based
on phthalonitrile). HRMS (FD+) 7/ 7 calculated C3,Hi6CuNs, 575.079, found,
575.107. FTIR (ecm™1): 1612, 1508, 1334, 1118, 1095, 717; Raman shift/cm!:
592, 680, 1142, 1340, 1449, 1523.

Example 2: ZnPcHjs: Phthalonitrile (0.50 g, 3.9 mmol) and ZnCI2 (136 mg,
1.0 mmol) were dissolved in #-pentanol (2 mL). DBU (0.1 mL, 0.7 mmol) was

added and the mixture was heated for 2 h at 140 °C, forming a dark green



solution. The reaction was cooled down to ambient temperature, filtered
under vacuum and washed with water (5 X 10 mL) and then with EtOH (5 X
10 mL). This gave a green powder, weighing 263 mg (45 mol% based on
phthalonitrile). HRMS (FD+) 7/ % calc. C32Hi16NsZn, 576.078, found 576.085.
TH-NMR (300 MHz, CDCl3) 8 9.46-9.43 (8H, double doublet), 8.15-8.12
(8H, double doublet). FTIR (em™1):1594, 1482, 1328, 1112, 1083, 1058, 885,
746, 728; Raman shift/cm™!: 160, 591, 674, 1330, 1495.

The syntheses of FePcHis, MnPcH14, CoPcHi and NiPcHig was similarly performed,
using: FeClo*4H>O (199 mg, 1 mmol, 16 mol% based on phthalonitrile), MnCl,*2H,O,
(162 mg, 1 mmol, 73 mol%), CoCl>-6H>O (238 mg, 1 mmol, 21 mol%), Ni(OTf)2 (357

mg, 1 mmol, 66 mol%).
Procedure for metalation of the HyPcHj (the two-step method).

The HyPcHis and the metal salt (1:2.5 equiv) were dissolved in #-pentanol.
Tributylamine (TBA) was added and the mixture was heated for 2 h at 160 °C and
then cooled down to ambient temperature. The dark coloured mixture was filtered
under ambient pressure, giving a dark-coloured cake. This was washed first with water
(2 x 10 mL), then with 0.6 M HCI (1 X 10 mL), again with water (1 X 10 mL) and
finally with EtOH (3 x 10 mL). The dark powder was dried in open air.

Example 1: CuPcHp; : The HPcHis (20 mg, 0.04 mmol) and
Cu(OAc)2'H20 (20 mg, 0.1 mmol) were dissolved in #-pentanol (3.0 mL)
together with the TBA (0.05 mL, 2 mmol). The mixture was heated for 2 h at
160 °C, forming a dark blue solution. This was allowed to cool down to
ambient temperature and then filtered, giving a dark-blue cake. The cake was
washed first with water (2 X 10 mL), then with 0.6 M HCI (1 X 10 mL), again
with water (1 X 10 mL) and finally with EtOH (3 X 10 mL). The resulting



blue powder was dried in air, yielding 40 mg (100 mol% based on the
HaPcHig). XRD (26°): 10.65, 12.6, 14.15, 18.25, 18.62, 23.8, 26.2.

Example 2: MnPcH;; : The H>PcHis (15 mg, 0.03 mmol) and
Mn(OAc)24H20 (25 mg, 0.1 mmol) were dissolved in #-pentanol (3.0 mL)
after which the TBA (0.05 ml., 2 mmol) was added. The reaction was heated
at 160 °C for 2 h, forming a green solution. The mixture was cooled down to
ambient temperature and then filtered, giving a dark green cake. The cake was
washed first with water (2 X 10 mL), then with 0.6 M HCI (1 X 10 mL), again
with water (1 X 10 mL) and finally with EtOH (3 X 10 mL). While washing,
the product lost its green colour, turning into a dark blue powder, which was
air dried. This gave 12 mg (70 mol% based on the HoPcHig). XRD (20°): 14.1,
15.5, 18.2, 23.75, 26.2.

The syntheses of FePcHig, ZnPcHis and CoPcHis were performed similarly, starting
from Fe(OAc), (17 mg, 0.1 mmol, 100 mol% yield based on the H>PcHig),
Zn(OAc)22H20 (26 mg, 0.12 mmol) and Co(OAc)2'4H20O (20 mg, 0.1 mmol, 57
mol% yield based on the HoPcHig).

General procedure for the synthesis of metal-containing

fluorophthalocyanine (MPcFj).

Tetrafluorophthalonitrile and the corresponding metal salt were mixed and heated at
250 °C (200 °C in the case of copper) for 3 hin a closed 10 mL round bottom flask.
The reaction mixture was cooled down to ambient temperature, forming a black solid.
This was crushed, filtered and washed with water (5 X 10 mL) and extracted by soxhlet

using acetone. The acetone filtrate was collected and evaporated, yielding the product.

Example 1: CuPcFjs: Tetrafluorophthalonitrile (0.20 g, 1 mmol) and CuCI2
(0.135 g, 1 mmol) were added and heated for 3 h at 200 °C, forming a dark



blue/green solid. After it was allowed to cool down to ambient temperature,
it was vacuum filtrated and washed with water (5 X 10 mL), EtOH (5 X 10
mL) and acetone (10 X 10 mL), respectively. The acetone filtrate was
evaporated and gave 95 mg, (45 mol% based on tetrafluorophthalonitrile).
HRMS (FD+) /7 cale. C52CuF1¢Ns, 862.928, found, 862.974. FTIR (cm™1):
1737, 1488, 1384, 1321, 1151, 962; Raman shift/cm~": 587, 734, 1360, 1480,
1525. XRD (20°): 28.45.

Example 2: CoPcFys : Tetrafluorophthalonitrile (0.5 g, 2.5 mmol) and Co
(OAc)2-4H20 (0.623 g, 2.5 mmol) were mixed and heated at 250 °C for 3 h,
forming a black solid. The solid was cooled down to ambient temperature,
crushed, filtered and washed with water (5 X 10 mL). Soxhlet extraction using
acetone gave a blue liquid. Filtration and evaporation of the acetone gave the
product in 66 mg, (12 mol% based on tetrafluorophthalonitrile). HRMS
(FD+) /% calculated Cs,CoFi6Ns, 858.932, found, 858.949. FTIR (cm™1):
1471, 1261, 1097, 1027, 802; Raman shift/cm~": 587, 729, 1400, 1530, 1614.
XRD (26°): 27.7.

The syntheses of FePcFis, ZnPcFis and MnPcFi were performed similarly, starting
from Fe(OAc), (435 mg, 2.5 mmol, 15 mol% based on tetrafluorophthalonitrile),
Zn(OAc)2-2H20 (550 mg, 2.5 mmol, 33 mol% yield) and Mn(OAc)2"4H>0 (613 mg,
1 mmol, 16 mol% yield).
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Appendix - The supporting information for Chapter 3

Figure S1: FTIR spectra of the metal-free FH:PcH g ligand and the corresponding MPcH 5 complexces.



Figure $2: The FTIR spectra of the MPcFi5 complexes.



Figure §3: The Raman spectra of the metal-free H>PcH 4 ligand and the corresponding MPcH 4 complexces.
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Figure S4: The Raman spectra of the MPcFy5 complexes.
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Figure 85: The powder XRD patterns of the corresponding complexes.
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Figure $6: The powder XRD patterns of the MPcF16 complexces.
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Designing catalytic
polymers with
controllable spatial and

chemical properties

Chapter 4



Abstract

We report a simple and scalable concept for designing a family of covalently-bound
materials wherein single-atom metal sites are dispersed with a high degree of spatial
and chemical control. Our method is based on a “ring and linker” building block
combination, with highly stable phthalocyanine macrocycles connected by a variety of
linkers using amide bonds. This approach enables the design of solid materials with
precise distances between the single-atom sites. It is also versatile, allowing for diverse
combinations via “mix & match” options. We demonstrate the concept in the
synthesis of nine different copper- or cobalt-containing polymers, as well as their
application in the selective oxygen reduction reaction. Our results show a clear relation
between linker length and activity, demonstrating the power of this simple synthetic

approach.

Part of this work has been published as “Covalent structured catalytic materials
containing single-atom metal sites with controllable spatial and chemical properties:
concept and application”, I.M. Denekamp, C. Deacon-Price, Z. Zhang, G.
Rothenbetg, Catal. Sci. Technol., 2020, 10, 6694 — 6700.
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4.1 Introduction

Designing catalysts for specific applications requires spatial and chemical control. We
see this in natural systems, where enzymes catalyse reactions that we chemists can only
dream of with envy.[l Many of these enzymes rely on single-atom sites.l?l Some, such
as methane monooxygenase, go further, and combine two metal atoms in a
bifunctional site.’l The superb spatial and chemical control enables these enzymes to
carry out selective transformations under very mild conditions — something that we
cannot do in vitro. Yet even if we cannot exactly mimic the enzymatic conditions, we
can still adapt concepts and pieces of the natural puzzle for designing new active
materials.[*¢l Moreover, chemistry allows us to “mix & match” these concepts and
properties, creating solid materials that can function under harsh industrial conditions:
high temperatures, pressures, and corrosive environments. In this way, we can adapt

nature's concepts to out needs.!’]

