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Abstract

The climate crisis is the greatest challenge facing this generation, and in order to meet
ambitious targets set by global leaders, great advancements in sustainable technologies are
needed. This thesis work aimed to develop a new series of polymers of intrinsic microporosity
(PIMs) for catalytic applications. PIMs have been of great interest within materials chemistry
since their development in the early 2000s, they are purely organic materials that have a lower
environmental impact than competing materials and can be synthesised under relatively mild

conditions.

More specifically, Troger's’ base (TB) PIMs are materials that, along with the typical high
porosity of PIMs, possess two bridgehead nitrogens that can be used to tune the polarity of
the final material. In this work, we have synthesised a series of novel TB-PIMs which can act
as basic catalysts because of the basicity of the bridgehead nitrogens. We have demonstrated
that by increasing the degree of flexibility in the polymers, we can induce a “swelling” effect
that facilitates the accessibility of the catalytic sites and allows the use of larger substrates,
thus increasing the catalytic performance. We have also shown that new functionalities can
very easily be incorporated into PIM structures, meaning that these materials can be tailor
made for specific applications. We have demonstrated that by increasing the number of basic
nitrogen sites in a repeated unit, we can further increase the rate of a reaction. Finally, we
have shown that post-functionalised PIMs can successfully catalyse a range of
environmentally important reactions. For instance, quaternised TB polymers were successfully
used to catalyse the cycloaddition of CO, into epoxides, to form cyclic carbonates that can be
employed as sustainable solvents, and sulfonated PIMs have been successful in the

transesterification of oils for biodiesel synthesis.

We believe that this work lays a foundation for future research into PIM catalysts, as they are

a versatile, facile, robust, and efficient catalytic technology.
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Chapter 1 — Introduction

With an ever-increasing population and global warming at an all-time high,* there has
never been a more important time for environmental and sustainable chemistry research. In
1998 Anastas and Warner published ‘“The 12 Principles of Green Chemistry’ - a list of research
priorities and practical changes that synthetic chemists should aim to make in order to reduce
environmental damage (Figure 1.1a).% ® This list includes Catalysis, a process that has a
crucial importance on a global scale. A catalyst can be described as a species that increases
the rate of a reaction, which itself is not used up in the overall synthesis.* Catalysts achieve
this by providing an alternative reaction pathway that has a lower activation energy (Figure

1.1b).5

Uncatalyzed pathway

Catalyzed pathway

Principles
-Green

Energy —»

Chemistry

Products

7

Feedstocks

Reactants

Extent of reaction ———

Figure 1.1: a) 12 Principles of Green Chemistry 3; b) Different energy profiles with and without a catalyst °

Catalysts were first studied in chemistry by Elizabeth Fulhame in the late 18" century, where
she considered their use in oxidation and reduction reactions,® though catalysis has existed in
nature for millions of years most commonly in the form of enzymes. Since then, they have
become a major area of research in the field of chemistry. Catalysts allow otherwise kinetically
unfavourable reactions to take place, as well as allowing reactions to happen at lower

temperatures and pressures, therefore reducing the energy usage of a reaction. In these two
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respects it is clear how environmentally important catalysts are, particularly in an industrial
setting. It is estimated that around 90% of chemical processes use catalysts.” One key
example is the production of ammonia, which is responsible for around 2% of energy
consumption globally,® largely due to its use as a feedstock for fertilizers in the food industry.
Early methods of ammonia production were complex, slow, and gave poor yields.® But in the
early 20" Century Haber and Bosch developed a much simpler method where efficiency was
hugely improved due to a metal catalyst.*® Without this, the energy output would be far greater.
There are many examples of desirable reactions that are possible with the right catalyst (see

later).