891 and for oxidative transformations, /10

This is especially true for oxygen activation
where selectivity and stability are a must. Here, nature typically uses the haem function,
comprising a porphyrin macrocycle ligand with nitrogen atoms surrounding a single
central metal atom. The active site is extremely well-defined, but the system is delicate,
requiring a cumbersome protective protein shell. Ideally, we want to combine the
specificity of the haem complex with the stability and functional flexibility of modern-
day industrial materials. We want a stable material that can activate oxygen under a
range of conditions, with highly defined monoatomic or diatomic sites.'12l Even
more importantly, we want a flexible solution, where we can easily change the type of
metal site, the distance between sites, and the properties of the surrounding

environment. Last, but not least, the material must be scalable and affordable, so that

it can be used in real-life applications. [13:14

In this chapter, we present the concept and application of such designable materials,

using a covalent building-block and linker approach. We use functionalised
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phthalocyanines (Pcs) as stable synthetic porphyrin mimics, connecting these with a
series of linkers into a solid network of well-defined single-atom sites. This approach
is highly effective, giving full spatial and chemical control. By using phthalocyanines
instead of porphyrins, we create materials with high thermal, chemical and mechanical
stability.l'’l Moreover, by “mixing” the phthalocyanine metal centres and linker lengths
and types, we control both the distance between the metal sites and their surrounding
environment. The effects of this control are demonstrated using the oxygen reduction

reaction (ORR) as a case study.

Single atom sites are excellent catalysts.['>-21 In the case of ORR, single metal—Nj sites
(where Ny denotes a complex with x nitrogen atoms ligating to the metal) achieve high
activities.?>-24 We chose to focus on metal-phthalocyanine (MPc, Ny site) as active
sites in ORR, since these give excellent activity.?>2?l Our hypothesis was that by
carefully controlling the distances between the active sites we can influence the ORR

activity, e.g. through confinement effects.l27-2’!

4.2 Results and Discussion

Our concept is based on MPc complex building blocks, the rings of which are
modified with connecting groups. These are linked to each other, either directly or
using various organic linkers. The result is a solid material with well-defined single-
atom sites connected by strong covalent bonds. Our synthetic approach combines the
advantages of the phthalocyanine macrocycles as ligands with simple solid catalyst

separation by filtration, while at the same time avoiding the problem of n-stacking.
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Scheme 1: The synthesis of the directly linked CuPcC,, starting from 1,2,4,5-tetracyanobenzene and copper
chloride.

We started by examining the possibility of linking the MPcs directly to each other. This
can be done by polymerising the “double phthalonitrile” 1,2,4,5-tetracyanobenzene

(Scheme 1). Building on the classic procedure, %31

we optimised the protocol using
n-pentanol as solvent, with copper(Il) chloride and a strong base, 1,8-
diazabicyclo[5.4.0]undec-7-ene (DBU).B? The resulting dark green powder was
characterised by Fourtier-transform infrared spectroscopy (FTIR) and MALDI-TOF
(characterisation details for all materials are included in the experimental section).
However, this route still has two major drawbacks. First, it gives a high degree of
polydispersity, due to multiple points of initiation. This also increases branching,
resulting in an unpredictable polymer structure. Second, the batch reproducibility is

poor, because the polymerisation depends strongly on local conditions. Thus, this

direct route is inherently unsuitable for making designed materials.

To overcome these issues, we turned to a sequential approach. In this step-by-step
synthesis we first add the substituted Pc building block to the linkerin a 1 : 4 ratio (see
Figure 1). The building blocks react with the linkers via the coupling of acyl chlorides
and amines, forming a nylon-type bond. This reaction is quick and efficient, giving
near-quantitative yields under ambient atmosphere and 50 °C. After the Pc-linker node
forms, four more equivalents of Pc are added, followed by 12 equivalents of linker,

and so on. In this way, we grow the polymer as an expanding flat structure.



Figure 1: The synthesis of the polymers. Blue building blocks represent the MPe(NH,); and green linkers denote
oxalyl chioride (Cy), adipoy! chloride (Cy), terephthaloy! chloride (Crp.a) and sebacoyl chloride (Cig). Al
polymers in this chapter were prepared by this four-step synthesis, with the exception of the CuPeCy which was

made following the route shown in Scheme 1.



This step-by-step addition gives a polymer of known size and weight. It also allows
the design of specific polymers, by varying the metals used in the Pc, the linker size,
or the linker type. This feature is extremely important, because it holds the key to
spatial and chemical control. You can create well-defined, complex polymers where
you choose the metals in the different rings, as well as the flexibility and distance
between the rings (because you can use different linkers in different steps). Here we
used four different linkers (Figure 1): oxalyl chloride (C), adipoyl chloride (Cg),
terephthaloyl chloride (Crpa) and sebacoyl chloride (Cio).

Oxalyl chloride (Cy) is the shortest linker, containing only two carbon atoms. Once
linked, it is essentially two connected and conjugated amide bonds, with an inter-metal
distance of approximately 18 A, and a linker distance of 6 A. This may allow for easier
electron transfer across the metal sites. Adipoyl chloride (C¢) is longer, approximately
10 A, which increases the inter-metal distance to 23 A. This linker is unconjugated and
flexible. Its counterpart, terephthaloyl chloride (Crpa), features the same linker and
inter-metal distances, yet is conjugated and rigid. Compating Cs and Crpa can help us
quantify the effects of conjugation on the catalytic performance. Finally, sebacoyl
chloride (Cio) is even longer, with a linker size of 15 A, and a nominal inter-metal
distance of 27 A. In practice, the distances may be smaller, as such large flexible linkers
may promote folding and stacking. By choosing these four different linkers, we can

compare the effects of length and flexibility on the materials' performance.

First, we synthesised the monomer building block, MPc(NH>)4 (where M is either void,
Co or Cu), by tetramerization of 4-aminophthalonitrile.?? In the absence of metal (M
= void) this gives the 2,9,16,23-tetra(amino) phthalocyanine, H>Pc(NH2)4. The same
procedure can be used for making CuPc(NHz)s or CoPc(NHb2)4, by adding a copper
or cobalt salt, respectively. These new compounds were characterised by high-
resolution mass spectrometry (HRMS) and FTIR. Figure 2 shows one peak at ca. 426
cm™!, attributed to the in-plane C—C—H bend, another at ca. 735cm™! pertaining to the

N-C-N inner ring “breathing”. Further, we see the C—H in-plane bend at ca. 1095



cm™! (1106 ecm™ for HoPc(NHb»)s), the C—N stretch at ca. 1500 cm™ and the C=C
macrocycle ring deformation at ca. 1593 cm™!. Additional characterisation details are

included in the appendix.

Figure 2: FTIR of CuPe(INH.)y (black) CuPeCrp.y (blne) and CuPeCy (red).

With the monomer and linkers at hand, we synthesised nine different copper-
containing and cobalt-containing polymers. Table 1 gives the designation codes and
the key synthesis and structure parameters for each polymer. For example, in entry 3,
CuPcCs, Cu is the metal atom; Pc indicates phthalocyanine and Cs denotes the linker
(in this case, adipoyl chloride). Except for the linker-free direct-coupled sample, all of
the polymers are based on three node rings connected by two sets of linkers (see

Figure 1, right-hand structure).



Table 1. Designation and parameters of the Pc polymers.

Linker

Entry  Polymer Diameter (A)" mw (KDa)"

Length (A)  Conjugation

1 CuPcC, - - unknown unknown
2 CuPcC, 6 i 84 9.1
3 CuPcC, 10 < 104 10.0
4 CuPcC, 10 i 104 10.4
5 CuPcC,, 15 < 120 10.9
6 CoPcC, 6 i 84 9.1
7 CoPcCy 10 < 104 10.0
8 CoPcC,,, 10 il 104 10.3
9 CoPcC,, 15 X 120 10.9

a . ) } 7 ;
Nominal diameter based on a flat symmetric structure. ~Theoretical nmw of the polymer based on three node

rings connected by two sets of linkers.

The disadvantage of such highly stable high-molecular weight covalent polymers is
that their analysis is extremely challenging. They are practically insoluble, regardless of
solvent and conditions, precluding SEC and HRMS analysis (we did succeed in HRMS
analysis of the smallest structure). For the CuPcCy we saw at least three MPcs
connected to each other, after which the data becomes too noisy. They are also
amorphous, ruling out X-ray diffraction. Moreover, as carbonaceous molecular
species, they are too small and too transparent for microscopy analysis (we ran detailed
SPM, SEM and TEM studies with no results). Three methods, however, are possible:

elemental analysis, vibrational spectroscopy (FTIR) and X-ray absorption

spectroscopy (XAS).

Elemental analysis is the most reliable quantitative method for determining the
composition of samples. Analysis of CuPcC; and CuPcCyo showed that each polymer
containing 13 rings and 16 linkers (right-hand structure in Figure 1), showed that their
elemental compositions fit well with the calculated values (calcd. for CuPcCy: C: 58.9,
H: 2.5, N: 23.9, Cu: 9.1 wt%; found: C: 58.9, H: 3.4, N: 22.8, Cu: 9.2 wt%; calcd. for
CuPcCio: C: 63.3, H: 4.5, N: 20.0, Cu: 7.6; found: C: 61.9, H: 5.9, N: 19.7, Cu: 7.6;).



Both samples contained <0.1 wt% of CI, confirming that the reaction of the linkers

was near-quantitative.

The FTIR spectra of CuPcCrpa and CuPcCy in Figure 2 show that the overall profiles
of the polymers are very similar. The strong peak at 1650 cm™! indicates a C=0O stretch
vibration of the secondary amide. This peak confirms the polymerisation (cf. the
spectrum of the pristine monomer building block). The same conclusion can be drawn
from the peak at 2920 cm™!, showing the alkane C—H stretch. All of the other C—H

bonds are aromatic, pertaining to the Pc rings.

The X-ray absorption spectra (XAS) of CuPc(NH2); and CuPcCrpa are highly similar
(Figure 3), suggesting that the copper centres in both materials are identical. CuPc has
a Cu®" metal centre, indicated by the pre-edge feature and the absorption edge
positions.?*3% The radial distribution indicates that the distance from Cu to its nearest
neighbour is 1.5 A (see details in the appendix), confirming the C-N dative bond.**!
The large distance (>20 A) between the copper atoms even in the smallest CuPc
polymer precludes the detection of any Cu—Cu interaction in the EXAFS region. The
inset in Figure 3 shows the residuals plot of the EXAFS data. The data itself is
smoothed, but all the removed data is shown in the residuals plot. This plot shows a
random scatter, confirming that no meaningful information was lost in the smoothing

process.



Pre-edge CS

Figure 3: EXAFS data at the Cu K edge for Cu foil (black) , CuPe(NH,), (red) and CuPcC., , (blue). The

green circle shows the pre-edge position. The inset shows the residuals plot, which is unstructured.

Another experimental technique that combines analysis and performance studies is
ORR. Here we follow the reduction of oxygen to water, typically via the four-electron
route (Scheme 2). This reaction can happen in three ways: the first is the reduction of
oxygen to hydrogen peroxide which is adsorbed on the surface, after which it is further
reduced to water (or, in our basic environment, to OH").**! The second pathway
begins similarly with the reduction of oxygen to hydrogen peroxide, which then
desorbs from the surface and is ultimately reduced to OH~ in the bulk solution.*37]

Finally, there is also the (undesired) two electron reduction of oxygen to hydrogen

peroxide as final product.



02 + H2O

Hy0 + 4e” >/ \< 2¢”

40H;, OH +HOOz, — HOO"

H,O + 26
4 OH"

Scheme 2: The oxygen reduction reaction can proceed via either the direct four-electron route (green) or the indirect
242 electron route (orange). In the latter case, the reaction can also stop after the first step, giving one hydrosxcyl

don and one hydroperoxyl ion.

The mechanism of ORR on Pcs was studied by Chen ¢7 /¥ and by Norskov and co-

workers.*) In brief, oxygen binds with one oxygen atom to the metal and the other

oxygen will position itself between two nitrogen atoms of the Pc.B®

Oxygen
adsorption is the key step in controlling the ORR onset potential in a basic
environment. After the adsorption of Oy, it can react in two ways. It can react with
one proton and electron from the surrounding water to from the active OOH-, or
dissociate; leaving the surface as an unreacted molecule. After a proton transfer, the
OH~ in the surrounding O, dissociation becomes more facile, since water at the
surface is a stronger proton donor than OH~.1*®3% Clustering of the copper atom
centres is unlikely, since Pcs are stable at high pressure and temperature. Moreover,
were clustering to occur, all the LSV curves would be the same, because the metal

distance is the only difference between the polymers. This is not the case, hence the

copper atoms do not cluster.

Prior to reaction, we supported the Pc and polymerised Pc samples on activated

carbon to increase their conductivity and adhesion to the electrode surface. The ORR



activity was measured with linear sweep voltammetry (LSV) in a 0.1 M KOH
electrolyte, degassed with O and using a scan rate of 10 mV s~1. Control experiments
confirmed that unsupported monomer samples and metal-free monomers have little
or no activity (Figure 4). Of the two supported monomers, the CoPcHis
outperformed its copper counterpart, giving a lower onset potential. However, in the
following example we present the copper-containing samples, as the differences
between the different linker combinations are easier to see and analyse (the full data
for the cobalt-containing samples is included in the appendix). Both CoPcHis and

CuPcHjg are stable under these oxidative conditions, as shown also elsewhere.*%

Figure 4: LSV curve of different monomer Pes obtained in 0.1 M KOH, degassed with Oa, a scan rate of 10
mV's" and a rotation speed of 1600 rpm. Shown is H,PeH s (black), CoPeH s (red) CuPeH, s supported on
VXC-72R (green) and CoPcHs supported on 1VXC-72K (biue).

Figure 5 shows the linear sweep voltammetry curves of the polymer CuPc set. Shorter
linkers give lower onset potentials. This may reflect the effect of the inter-metal
distance. When the metal ions are closer to each other, the ORR activity increases.
This effect is observed both for cobalt and copper. The monomer CuPc (dashed curve
in Figure 5) shows an onset potential similar to that of the polymers with intermediate
linker sizes. However, the factors atfecting the performance of the monomer catalysts
are more complex. The MPc monomers can stack on the surface, resulting in many

possible interactions between them.



Figure 5: Top: LSV curves of CuPeCy (black), CuPcC; (red) CuPeCy (pink), CuPeCrpa (blue), CuPeCyg
(green) and monomer CuPc (dashed blue) obtained in 0.1 M KOH, degassed with Oy, a scan rate of 10 m1/s
"and a rotation speed of 1600 rpm. Bottom: Tilustration of two adjacent CuPes with overlapping solvation
shells.

Figure 6: Data obtained from the Koutecky-Levich analysis, showing the electron transfer number of each
polymer at a certain potential. Shown is CuPeCy (black), CuPcCs (red) CuPcCy (green), CuPcCrpa (blue),
CuPcCyy (orange).



We can explain the influence of the inter-metal distance on the ORR performance if
we consider the solvation shell. The metal ions can polarise the water molecules to
accommodate charges on the surface.*”! This creates a different environment in the
immediate vicinity of the copper(or cobalt) Pcs. The “thickness” of this shell is
typically 2-3 molecular layers (4—5 A). When two Pcs are within the distance of
influence, their solvation shells will partially overlap (see Figure 5, bottom), increasing
the likelihood of the four-electron route. This holds true for the Cy and C; linkers, but

doesn't apply to the longer ones, explaining the difference in ORR activity.

Table 2. Onset Potentials of Pc polymers and related benchmarks.

Entry  Material Oé‘\iejfgggial Entry  Material O(‘;je[fﬁggm
1 Pt/C 0.94 5 CuPcC, 0.81
2 CuO/C 0.77 6 CuPcC, 0.80
3 CuPcH,/C 0.73 7 CuPcC 0.76
4 Yasuda et al.”” 0.97 8 CuPcCppy 0.77
5 Liu et al.®! 0.99 9  CuPcC, 0.75

The onset potential is shown at a current density of 100 uA/ eni. All materials are supported on carbon VX C-
72R (C). The Pt loading is 20 wt%.

Table 2 compares the onset potentials (V vs. RHE) of our five polymer Pcs to those
of Pt/C, CuO/C and CuPc benchmark materials, as well as analogous polymers. The
ORR performance of our polymers is good, but not exceptional. However, we are not
screening here for an optimised ORR catalyst. Rather, we are showing that this
synthesis method gives easy access to covalent materials with good spatial and
chemical control. The ORR activity strongly depends on the inter-metal distance, yet
the product selectivity shows a different trend. Koutecky—Levich analysis (Figure 6)
shows that the middle-sized linkers give the hydrogen peroxide product (top section
of the orange route in Scheme 2 above). Conversely, catalysts with no linker (Cp) or
with long linkers (Cyo) are selective towards the OH~ product (green route in Scheme

2). A detailed mechanistic study using rotating ring-disk electrode (RRDE) is out of



the scope of this chapter,*>™* but it is likely that the two extreme cases (short vs. long
linkers) are influenced by different factors (¢f. the mass-transfer barrier observed for
the polymer with the Cyo linker in Figure 5, which is not observed for the short

linkers).