Catalysts can be divided into two main types: homogeneous and heterogeneous, and
each have their benefits and drawbacks.'* 12 A homogeneous catalyst is one which exists in
the same phase as the reactants. As the catalyst has high diffusivity in the reaction media, all
sites are available for reaction. This increases the selectivity and performance of these
catalysts.'® The reaction mechanism of homogeneous catalysts can be monitored and studied
in detail, which makes modification easier, leading to highly selective materials.'* On the other
hand, they are typically sensitive to high temperatures and pressures, limiting their use in
organic reactions. They are also extremely difficult to separate once a reaction is complete,
and this typically leads to high costs and large amounts of waste materials and solvents
needed for their purification and recycling. Heterogeneous catalysts exist in a different phase
to the reaction media, making removal and recycling much easier, cheaper, and more
sustainable. Their typical stability in harsh conditions makes them desirable in a broad range
of reactions, however traditional heterogeneous catalysts are typically harder to modify than
their homogeneous counterpart. In addition, they often perform less well than homogeneous

ones due the relative lack of accessible catalytic sites, affecting the selectivity and activity.

It is generally accepted that catalysis occurs via one of two main pathways.*® A catalyst
can take part in the reaction and later be reformed, therefore not appearing in the overall

chemical equation (Figure 1.2a). This pathway is typical of homogeneous catalysts.
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Catalyst
a) /-
i 7
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Reaclénts . — ‘ — . +
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1 1
Catalytic Surface

Figure 1.2: Two typical reaction pathways for catalysis

The second is typical of heterogeneous catalysis, which can provide a surface for the reactants
to adsorb onto, weakening the bonds in the reactant molecule and making it easier for other

species to react with it (Figure 1.2b).

Heterogeneous catalysts are generally preferred, especially in industry, because of the ease
of removal and the lower costs associated with them. It is clear though that their performance
(activity and selectivity) must be improved, and this corresponds to one of the major research

focuses within the field.

Measuring the Catalytic Ability

There are a number of factors that are important in determining a good catalyst, but
one of the most important, especially from an industrial point of view, is the catalytic activity.'?
This is defined as the rate of consumption of a reactant, not to be confused with selectivity,
which is a percentage of the desired product over all products. Heterogeneous catalysts
typically have good activities, due to the large number of available sites, but low selectivities.
Homogeneous catalysts, on the other hand, have high selectivities, but typically only moderate
activity.*® Activity is measured by monitoring a reaction periodically, most commonly via NMR
spectroscopy, though sometimes other analytical techniques may be more appropriate such
as gas chromatography. Selectivity is calculated after the reaction is completed and final

products have been separated. It is also important to quote the reaction conditions under
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which these figures are calculated, as well as the mass/molarity of catalyst used, in order to

make these results reproducible and comparable.

Another key measure of a successful catalyst is its reusability. Over time catalysts lose their
activity for a number of reasons: Active sites can become blocked over time, catalytic moieties
can sinter (see later), or the sites can be poisoned. A long-lasting catalyst is essential for many
industrial processes, as this keeps costs low but also allows reactions to run back-to-back.
Turnover number (TON) is a measure of catalytic activity that factors in the longevity of the
material. TON is a unitless measure of the number of moles of substrate that can be

transformed by a number of moles of catalyst until it has been completely deactivated.®

n° moles reactant

TON =
n° moles catalyst

Equation 1.1: Turnover Number
In simpler terms, TON is a measure of the number of cycles a catalyst can survive. Turnover
frequency (TOF) gives a measure of how quickly a catalyst can perform a cycle, and can be

calculated using the TON.Y’

TON

TOF = ———
time taken

Equation 1.2: Turnover Frequency (s™)

Whilst these are both useful metrics, TON (and therefore TOF) are hard to calculate for a
heterogeneous catalyst as it is very difficult to accurately distinguish the number of active sites
per mole.'® As such, they are often not included in the literature for heterogeneous catalysis.
In general, a good heterogeneous catalyst will allow molecules to adsorb strongly enough that
the molecule is weakened, but not so strongly that it prevents reaction with other molecules.®
This is particularly true of amorphous materials, where the number of catalytic sites per

repeating unit can be difficult to define.