Figure 7: Tafel plot of the CuPeCy (black), CuPeC; (red), CuPeCrpa (bine), CuPeCy (pink), CuPeCyy (green)
and CuPcH s (navy) obtained in 0.1 M KOH, degassed with O, at a scan rate of 10 mV/'s™” and a rotation
speed of 1600 1pm.



The slope of the Tafel plot (Figure 7) gives information about the rate-determining
step (RDS). If this slope is around 120 mV dec™!, the RDS is an electron transfer. If
not, it is an adsorption or desorption of species, such as the adsorption of oxygen or
the desorption of OH~ or OOH~.1">#¢] The RDS scan change according to the applied
current or potential. Thus, we studied both the low current density (LCD) and high
current density (HCD) to monitor these changes in the RDS. In our case, the LCD
shows a slope between 60 and 70 mV dec™, indicating an adsorption or desorption in
the RDS. In the HCD the slope is between 100 and 120 mV dec™, indicating partly
adsorption or desorption, and an electron transfer as RDS (see appendix for the exact
numbers). This could be an adsorbed OH~ species that desorbs to give OH™ in
solution or absorbed Oz undergoes an electron transfer and becomes adsorbed

OOH-, which is the first step of ORR.
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4.3 Conclusions

The “ring and linker” method presented here is a scalable and structured
approach for preparing covalently-bound macrocyclic polymer solids with well-
defined single-atom sites. This method allows for excellent spatial and chemical
control, while benefitting from the strength and stability of covalent bonding. The
resulting polymers are good ORR catalysts. Moreover, the generality of our method

opens opportunities for designing new types of catalysts and performance materials.



4.4 Experimental Section

Materials and Instrumentation Unless otherwise noted, all chemicals were
purchased from either VWR chemicals, Fluorochem or Merck and used without
further purification. Solvents were dried prior to reaction over 3 A molecular sieves.
Carbon Black - Vulcan XC-72R was purchased from Dols International BV. All
experiments were performed under nitrogen atmosphere, unless stated otherwise.
FTIR spectra (4000—400 cm-1, resol. 0.5 cm™!) were recorded on a Varian 660 FTIR
spectrometer using ATR and the transmission technique. X-Ray diffraction (XRD)
patterns were obtained with a MiniFlex II diffractometer using Ni-filtered CuKa
radiation. The X-ray tube was operated at 30 kV and 15 mA, with a 0.01° step and 1s
dwell time. Raman spectra were recorded using a Renishaw InVia system (532 and
632.8 nm) and a Kaiser Optical Systems RXN-4 system (785 nm) coupled with fibre
optics to an immersion probe with a short focal length. ICP analysis was performed
by Kolbe GmbH (Germany). The experimental values obtained were corrected for the
presence of oxygen. Mass spectra were collected on two instruments: (A) AccuTOF
LC, JMS-T100LP Mass spectrometer (JEOL, Japan). ESI source, positive-ion mode;
needle voltage 2500V, orifice 1 voltage 120V, orifice 2 voltage 9V; ring Lens voltage
22V; orifice 1 80 °C, desolvating chamber 250 °C. The samples were measured using
flow injection with a flow rate of 0.01 mL/min, and the spectra were recorded with an
average duration of 0.5 min. (B) MALDI-TOF- Instrument, UltraFlextreme Company
Bruker Daltonik, Bremen, Germany was used for the measurements. Matrix solution
was oa-cyanno-4-hydroxycinnamic-acid in 50% (0.1% TFA) and 50% MecOH (10
mgHCCA/mL). (For DHB matrix: 20 mgDHB/mL) The matrix solution was applied
by pipet at the ratio of 1:1 analyte/matrix (1 pl. each). The crystallisation occurred at
room temperature, for a few minutes. In one spot, a standard peptide mix (Bruker)
was used for the calibration of the instrument. The laser power with which the
measurements were performed was adjusted per experiment, with acquisitions of 1000

or 1500 laser shots per sample. X-ray absorption spectra were collected at the beamline



1W1B of the Beijing Synchrotron Radiation Facility (BSRF, Beijing, China) using a
transmission mode. The XAS spectra and EXAFS interference functions were
extracted from the raw experimental data using Athena software.*l The radial
distributions are calculated from the magnitude of the A2-weighted interference

function X(#) using a Hanning window over a £ range of 3.0-12.8 A1,

Electrochemical Procedures. Electrodes were prepared using a 1 wt% metal ratio
on Vulcan XC-72R carbon powder. In a typical preparation, the catalyst (10-16 mg)
was mixed with Vulcan XC-72R carbon powder (100 mg). THF (5 mL) was then
added, and the mixture was placed in an ultrasonic bath for > 24 h. After evaporation,
the impregnated polymer is isolated. The preparation of the metal oxides on Vulcan
XC-72R differs from this method. Vulcan XC-72R was prepared by heating to 150 °C
in a sand bath under vacuum overnight. 0.1 mL of a 1 wt% metal ratio of metal nitrate
was deposited dropwise on to the Vulcan XC-72R while stirring. The catalysts were
then dried overnight at 70 °C in an oven. The catalysts were then oxidised in a tubular

furnace at 400 °C for 1 h.

Inks of the catalytic powders were prepared according to the following proportions:
1.0 mL EtOH, 10 uL Nafion® (D-521 dispersion 5% wt in water/isopropanol, Alfa
Aesar 42117), and 1 mg catalyst powder. The inks were placed in an ultrasonic bath
and stirred for several hours. The working electrode substrate was a @ = 5 mm (A =
0.196 cm?) glassy carbon electrode (Gamry, USA), which was polished by diamond
polishing films with 1 and 0.1 pm particles (Allied High Tech Products, USA), and
rinsed well. Inks were deposited by drop-casting 5 pL. portions x 6, with air drying

between each drop. The total catalyst loading was 30 pg, or 153 pg/cm?.

Electrochemical experiments were performed in a 3-electrode home-made glass cell,
filled with KOH (0.1 M, 150 mL), stabilized at 25.0 + 0.1 °C in a water bath. A Gamry
Reference 600 potentiostat was employed, together with a Gamry RDE710 Rotating
Electrode setup. Saturated calomel electrode (SCE, Gamry, USA) separated from the

solution by a 10 cm bridge was used as a reference electrode, and a graphite rod



(Gamry, USA) as a counter electrode. Potentials are reported zs. reversible hydrogen
electrode (RHE) by adding 1.011 for pH 13. Nitrogen (99.999%) or oxygen (99.999%)
were bubbled for 30 min to saturate the solution, and were flowed above the solution
(so-called ‘gas blanket’) during the experiments. Linear scan voltammograms were
measuted from 0.1 to 1.0 V vs. RHE with a scan rate of 10 mV/s at rotating speeds
of 400, 600, 900, 1200, 1600, 2000 and rpm. Cyclic voltammetry was measured from -
0.2 to 0.2 V with a scan rate of 200 mV/s for 50 cycles, from -0.2 to 0.2 V with a scan
rate of 20 mV/s with 5 cycles, and then from 0 to -0.9 V with a scan rate of 10 mV/s

for 3 cycles. All cyclic voltammetry was performed without rotation.

General procedure for synthesising metal-containing tetra-amino
phthalocyanines (MPc(INH3)4). This is a modification of a published, analogous
procedure.’? 4-aminophthalonitrile and the corresponding metal salt were dissolved
in z-pentanol. 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) was added and the mixture
was heated for 2 h at 140 °C, forming a black coloured solution. The mixture was
cooled down to ambient temperature, after which it was vacuum filtered and washed
with watet (5 X 10 mL) and then with EtOH (5 X 10 mL). The residue was dried under

air.

Example: CoPc(NHy)4 : 4-aminophthalonitrile (286 mg, 2.0 mmol) and
cobalt(Il) chloride hexahydrate (0.119 g, 0.5 mmol) were dissolved in n-
pentanol (2 mL) together with DBU (0.1 mL, 0.7 mmol). The mixture was
heated at 140 °C for 2 h after which a black solution was formed. The mixture
was allowed to cool down to room temperature, after which the product was
obtained by vacuum filtration. The product was washed with water (5 X 10
mL) and EtOH (5 X 10 mL). The black powder was dried in air overnight.
This gave CoPc(NHy)4, as a black powder, 0.14 g (45 mol% yield based on 4-
aminophthalonitrile). HRMS (ESI+) /7 calculated C32H20CoNiz, 631.127,
found, 631.124. FTIR (cm™'): 1607, 1493, 1385, 1316, 1256, 1201, 1093, 830,
738, 426.



The synthesis of CuPc(NH2)4 was similarly performed, using CuClz (68 mg, 0.5 mmol,

68 mol% yield based on 4-aminophthalonitrile) instead of the cobalt salt.

Procedure for the synthesis of CuPcCy.1,2,4,5-tetracyanobenzene (100 mg, 0.6
mmol) and copper(Il)chloride (75 mg, 0.6 mmol) were dissolved in #-pentanol (2 mL).
DBU (0.1 mL, 0.7 mmol) was added and the mixture was heated for 24 h at 140 °C,
forming a green solution. The reaction was cooled down to ambient temperature,
filtered and washed with water (5 X 10 mL) followed by EtOH (2 X 10 mL) and finally
with acetone (1 X 10 mL). The dark green precipitate was dried under a N> flow. This
gave CuPcCy, as a dark green product, 75.2 mg. FTIR (cm'): 3333, 2930, 2230, 1574,
1308, 1092, 748. HRMS (FD+) /7 calc.for three connected CuPcs: 1374.292 Da,
found: 1374.105 Da.

General procedure of PMPcCi (M = Cu/Co. X= 26,10, TPA
(teraphthaloyl chloride)). Stock solutions of MPc(NH>), and the corresponding
linker were made in dimethylformamide after which the linker and MPc(NH3)4 and
K>COs were combined at 50 °C. After 4 h, MPc(NH2)4 and KoCOs were added to the
solution and left for 16 h. To this mixture, more linker and K,COj3; was added and
after 4 h. More MPc(NHz)4 and K>CO3 was added and allowed to react for 16 h. The
mixture was cooled down, gravity filtrate and washed with water (5 X 10 mL), EtOH

(5 X 10 mL) and dimethylformamide (2 X 10 mL). The residue was dried under air.

Example: PolyCoPcCrpa : Stock solutions of 10 mg/ml of tetra-amino
cobalt phthalocyanine and terephthaloyl chloride were made in
dimethylformamide. Tetra-amino cobalt phthalocyanine (415 pL, 6.6 pmol)
and potassium carbonate (16 mg, 1.1 mmol) were added together and heated
to 50 °C. Terephthaloyl chloride (540 uL, 2.6x10-2 mmol) was then added, and
the reaction mixture was stitred at 50 °C for 4 h. Tetra-amino cobalt
phthalocyanine (1.66 mL, 2.6x10> mmol) and potassium carbonate (16 mg,
1.1 mmol) were added to the reaction mixture, and it was allowed to stir for

16 h. Terephthaloyl chloride (1.61 mlL, 7.9x102 mmol) and potassium



carbonate (48 mg, 3.3 mmol) were then added, and the reaction mixture was
stirred at 50 °C for 4 h. Tetra-amino cobalt phthalocyanine (5.0 mL, 7.9x102
mmol) and potassium carbonate (48 mg, 3.3 mmol) were added to the reaction
mixture, and it was allowed to stir for 16 h. The crude reaction mixture was
then filtered and washed with water (5 X 10 mL), giving at green filtrate and
black residue, followed by ethanol (5 X 10 mL), giving at green filtrate and
black residue, and then dimethylformamide (2 X 10 mL), giving a dark green
filtrate and black residue. This dark green filtrate was then evaporated, yielding
a very dark green residue. This gave the product, yielding 0.0374 ¢ of dark
green solid. ATR-FTIR: p(em~1) = 1658, 16006, 1522, 1495, 1471, 1437, 1408,
1385, 1352, 1319, 1259, 1192, 1132, 1097, 1061, 891, 833.
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Appendix - The supporting information for Chapter 4

Figure $1: FTIR spectra of the CuPe(NH,); (black), CuPeC; (red), CuPeCy (blue), CuPcCho(purple) and
CuPeCrpa (green).



Figure §2: FTIR spectra of the CoPe(NH,)s (black), CoPeCy (red), CoPeCy (blue), CoPcCo(punple) and
CoPcCrpa (green).

Figure S3: £ -weighted y(k) EXAFS data for Cu foil (black) and CuPe(NH.)y (red) processed with data
from a k range of 3—13 A7



Figure $4: Koutecky—1 evich plots of CuPeCy, CuPeCs, CuPeCy, CuPeCro, and CuPeCrpa.



Fignre S5: LSV curve of the CoPe(INH3)y (dotted curve), CoPeCo (red), CoPeCy (purple),
CoPcCio(green) and CoPeCrpa (blue) obtained in 0.1 M KOH, degassed with Oz, a scan rate of
10 mV/'s!" and a rotation speed of 1600 rpm.



Table S1. Tafel plot slope values calculated

between the low current density (LCD) and the

high current density (HCD).

Entry Polymer LCD (mVdec!') HCD (mVdec)
1 CuPcCy 64 125
2 CuPcC; 65 112
3 CuPcCg 62 105
4 CuPcCrpa 70 120
5 CuPcCyg 64 101
6 CuPcHis 66 110
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Abstract

In this chapter we set the stage for designing new zeolite catalyst, by gaining insight
into their multi-stage synthesis. We approach this from two directions: collecting
information by analysing a generic database of known zeolites, and running a
parameter-driven research on a specific zeolite example. The generic database,
consisting of 76 zeolites, each of which is described by 40 descriptors, shows us
important values into the first stages of the synthesis: monomer/dimer reactions and
colloid formation. The specific set looks at the synthesis of Linde Type A (LTA), a
robust and simplistic zeolite, and highlights the importance of parameters that can
change selectivity between two different zeolite products. Our results show that such
combined computational + experimental descriptor studies can move us forward

towards the design of new zeolites.



5.1 Introduction

Zeolites are porous crystalline aluminosilicates that are used as adsorbents and as
industrial catalysts.['-*l They are composed of TOy tetrahedral units, where T is most
commonly Si or Al (other T atoms are also possible). Zeolites have regulatly sized
pores, channels and cages, and can be modified by changing their acidity, composition,

active sites as well as cage and pore sizes.[>l

4R sod deéR
-

Figure 1. Llustrations of LT A and FAU crystal structures. Reprinted from ref. 7 with permission from Chem.
Mater.

Looking at the structure, we see that the T atoms connect to form secondary building
blocks (SBUs) which construct the final framework. An example of this can be seen
in Figure 1.7 Here, the SBUs &4R and sod make up LTA, whereas sod and d6R make
FAU. In theory we can make up any type of zeolite, with different T atoms and SBUs.
This is a challenge for industry, where in theory a zeolite can be designed for any type

of catalytic reaction.

As part of a collaboration project, we were asked by our industrial partner whether we

could use our previously designed tools for making zeolite confined spaces. In chapter



3 we introduced a “ring and linker” building block combination, where phthalocyanine
(Pc) macrocycles were connected using linkers to form a designed polymer. We could
change many aspects of this polymer, such as metal type, metal distance and chemical
environmental, effectively changing its confined space. There is a resemblance
between the Pc and the SBU. Just like we design our Pcs, we can tailor the SBUs to fit
industrial needs. However, there are material challenges in designing zeolites. To date,
less than 300 zeolites have been synthesised, and not for lack of effort.8? And while
there are similarities between Pcs and SBUS, there are also differences. Pc building
blocks are preformed, whereas SBUs have to be formed in solution in an equilibrium.
This difference means that we cannot use the same synthetic approach. To design

zeolites, we have to first understand how they are made.

The synthesis of a zeolite goes through four stages, shown in Figure 2. These different
stages all individually influence the final zeolite. To examine every single stage, we used
two different data sets, one a general set with information of multiple known zeolites,

and the other a specific set where the zeolite synthesis is examined in detail.

Our general set comprises 76 known zeolites (see appendix for details), the parameters
of which were calculated based on proven synthesis and characterisation data. We used
predictive modelling to obtain insight into the colloid stage, where the gel is formed.
For the specific set, we chose the synthesis of Linde Type A (LTA). This is a robust
zeolite, with a relatively simple synthesis protocol, starting from a base, silica and
alumina precursors. This set gave us insight into the first synthesis stage, where
molecular precursors form the very first building blocks. Combining the knowledge

of both data sets gave us the first insights to designed zeolite oxidation catalysts.



Figure 2. Overview of steps during zeolite synthesis.