Common catalytic sites are transition metal centres, as these are good for coordination

chemistry, and so therefore have the space and valency to accommodate the reactants.® It is
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also common for catalytic moieties to be contained in a support frame made of a porous

material.

Porous Materials in Catalysis

Porous materials are solids containing penetrable channels and cavities, which can be
exploited for a variety of applications.?® Porous materials can be divided into three different
types depending on pore size: microporous (<2 nm diameter), mesoporous (2-50 nm
diameter) and macroporous (>50 nm diameter).?° Altogether, these pores make up the internal
free volume (IFV) of the material, which can be determined using isothermal gas adsorption.
This works by placing the sample material in a closed space where it is heated and
degassed.?! The material is then exposed to a known quantity of gas (usually N2) starting from
a high vacuum, initially calculated by the instrument (P), monitoring the increase of the
pressure needed to adsorb any extra amount of N2 until we reach atmospheric pressure (Po).
In this way we will be able to see how much gas is eventually adsorbed onto the surface. The
higher the adsorption at low partial pressure (i.e., without the need of increasing the pressure),

the higher the surface area.

Catalytic species such as transition metal cations often use porous materials as
supports.’* Over time catalysts lose activity, often because of sintering — whereby catalyst
particles merge together, reducing the number of available active sites. A porous support
allows the catalytic material to spread throughout a network, which reduces the risk of
sintering, and therefore can increase the efficiency and the longevity of the catalyst. Not only
do support materials maintain the integrity of the catalysts, but they force the reactions to take
place in confined pore spaces, which increases the frequency of collisions between reagents

and catalytic sites, meaning that the overall activity increases.?

Of growing interest in the field of catalysis is the production of porous materials that have
catalytic sites merged into their backbone, as opposed to only hosting/embedding catalytic

moieties in their structures.
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Crystalline Materials

Zeolites

Having been discovered in the mid-18" century, zeolites are one of the most
extensively research species in the field of porous materials.? Although they occur naturally,
they can also be synthesised successfully and to date there are over 200 known structures.?*
Zeolites are crystalline aluminosilicate materials, consisting of SiO4 and AlO, tetrahedra
connected by oxygen bridges. These negatively charged frameworks have open pores and
channels, which host cationic species such as metal ions.?® Like all porous materials, the
accessible space in zeolites has been exploited for numerous applications including gas

separation, gas storage, ion exchange, and of course catalysis.?® 2’

Figure 1.3: Framework structure of Zeolite X and Y respectively

Zeolites have been widely used as catalysts in industry for several decades.?’*! In 1962
synthetic zeolite X and zeolite Y (Figure 1.3) were implemented in industrial fluid catalytic
cracking (FCC), processing hydrocarbons into useful compounds for fuels.®? 2 These new
catalysts were found to be more active than their competitors, and they helped increase the
production of gasoline — one of the most useful fuels worldwide.®** This selectivity towards
certain compounds can be associated with the uniform nature of the zeolite cavities. This is
an example of shape selective catalysis. ZSM-20 and ITQ-21 have similar cavity sizes to
zeolite Y, but have a selectivity towards diesel production because of the more open structure
of the framework.® The stability of zeolite Y in hydrothermal conditions was shown to be

improved by tuning the acid site density (Si/Al ratio), showing the adaptability of these



Chapter 1

materials.3 All of the aforementioned zeolites can also be described as acid catalysts — that
is the catalytic activity of these materials is due to the acidic sites in the structures. Within
zeolites there are two types of acid sites: Brgnsted acid sites (H atoms coordinated to bridging
oxygens) and Lewis acid sites (Al in the framework and cationic species in the pores). It is
believed that the Brgnsted acid sites are usually responsible for the catalytic activity in
zeolites,?® 3 though it is also thought that the Lewis acid sites may have a secondary

influence.34 %7

Following the success of zeolites X and Y, there have been many more examples of zeolites

being used as acid catalysts in industrial processes.?*3!