5.2 Results and Discussion

Dataset assembly and descriptor selection. The synthesis descriptors were
collected from “werified syntheses of zeolitic materials” published by Robson and Lillerud
on behalf of the Synthesis Commission of the International Zeolite Association.[1]
Synthesis descriptors included in the database are: batch composition (number of T
atoms in the framework, structure-directing agent (SDA), solvent), crystallization time
(h), crystallization temperature (°C), agitation during crystallization (rpm) and gel
ageing/incubation (h). These were chosen because most of the synthesis descriptions
included these parameters. Some parameters, such as stirring before gel formation are
not described in the database and atre therefore not in our synthesis descriptors. The
database consists of 76 zeolites and 40 variables in total and can be found in the
appendix. These zeolites were chosen since their parameters were possible to translate
to descriptors and did not have certain parameters that were unique to them. We
analysed the data using principal component analysis (PCA) and Pearson’s correlation.
Pearson’s correlation coefficient measures the statistical relationship between
variables. The correlation is a number between —1 and +1 and indicates if two variables

are linearly related and to which order. [11.12]
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Figure 3. Pearson correlation diagram for the Zeolite synthesis descriptors. Strong positive correlations in red,
strong negative corvelations in blue. To simplify the systems, we only note the amount of SDA used, without

specific SDA descriptors. When specific SDA descriptors were used, no significant correlation was observed
between these and the synthesis descriptors.
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The Pearson correlation in Figure 3 shows all the descriptors used in synthesis and
their respective correlations. There are strong negative correlations between Si and Al
and P atoms. Since silicon is the main T-atom in the framework, any replacement by
aluminum and phosphorus will mean a decrease in silica, therefore having a strong
negative correlation. The positive correlation of P and Al atoms is explained by AIPO
and SAPO zeolites in the database, both having alternating phosphorus and alumina
corners. Solvent and the amount of SDA are strongly correlated due to the solubility
of the SDA in water. Increasing the SDA amount means having to increase the solvent,
since undissolved material prevents proper gel formation. Another explanation is the
interaction between water and the SDA, where water can order around the SDA. This
is however depended on the hydrophilicity or hydrophobicity of the SDA (note that
although fluoride anions show a strong correlation with the crystallization time, this
result is not statistically significant as fluoride anions are rare in zeolites, especially in

the dataset we used).

This generic dataset gives information about the colloid stage, where the first building
units assemble. The amount of water and T atoms determine if the colloidal gel can
be formed, and thus the necessary SBUs. To gain insight into the synthesis stage,
Extratrees, a classification method,[3l was applied to the variables. In this way we could

rank the variables by importance.



Figure 4. Variable importance extracted from Extratrees, ordered by increasing importance in

classification.

Figure 4 shows that the most influential variables are the crystallisation time and
temperature. Since most zeolites are kinetically controlled products, crystallisation time
and temperature are of the highest importance. In the Pearson correlation these two
factors showed no correlation, indicating that they work independently from each
other. The amount of solvent is the third most important variable, which could be due
to solubility of precursors, or pH of the solution. Gel ageing and agitation do not
impact the different outcome between zeolite syntheses, but these are mainly used to
decrease the crystallization time or decrease the number of competing phases in the

final product.l'
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The total general set of zeolites gives insight into the colloidal and the synthesis step,
which is between the colloid stage and the final zeolite. To understand the first step in
the synthesis, we studied the preparation of LTA. We chose LTA because it is a very
robust zeolite, having a fairly easy synthesis protocol with minimal reactants, and
because it is of industrial relevance (LTA is ideal for ion-exchange and is therefore
used in laundry detergents).['3 Its synthesis only requires silica, alumina, base and water
as solvent. By having fewer precursors, we limit the number of factors influencing the
synthesis. Also, most zeolites consist of silica, a base and a solvent, so the conclusion
we drew from this specific set also applies across the board. We synthesised LTA and
changed the synthesis parameters to determine the effects on the resulting product.
This could be amorphous material, competing phases (GIS or SOD), lack of solid
product or a different crystalline product.'!7l The synthesis parameters and their

respective ranges are shown in Table 1.

Table 1. Parameters and ranges applied to the
synthesis of LTA.

Entry Parameter Range

1 OH 0 — 90 mmol
2 Si concentration 0 — 35 mmol
3 Al concentration 0 —20 mmol
4 Gel stirring time 0 — 10 mmol
5 Aging time 0 — 7 days
6 Synthesis temperature 90 -175°C
7 Synthesis time 0-16h

8 Synthesis agitation 0—-16 rpm

Figure 5 shows the powder x-ray diffraction (XRD) patterns of LTA (red) and SOD
(blue). We found that manual stirring of the gel phase for 5 minutes to maintain a
homogeneous mixture was the main parameter correlated with the formation of pure

crystalline LT'A. This is the precursors stage, where stirring resulted in LTA (red), and
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no stirring resulting in both LTA and SOD (a competing phase, shown in blue). These
results suggest that homogeneity of the starting mixture ensures proper distribution of
aluminosilicates where different SBUs can form and thus results in competing zeolite

phases.

Figure 5. XRD patterns showing how stirring of the gel phase resulting in 1.1'A (red), and no stirring
resulting in SOD (blue) gel phase ensures no SOD formation.

As mentioned before, zeolites are kinetically controlled products. Once LTA is
formed, a continuation of the synthesis conditions will result in SOD, a more
thermodynamically stable phase, ultimately leading to the most stable phases: SO, and
AlOs. Because of this temperature and time highly influences the reaction, with higher
temperatures overcoming larger energy barriers and giving different zeolite phases.
Without gel aging, successful synthesis of LTA was possible within 4 h over a range
of temperatures. However, 120-150 °C were optimal temperatures for the LTA
product. Higher temperatures resulted in the zeolite ANA.I'8 Below 120 °C a mixture
between SOD and LTA was obtained (below 80 °C the result was an amorphous
material). This shows what our general set already predicted, namely that synthesis
time and temperature are the most important criteria that influence different zeolite

outcomes. Rotation or agitation of the synthesis vessels resulted in formation of the



competing phase SOD. Gel aging had an effect after 7 days, lowering the reaction time

to 1 h, forming LTA.

The formation of the different clusters depends on the concentrations of sodium
silicate and sodium aluminate, as this will affect the final zeolite. Lower concentrations
of sodium silicate (0.3 eq) resulted in the SOD, whereas mildly lower concentrations
(0.6-0.8 eq) resulted in mixtures of LTA and SOD. Lowering the concentration of
sodium aluminate yielded a mixture of the competing phases SOD and GIS. This was
also predicted from our general set, where silica and alumina atoms highly influence

each other. Changing the values of these parameters will give different zeolites.

A lower pH will affect the solubility of the starting materials. Lowering the OH—
concentration resulted in predominantly crystalline LTA with trace amounts of SOD.
However, dissolving sodium aluminate in the low basic concentration required a

longer stirring time.
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5.3 Conclusion

Translating our previous experiences and knowledge into a new challenge like the
synthesis of zeolites is not as simple as it seems. Where zeolites and Pcs are both made
up out of SBUs, the SBUs of zeolites are made in solution, unlike for Pcs, where they
are pre-assembled. Because the Pc SBUs are pre-assembled, it gives us the opportunity
to make small changes, designing them to our needs and then make them into their
final polymers. However, the SBUs of zeolites form 7z situ in solution. This creates a
double challenge: build the right SBUs for the zeolite and implement these small
designs, simultaneously. Making the correct SBUs is critical for zeolites, as a small
difference in SBU can result in a completely different zeolite. Thus, we altered our
approach for making zeolites, to first gain understanding in their different zeolite
stages. What we found is that each stage influences the final product. To find the

crucial factors in each stage, two sets were used, a generic set and a specific set.

The generic set shows us the influences in the colloidal stage. Here, SDA and water
show a correlation due to solubility. The number of T atoms Al, Si and P show
correlation, unsurprisingly since these are of importance in multiple stages of a zeolite
synthesis. In the precursor stage the number of T atoms influence if a gel can be
formed, and in the building block stage the T atoms form the SBUs. Since the T atoms
influence two stages, they will show key importance within the synthesis, shown by
our Pearson correlation. Besides the colloidal stage, we gain insight into the synthesis
stage, where temperature and the duration of synthesis are the most influential factors.
The specific set for LTA, however, indicates that the very first stage is influenced by

the mixing to ensure a homogeneous mixture.

In general, both sets give us insight into the different steps in a zeolite synthesis, but
overall, we conclude that a zeolite synthesis is not determined by one specific stage. If

the SBUs in the first stages are wrong, no matter what you try, you can’t end up with



a desired zeolite. And with the right building blocks, one can still synthesise a different
zeolite. There is little correlation to see in the Pearson diagram, mainly because there
are so many factors of influence. The synthesis of a zeolite is very complex. However,
steps can be made to gain insight, especially when a bigger database can be made. This
larger database would have more types of zeolites, but also zeolites that have certain
stages in common to gain insight into formation mechanisms. This would answer
many open questions and could possibly give clues to a new zeolite. This chapter is

finished, but the work in this field has only begun.



5.4 Experimental Section

Materials and Instrumentation All chemicals used were obtained from Merck
and Euro Support and used as received, unless stated otherwise. Autoclaves used were
25 mL stainless steel autoclaves containing Teflon liners. All synthesis methods were

obtained from Verified Zeolite Syntheses.

Powder-X-Ray diffraction (XRD) measurements were done on a Rigaku Miniflex 11
Desktop X-ray Diffractometer using quartz measuring plates. The parameters used
were 5-50° range, 0.05° steps at a rate of 5°/minute. All data was interpreted through
Rigaku PDXI.2 software. FTIR spectra were recorded on a Thermo Scientific Nicolet
iS50 FTIR with measurements taken via KBr pellets between 4000-400 cm-1 under a
resolution of 32 cm-1. All data was collected using the Omnic software package.
Scanning Electron Microscopy with energy dispersive X-ray analysis (SEM-EDX)
were done on a Verios-640 HRSEM using an accelerating voltage of 5 kV in secondary

electron mode. This was done with a working distance of 2-5 mm.