Acid Catalysis with zeolites

Zeolite ZSM-5 was discovered in the 1970s which acts as a shape-selective acidic
catalyst for gas-phase alkylation reactions,® showing particular efficiency in ethylbenzene
processing. Zeolite MCM-22 was also selectively produced ethylbenzene from benzene and
ethylene, in this case decreasing the molar ratio of benzene to ethylene, and therefore

lowering the E-factor of the reaction.3®

Zeolites have been used in Friedel-Crafts acylation reactions, an important set of reactions in
fine industrial chemistry.*% 4! Historically these reactions have been catalysed by strong Lewis
acid catalysts.*? Zeolite beta and zeolite Y have a high concentration of acid sites within the
crystalline channels, improving activity whilst also giving some shape selectivity to the final
products. These catalysts were shown to be highly selective when reacting xylenes with
benzoyl chloride.* Both zeolites beta and Y have also been successful in the reaction between

anisole and veratrole, though the catalysts are readily deactivated.*®

Oligomerization of alkenes is another key type of reactions in the petrochemical
industry, specifically in oil refinery. For this purpose, zeolite HZSM-5 has been studied as a
catalyst for the oligomerization of many alkenes including ethylene and propene.*

Interestingly, it was found that the nature of the oligomers formed depended on where in the
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zeolitic framework the reactions take place. Highly branched oligomers are preferentially
formed via reactions with acidic sites on the edges of the frameworks, whereas linear
oligomers are formed favourably in the zeolite channels. This is another example of shape
selectivity - by deactivating acidic sites either on the edges or in the framework cavities,
HZSM-5 can be tuned towards products with specific geometries.*® Inactivation of catalytic
sites during oligomerisation reactions represents an issue, as the large product molecules can
block the channels. Therefore for these reactions it is essential for reactions to take place

under milder conditions, and zeolites with larger pores are preferred.*®

Zeolite NaY has been studied as catalysts for ring opening of epoxides, and found to
give high yields and 100% selectivity towards the B-amino alcohol.*’ It was found that its high
performance was due to both the high aluminium content in the framework and the high
surface area. The same reaction can also be achieved in just 3 minutes under microwave
conditions.*® Zeolite beta was also found to be an effective catalyst for epoxide hydration when
metal ions were incorporated into the framework. The catalytic activity in this case correlated

to the Lewis acid strength of the added metal (Sn*" > Zr** > Ti4*).4°

Hierarchical zeolites

We have seen the impact that zeolites have had, however there are also drawbacks.
The majority of the industrial processes that use zeolitic acid catalysts take place with reagents
in the gas phase.? Zeolites are very good for gas phase reactions because of their high
thermal and chemical stability, and can withstand the flow of gas through the pores without
limiting mass transport, and the reagents can diffuse well.%® %0 However for liquid phase
reactions the channels are too small for steady mass transport, and therefore they do not allow
efficient diffusion onto the active sites.* It is also of note that catalytic activity is proportional
to the number of active sites, but too many active sites can block channels and limit diffusion
of reagents through the materials. In response to this, research has looked into synthesising

hierarchical zeolites, or zeolites that contain both micropores and mesopores.*°
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An example of this is using hierarchical zeolites as catalysts for the conversion of methanol to
hydrocarbons.®® Although it has been found that H-ZSM-5 can successfully convert methanol
to certain hydrocarbons with relatively little loss of activity due to coke formation,®! it has been
found that zeolites with mesopores perform better in this type of reaction.3 %1 %2 |n addition,
there is a positive correlation between mesoporosity and catalytic lifetime when studying

mesoporosity in MFI zeolites.>3

The catalytic conversion of biomass to fuels over zeolites has been suggested due to the
similarity of this reaction to crude oil refining.>* However, as this reaction takes place in
condensed phase it is not favourable for standard zeolites.>* Moreover, the stability of the
zeolites in these conditions is low. Mesoporous zeolites are typically more stable than generic
zeolites,> ¢ and as previously mentioned they are better equipped to cope with liquid phase
mass transport.>” % H-ZSM-5 shows selectivity towards the production of aromatics from
biomass.%® Also, there is positive correlation between pore size and aromatic yield.®® A range
of hierarchical faujasite zeolites have shown promise for future work, however there are still
issues surrounding selectivity and diffusion.®? In addition, there are some issues surrounding
the hydrothermal stability of mesoporous zeolites, which is a major factor in an industrial

setting.®? 63

An increasingly important reaction in chemistry is the utilisation of CO,, with one of the
most common examples in the literature being the cycloaddition of CO; into epoxides.4 6
Both acidic and basic sites are necessary in this reaction, as the CO,, being a Lewis acid, is
initially activated at the basic sites forming a carbamate, while the epoxides are adsorbed on
the acid sites. These activated species can then readily react with one another.%® Although
zeolites have an abundance of acidic sites, the only basic sites are the oxygen bridges in the
framework,* which generally limits their use in base catalysis. There are examples of zeolites
modified with alkali metals which increased the basicity and therefore the catalytic activity of
these materials.®” Other cases show that the addition of ammonium salts to the channels of

MFI zeolites increased the activity towards CO. cycloaddition.5®



Base Catalysis with zeolites

Zeolites are seldom used as base catalysts due to the relative lack of basic sites, and
the cheap alternative base catalysts available, such as NaOH and KOH.?° Basic groups, such
as amines, can be added pendant to the zeolite frameworks to improve the basicity of the
materials, but the addition of groups limits mass transport.3® Despite these limitations, there
are some examples of zeolites in base catalysis. Zeolites X and Y containing alkali metals
have been shown to be active in the Knoevenagel condensation reaction.®® Similarly, Zeolite
CsX shows high basicity and good performance, as well as Zeolite Zn-beta.” Further studies
have looked into base catalysis in a wide array of reactions, but they have not performed well,

at least in comparison to more commercially viable options.” 72

Metal-Organic Frameworks

Metal-organic frameworks (MOFs) are a species of 3D porous materials consisting of
inorganic templates connected through organic linkers to form large crystalline frameworks
(Figure 1.4).”> 7 The inorganic parts can simply be composed of metal ions, though more
recently, MOFs have been built using secondary building units (SBUs) which can be metal

clusters or metal complexes.”

Fe3 cluster

e

C v 8
BTC ligand

MIL-100(Fe)

Figure 1.4: Structure of the MOF MIL-100(Fe)

10
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The first MOFs were reported in the late 1990s as an extension of the preparation of synthetic
zeolites.”® Where zeolites have limited permutations — less than 300 have been successfully
synthesised despite numerous simulations,’® the number of MOFs is vast, with thousands of
structures already registered in the Cambridge Crystallographic Data Centre. The possibility
of using different combinations of organic and inorganic linkers makes it possible to fine tune
the materials for specific needs, causing the rapid increase of research interest into the
preparation of new MOFs for a number of different applications. For example, in the case of
catalysis, MOFs can be designed to contain pores large enough to aide mass transport, but
small enough to induce a confinement effect.”” In addition, several MOFs have been shown
to have incredibly high surface areas, many exceeding 6000 m? g.”® This high porosity helps
with diffusion of catalytic sites and can aid mass transport through the materials.” There are,
however, a number of issues with MOFs for catalytic applications. Typically, they have low
structural, thermal, and hydrothermal stability, vastly limiting their potential in catalysis.®° Also,
due to the nature of many MOF structures, the catalytic metal ions are often surrounded by a
coordination centre which prevents the adsorption of substrates.®® Despite these issues, there
has been much research into MOFs for catalysis. Herein we discuss some key examples in

the field.