Quality of splits in Extratrees regression and classification were determined by Gini
index. Prior to PCA the columns were standardized, no limit for the number of
components was chosen. Pearson correlation, principal component analysis and
extremely randomized trees regression/classification were all constructed using scikit-

learn.

LTA (Linde Type A) synthesis NaOH (0.2892 g, 7.23 mmol, 1 eq.) was dissolved
in H20 (32 mL, 1.78 mol). Then the solution was split in two, and to the first half of
this solution, NaO2:Al203 (3.3032 g, 40.30 mmol, 5.57 eq.) was added and mixed until
dissolved. This formed a clear, pale yellow solution. To the second half of the NaOH
solution, Na2SiOs (6.1920 g, 50.73 mmol, 7.02 eq.) was added. This was thoroughly

mixed to form a clear solution. Both solutions were poured into the autoclave liner



simultaneously, immediately forming a liquid white gel. The solution was mixed
thoroughly for 5 min using a spatula or mechanical stirrer. If aging was done, the final
mixture was left at room temperature for a set time period. If no aging was done, the
mixture was transferred to an autoclave and put in a preheated oven between 90—175
°C for the desired time (4-16 h). If stirring during hydrothermal synthesis was done,
the autoclave was placed in a rotating oven at 16 rpm. All autoclaves were left to cool
to room temperature before being filtered and washed with 100 mL H20. The product
was dried at 110 °C for 16 h to ensure the dehydrated form of the zeolite. The final
product was a fine, white powder (3.7909 g).

XRD (26°); 7.35, 10.30, 12.60, 16.20, 20.45, 24.15, 26.30, 27.25, 30.10, 30.90, 32.65,
34.30, 36.00, 36.60, 38.10, 40.20, 41.60, 42.25, 42.90, 43.60, 44.35, 47.35, 48.00, 49.95
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Appendix - The supporting information for Chapter 5

Database

Table 2 shows the dataset used in this research. It states the name of the zeolite;
crystallisation time in hours; crystallisation temperatute in °C; crystallisation agitation
in rounds per minute; gel aging time in hours; batch composition, indicating the ratios

between the T atoms in the framework: SDA: solvent. The solvent is often watet.
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Summary

This thesis discusses the rational design of catalysts for sustainable oxidative chemistry
using tailored confined spaces where molecules can react selectively. Several categories
of confinement effects in each catalyst are presented, and insight is provided into the
activation of molecular oxygen. The different techniques of design are applied to
multiple challenges, from oxidative reactions themselves to a completely new type of

catalyst.

Chapter 1 outlines the growing need for changing our global large-scale production
to a more sustainable local one. The shift in production methods forces us to use
different reactants, techniques and catalysts. This also opens opportunities for
redesigning more sustainable processes, keeping the 12 principles of green chemistry
in mind. In general, an optimal reaction has a high yield, and one can aim for this by
controlling the reaction through catalysis. The need for good catalysts is especially
important in the case of oxidation reactions. Oxygen is hard to activate, often leading
to poor selectivity. By selecting the right oxidative agent, one can influence the control
in the reaction. Oxygen is the most logical choice, being cheap, freely available and
abundant. However, activating oxygen requires a catalyst. A catalyst can also influence
control over reactions. We take a closer look at the types of confinements found in
heterogeneous catalysts. Confinement effects can increase the activity of the catalyst
in three ways; geometric, chemical and space confinement. Tuning the catalyst and
oxidative agent can improve the yield of the reaction as well as the selectivity of the

products.

Chapter 2 describes the allylic oxygenation of alkenes where the double bond is
maintained while introducing a new alcohol or carbonyl functional moiety. It seems a
straightforward reaction, requiring oxygen as a widely available reagent. However,
oxygen has a high activation barrier due to a resonance stabilisation. Once this barrier

is overcome, free-radical oxygen leads to unwanted over-oxidation products. We



studied the oxidation of cyclohexene with oxygen under mild conditions, screening
nine different transition-metal catalysts supported on nitrogen-doped carbon (N:C).
The Co/N:C and the Cu/N:C gave 70-80% conversion and 40-50% selectivity
towards the cyclohexene-2-one. Optimisation of these catalysts gave >85%
conversion, with >60% selectivity to the allylic ketone, at 70 °C and 10 bar oxygen
pressure. Scanning electron microscopy, X-ray photoelectron spectroscopy, and X-ray
diffraction studies showed that the active particles have a cupric oxide/cuprous oxide
core/shell structure, with a correspondingly high TOF of ca. 1500 h-l. Control
experiments showed free-radical pathways for oxidation in most cases. Surprisingly,
Cu/N:C did not involve free-radicals in solution during this oxidation. This gives a

more selective pathway, with less over-oxidation.

Chapter 3 shows the concept of a catalyst design inspired by nature. The heme
porphyrin molecule can easily activate dioxygen, making it a near perfect oxidation
catalyst, operating at ambient conditions using only a single iron atom per site. The
ease of which heme activates oxygen has proven difficult to mimic in industrial
catalysts. We synthesised phthalocyanines (Pcs) which are highly stable macrocycles
and synthetic analogues of porphyrin. Pcs are made by cyclisation of phthalonitrile in
the presence of an organic base. We present a one-step synthesis route to an empty Pc
(H2PcHig), their corresponding Mn, Fe, Co, Ni, Cu and Zn complexes (MPcHie) as
well as their fluorinated analogues (MPcFi¢). Furthermore, we present a new and facile
protocol for making the same MPcH1s complexes by metalation of an empty HoPcHis.

The new procedure for the MPcHjs involves the insertion of a metal ion into an empty



H>PcHie. This would be an ideal synthesis method for synthesising a variety of

MPcHj catalysts.

These MPcFi4 are interesting because the fluorinated ring creates a 'protective shell'
around the complex that can prevent its oxidation and degradation. As an added
bonus, the fluorinated metal-Pc complexes are much more soluble in several organic

solvents.

In Chapter 4 we highlight the drawback of phthalocyanine (Pc); the problem of their
multi-electron n-system causing molecular stacking, preventing access to the metal

centre. This problem is addressed by polymerizing the Pc complexes.

We show the concept and application of designed materials, using Pcs as building
blocks, connecting them with linkers, to create extremely well-defined catalysts.
Several polymers were designed and developed, by changing the metal of the Pc
and/or linkers, allowing the creation of an unique polymer with specific catalytic
properties. By changing the metal used for the Pc single-atom centres and changing
the linker length types, the distance is controllable between the metal sites and their
surrounding environment. We control in every single step which metal is used for the
Pc and the linker length used (oxalyl chloride (Cy), adipoyl chloride (Cg), terephthaloyl
chloride (Crpa) and sebacoyl chloride (Cig)). This gives full control over the identity

and spacing of the catalytic sites.

The new materials are used in the oxygen reduction reaction (ORR) as a case study.
ORR showed that the shotter the distance between metal centres, the better the

activity of the material is. This is attributed to the solvation shell. The metal ions can
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polarise the water molecules to accommodate charges on the surface. The solvation
shell usually has a reach of 4-5 A, meaning that two Pcs within distance of each other,
will have overlapping solvation shells. This increase in ORR activity is seen with the

shorter Cyp and C; linkers.

Chapter 5 introduces a new challenge, the design of zeolite catalysts. These crystalline
microporous materials are known for their confinement effects and are composed of
T atoms, Si and Al most commonly. Millions of theoretical zeolites have been
generated, however a small 300 have been synthesised. This is due to poor
understanding of how they are made. An industrial partner was interested in using our
previously made synthesis approach from chapter 4 for designed zeolite synthesis.
However, zeolite synthesis is composed of multiple stages, involving the mixing of the
reactants, forming colloids and creating a gel to obtain a crystalline zeolite. This ruled

out our mix and match design approach, and so a new approach was designed.

To understand their synthesis two directions were taken. The first making a generic
database containing of 76 zeolites. This is used to analyse known zeolites and gain

generic synthesis results. The second direction is of a specific zeolite synthesis set.

The generic set shows us the important values in the colloid formation, showing
correlations between different T atoms and the solvent and structure directing agent
(SDA) amounts. Besides this, it shows the importance of the time and temperature
during the synthesis. The specific set gives parameters for the synthesis of Linde Type
A (LTA). Here, the mixing of the reactants is shown to be a key element in obtaining
LTA and reducing or eliminating the presence of a competing phase. Our results of
combined different fields within chemistry, both experimental and computational,
show that together they can give us the knowledge to move forward into designing

new zeolites.