Acid Catalysis with MOFs

Metal-Organic Frameworks have been of particular interest as acid catalysts, in
particular as Lewis acids, with their acidity stemming from the metal centres.?® ’°-81-85 Brgnsted
acidity can also be introduced with the addition of functional groups to the framework, such as
carboxylic or sulfonic acids,®® though this requires the preparation of a very stable platform.&
This leads to a limited number of examples of Brgnsted acid MOF catalysts compared to their
Lewis acid counterparts. As previously mentioned, MOFs typically show low stability under
harsh conditions (e.g., high temperatures and pressures) and in aqueous conditions, due to
the easy hydrolysis of the metal cluster. To avoid this problem, the use of tri- and tetra-valent

metal centred MOFs is normally preferred, as they are known to be more stable in harsh
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conditions and, therefore, the vast majority of MOFs for catalysis present these structure

desig.’® 8

The Materials Institut Lavoisier (MILs) represent a series of MOFs that all feature
trivalent metal centres, and have been extensively studied for catalysis.®” For instance, MIL-
100(Fe) (Figure 1.4) was investigated for the catalysis of p-xylene acylation with benzoyl
chloride,*® and it was reported having a fast conversion rate (100% in 15 minutes), most likely
due to the numerous unsaturated iron sites and the relatively wide pores (0.47 x 0.55 nm) By
removing the coordinated water molecules from terminal sites of MIL-100(Fe), catalytically
active Lewis acid sites can be created that are useful for reactions such as Friedel-Crafts,®
Claisen-Schmidt condensations,® and ring-opening of epoxides.®® MIL-100(Sc) proved to be
an effective catalyst for reactions involving C-C and C=N bond formations, such as Michael
additions and imine formations.®* High conversion and recyclability were also reported for
these materials. For instance, MIL-100 (Al, Fe, and Cr) were shown to selectively catalyse the
rearrangement of a-pinene oxide (PO) to campholenic aldehyde (CA), and all three showed
PO conversion over 95%, and CA selectivity ranging between 51 and 61%, with MIL-100(Al)
performing best. MIL-101(Cr) can be functionalised with sulfonic acid groups to provide
Bronsted acid sites for epoxide ring opening reactions. MIL-101(Cr)-SOsH, for instance,
proved to catalyse the ring opening of styrene oxides with methanol at the (sulfonic acid
groups) with 100% selectivity and conversion.®> When functionalised with basic n-PrsNBr, MIL-
101(Fe and Cr) can both catalyse CO- cycloaddition,®® °* which, as previously mentioned,
requires both acidic and basic sites in close proximity for the catalyst to be effective. MIL-
101(Cr) and MIL-53(Cr) functionalised with sulfonic acid groups, instead, showed good
catalytic behaviour for the esterification of n-butanol with acetic acid, with MIL-53(Cr) showing

a turnover frequency (TOF) of 0.72 min1.%

Other MOF types have also seen success in CO cycloaddition. Cus[(Cs7H32N12)
(COO)s] demonstrated a high CO, uptake due to the presence of the nitrogen containing

triazole groups, which assists in high yields for a number of small epoxides such as 2-
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methyloxirane (96%), 2-ethyloxirane (83%), 2-(chloromethyl)oxirane (85%), and 2-
(bromomethyl)oxirane (88%).°¢ MIL-101(Cr) also proved to be an efficient catalyst in
cyanosilylation of benzaldehyde,®” and the Baeyer condensation of benzaldehyde.%® Several
Cu?* trinuclear MOFs, with a Cus(us-OH)(u-pyrazole) SBU, have been studied as catalysts in
the peroxidative oxidation of cycloalkanes.®® Preparation of the MOF in ethanol and water
gave slightly different structures both with good catalytic activity and stability. [Cus(us-OH)(u-
pz)3(EtCOO0).(EtOH)] showed top yields of 32%, and a top TON of 43, and [Cus(ps-OH)(p-
pz)3(EtCO0).(H20)] showed a slightly higher TON of 44, both competitive with other catalysts

for this reaction type.

In terms of tetravalent metal centred MOFs, zirconium-based frameworks have been
of particular interest in catalysis due to their relatively high chemical stability. UiO-66 has been
studied in a variety of reactions including aldol condensations.®® However, the catalytic activity
can be increased by introducing defects into the materials, which expands the number of open

Lewis acid sites in the materials.1°

UiO-66 UiO-66-NO,

Figure 1.5: UiO-66 and its functionalised counterpart

Vermoortele et al. also successfully boosted the activity of UiO-66 through functionalisation,
by introducing NO, substituted BDC ligands (Figure 1.5), leading to an improved rate in the
cyclization of citronellal to isopulegol.°* Another example of a Zr-MOF for catalysis is provided
by the preparation of PCN-223(Fe), which includes Fe(lll)-porphyrin centres. The addition of
Lewis acid sites in its structure helped to catalyse the hetero-Diels Alder reaction between

aldehydes and dienes.0?
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Another MOF that has frequently been tested for acid catalysis is Cus(btc)z, also known as
HKUST-1, containing Cu?* ions connected through organic BTC (benzene-1,3,5-tricarboxylic
acid) ligands with water molecules coordinated to the metal centres.®® By removing the water
ligands, the Cu centres become accessible Lewis acidic sites. HKUST-1 proved to be selective
for a number of reactions, for example to catalyse the acylation of p-xylene with benzoyl
chloride.*® Although the conversion rate was low (37%), it still performed better than zeolites
beta and Y for this reaction. Other reactions successfully catalysed by HKUST-1 include
benzaldehyde cyanosilylation,®* CO, conversion,'® and citronellal cyclization.'% It should be
noted that strongly coordinating solvents, such as THF, cannot be used in reactions with
HKUST-1 as a catalyst, as they can bond to the Cu sites and therefore block reagent
adsorption. It is also worth reporting that HKUST-1 does not generally display high reusability,

as the activity deteriorated over time in several of the reported reactions.

MOFs typically have a very large amount of acid sites per gram. For example, Ni-MOF-
74, containing unsaturated nickel ions on the nodes of the framework, can be efficiently used
to catalyse propene oligomerisation.®” Compared to other materials, the Ni sites in the MOF
proved to be less active, but due to the high number of sites, this material was found to be

competitive with other catalysts.

MOFs have also been considered for the cycloaddition of CO, to epoxides. Zeolitic-
imidazolate frameworks (ZIFs) have shown promise in these reactions due to the presence of
both acidic and basic sites. ZIFs are a subspecies of MOFs with tetrahedrally coordinated
metal centres connected by imidazolate linkers. Their name derives from the similar topologies
to zeolites, due to the bond angles about the metal centres being similar to the Si-O-Si bonds
in zeolites. ZIF-8 has shown to catalyse the conversion of epichlorohydrin to chloropropylene
carbonate with a 44% vyield and a 52% selectivity for the cyclic product.'® The addition of
ethylene diamine groups to ZIF-8 increased the number of basic sites and therefore the

adsorption of COy, leading to an increase in both the selectivity and the yield to 73%.
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Despite the versatility of the MOF synthesis, there are some practical problems, which are
mainly connected to their limited thermal and physical stability. In fact, very few MOFs can
compete with zeolites in a number of gas-phase reactions, which typically operate under harsh
conditions. However, they seem better suited to liquid-phase reactions because of the relative
ease of tuning pore sizes (as previously mentioned, liquid-phase reactions generally require
wider channels to allow for good mass transport).1®® These conditions are typical of fine

chemical production and, therefore, MOFs are seen as desirable catalysts in these industries.