Samenvatting

Dit proefschrift bespreekt het rationele ontwerp van katalysatoren voor duurzame
oxidatieve chemie met behulp van op maat gemaakte ruimtes waar moleculen selectief
kunnen reageren. Er worden verschillende categorieén van confinement effecten
gepresenteerd, en er wordt inzicht verschaft in de activering van moleculaire zuurstof.
De verschillende ontwerptechnieken voor katalysatoren worden toegepast op

meerdere uitdagingen, van oxidatieve reacties tot een volledig nieuw type katalysator.

Hoofdstuk 1 schetst de groeiende behoefte om onze wereldwijde grootschalige
productie te veranderen naar een duurzamere lokale productie. De verschuiving in
productiemethoden dwingt ons om verschillende reactanten, technieken en
katalysatoren te gebruiken. Dit biedt ook kansen voor het herontwerpen van
duurzamere processen, rekening houdend met de 12 principes van groene chemie.
Over het algemeen heeft een optimale reactie een hoog rendement, en dit kan worden
behaald door de reactie via katalyse te sturen. De behoefte aan goede katalysatoren is
vooral belangrijk bij oxidatie reacties. Zuurstof is moeilijk te activeren, wat vaak leidt
tot ecen slechte selectiviteit. Door het juiste oxidatie middel te kiezen, kan men de
controle in de reactie beinvloeden. Zuurstof is de meest logische keuze, aangezien dit
goedkoop, vrij verkrijgbaar en overvloedig is. Voor het activeren van zuurstof is echter
een katalysator nodig, die de controle over de reactie kan beinvloeden. Tevens kijken
we naar de soorten confinement ruimtes die in heterogene katalysatoren worden
aangetroffen. Deze confinement effecten kunnen de activiteit van de katalysator op
drie manieren verhogen; geometrische, chemische en ruimtebeperking. Het
afstemmen van de katalysator en het oxidatie middel kan zowel de opbrengst van de

reactie als de selectiviteit van de producten verbeteren.

Hoofdstuk 2 beschrijft de allylische oxidatie van alkenen waarbij de dubbele binding
behouden blijft terwijl een nieuwe alcohol of carbonyl functionele groep wordt

geintroduceerd. Het lijkt een eenvoudige reactie, waarbij vrij verkrijgbare zuurstof
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nodig is reagens. Zuurstof heeft echter een hoge activeringsbarriére vanwege een
resonantiestabilisatie. Zodra deze barriere is overwonnen, produceert zuurstof vrije
radicalen die tot ongewenste overoxidatieproducten leiden. We hebben de oxidatie van
cyclohexeen met zuurstof onder milde omstandigheden bestudeerd, waarbij we negen
verschillende overgangsmetaalkatalysatoren hebben gescreend op een met nitrogen-
doped carbon (N:C). De Co/N:C en de Cu/N:C gaven 70-80% omzet en 40-50%
selectiviteit naar het cyclohexeen-2-on. Optimalisatie van deze katalysatoren gaf> 85%
omzet, met> 60% selectiviteit voor het keton, bij 70 © C en 10 bar zuurstof. Scanning-
elektronenmicroscopie, rontgenfoto-elektronspectroscopie en réntgen-diffractie
studies toonden aan dat de actieve deeltjes een cuprioxide/cupro-oxide
kern/schilstructuur hebben, met een overeenkomstig hoge TOF van ongeveer 1500
h-1. Controle-experimenten laten zien dat in de meeste gevallen vrije radicalen voor
oxidatie zorgen. Verrassend genoeg betrof Cu/N: C geen vrije radicalen in oplossing

tijdens deze oxidatie. Dit geeft een meer selectieve route, met minder overoxidatie.

Hoofdstuk 3 toont het concept van een katalysator ontwerp geinspireerd door de
natuur. Het heem porfyrine molecuul kan gemakkelijk zuurstof activeren, waardoor
het een bijna perfecte oxidatie katalysator is, die bij milde omstandigheden werkt met
slechts één ijzeratoom als actief deeltje. Het gemak waarmee heem zuurstof activeert,
is moeilijk na te bootsen in industriéle katalysatoren. We hebben ftalocyanines (Pcs)
gesynthetiseerd, wat zeer stabiele macrocycli en synthetische analogen van porfyrine
zijn. Pcs worden gemaakt door cyclisatie van ftalonitril in aanwezigheid van een
organische basis. We presenteren een eenstaps synthese route naar een lege Pc
(H2PcHig), hun overeenkomstige Mn, Fe, Co, Ni, Cu en Zn-complexen (MPcHi¢) en
hun gefluoreerde analogen (MPcFi¢). Verder presenteren we een nieuw en gemakkelijk

protocol voor het maken van dezelfde MPcH1s-complexen door een metaal te zetten



in een lege HaPcHjg. Dit zou een ideale route zijn voor het synthetiseren van een breed

scala aan MPcH¢-katalysatoren.

Deze MPcF16 zijn interessant omdat de gefluoreerde ring cen 'beschermende schil'
rond het complex vormt die oxidatie en degradatie kan voorkomen. Als extra bonus
zijn de gefluoreerde MPc complexen veel beter oplosbaar in verschillende organische

oplosmiddelen.

Hoofdstuk 4 belicht het nadeel van ftalocyanine (Pc); het probleem van hun multi-
elektronen n-systeem dat moleculaire stapeling veroorzaakt en toegang tot het metalen
centrum verhindert. Dit probleem wordt aangepakt door de Pc complexen te

polymeriseren.

We laten het concept en de toepassing van ontworpen materialen zien, waarbij Pcs als
bouwstenen worden gebruikt en ze met linkers worden verbonden om goed
gedefinieerde katalysatoren te creéren. Er werden verschillende polymeren ontworpen
en ontwikkeld door het metaal van de Pc en/of linkers te veranderen, waardoor een
uniek polymeer met specificke katalytische eigenschappen werd gecreéerd. Door het
metaal atoom te veranderen van de Pc centra en door de lengte van de linker te
veranderen, is de afstand tussen de metalen en hun omgeving controleerbaar. We
controleren in elke stap welk metaal wordt gebruikt voor de Pc en de gebruikte
linkerlengte (oxalylchloride (Cy), adipoylchloride (Cg), tereftaloylchloride (Crpa) en
sebacoylchloride (Cip)). Dit geeft volledige controle over de identiteit en de afstand
tussen de katalytische centra. De nieuwe materialen worden gebruikt in de
zuurstofreductiereactie (ORR) als case study. ORR toonde aan dat hoe korter de

afstand tussen metaalcentra, hoe beter de activiteit van het materiaal is. Dit wordt



toegeschreven aan de solvent schil. De metaalionen kunnen de watermoleculen
polariseren om ladingen op het oppervlak op te vangen. De solvent schil heeft meestal
een bereik van 4-5 A, wat betekent dat twee Pcs die op afstand van elkaar liggen,
overlappende solvent schillen hebben. Deze toename in ORR-activiteit wordt gezien

met de kortere Co- en Cp-linkers.

Hoofdstuk 5 introduceert een nieuwe uitdaging, het ontwerp van zeoliten. Dit
kristallijne microporeuze materiaal staat bekend om hun confinement effect en bestaat
meestal uit T-atomen, Si en Al Miljoenen theoretische zeolieten zijn gegenereerd,
maar een kleine 300 zijn gesynthetiseerd. Dit komt doordat het onbekend is hoe ze
precies worden gemaakt. Een industri€le partner van ons was geinteresseerd in het
gebruik van onze eerder gemaakte synthese strategién uit hoofdstuk 4 voor de
zeolieten. Zeoliet synthese bestaat echter uit meerdere fasen, waarbij de reactanten
worden gemengd, colloiden en een gel wordt gevormd om als laatste een kristallijn
zeoliet te verkrijgen. Dit sloot onze mix en match ontwerp uit, en dus werd een nieuwe

aanpak ontworpen.

Om zeoliet synthese te begrijpen, werden er twee richtingen uitgegaan. De eerste is
het maken van een generieke database met 76 zeolieten. Dit wordt gebruikt om reeds
bekende zeolieten te analyseren en genericke synthese resultaten te verkrijgen. De

tweede richting is die van een specifieke zeoliet synthese set.

De genericke set toont ons de belangrijke waarden in de colloidevorming en toont
correlaties tussen verschillende T-atomen en de hoeveelheden oplosmiddel en
structure directing agent (SDA). Daarnaast toont het het belang aan van de tijd en
temperatuur tijdens de synthese. De specificke set geeft parameters voor de synthese
van Linde Type A (LTA). Hier wordt aangetoond dat het mengen van de reactanten
het belangrijkste element is bij het verkrijgen van LTA en het verminderen of
elimineren van de aanwezige concurrerende fases. Onze resultaten van gecombineerde
verschillende velden binnen de chemie, zowel experimenteel als computationeel, laten
zien dat ze ons samen de kennis kunnen geven om verder te gaan met het ontwerpen

van nieuwe zeolieten.
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