Base Catalysis with MOFs

There are far fewer examples of MOFs used for base catalysis, though there are some
key cases. Basicity can be introduced to MOF frameworks through post-synthetic
functionalisation using groups such as amines, amides and pyridyls attached to the organic
linkers or to the metal nodes.?® For instance, a number of studies on base catalysis involving
amine-functionalised IRMOF-3 have been reported.’'® 1 |t is shown that IRMOF-3 is
extremely effective at catalysing the Knoevenagel condensation of benzaldehyde, with a 99%
yield and 100% selectivity towards the desired product. However, as previously mentioned,
MOFs are often sensitive to hydrolysis,*'? 13 and the Knoevenagel reaction releases water.
This raises questions about the reusability of IRMOF-3 and similar MOFs for this reaction.
MIL-101(Cr) functionalised with amine groups gives extremely high conversion and selectivity
towards the desired ethyl trans-a-cyanocinnamate product. The functionalised MIL-101(Cr)
gave 98% conversion, which is a massive improvement in comparison to 32% conversion for
the unfunctionalized form.''* A 2009 paper by Savonnet et al. reported that IRMOF-3 and
[ZnF(Am.,Taz)] are both effective catalysts for Aza-Michael condensation reactions, showing
good turnover numbers in mild conditions.!'® They also tested these materials for catalysing
transesterification, and although they performed reasonably well at high temperatures, they
had very low conversions under mild conditions, attributing the relatively weak basicity of the
amine functional groups. Typically, stronger bases are required to catalyse transesterifications

such as guanidines.'® However, this is a problem for MOF base catalysts, as strongly basic
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functionalities lead to structural collapse of the framework, which vastly limits their use in this

field.?®

On the surface, MOFs appear to be a competitive material for catalysis over their
predecessor zeolites, as they are far more versatile in design and therefore can be finetuned
for individual purposes. However, there are a number of major disadvantages in action that
prevent their efficient use and commercialisation. The water sensitivity of MOFs seems the
major limiting factor for their industrial catalytic applications, as many reactions take part in
aqueous conditions.!!’” In addition, MOFs are also unstable under harsh conditions which
further limits the scope for catalysis, typically only finding a good use for them in the production
of fine chemicals.!® Although a number of MOFs have been reported for successful catalysis,
there are questions over the validity of much of the data with regards to the reported TGA

data, and the recyclability of the MOFs.1°

Amorphous Materials

A common disadvantage among certain synthetic crystalline materials is related to
their stability. Although they have high surface areas and open pore structures, this often
makes them vulnerable to high pressures and temperatures. Furthermore, crystalline
materials can be highly sensitive to common solvents and reagents, with water stability being
a major concern in this area. For these reasons there is growing interest in substituting them
with amorphous materials in the field of heterogeneous catalysis.'?® Porous organic polymers
(POPs) are a broad range of relatively new amorphous materials, with unique and favourable
properties that makes them valuable in catalysis.'?® They have incredibly high stability in a
broad range of conditions including wet environments and acidic and basic conditions, and
they are most commonly made via irreversible reactions made with strong covalent bonds.'?
Although their amorphous nature makes them harder to model or characterise than their

crystalline counterparts, it also brings several advantages, for example the synthesis of POPs
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is typically simpler and faster than MOFs or other crystalline porous compounds. In addition,
these materials can often be synthesised in milder conditions, which is beneficial from the
environmental and the industrial point of view.'?® Furthermore, they are not confined to a
crystalline framework, so it is easier to introduce functionalities into the materials. There are
several different amorphous materials that exist under the title of porous organic polymers
including hypercrosslinked polymers, conjugated microporous polymers, porous aromatic

frameworks, covalent triazine frameworks, and polymers of intrinsic microporosity.

Hyper Cross-Linked Polymers

T
W Solvent i A—C 2 Crosslinker Drying
T N——

Figure 1.6: Formation of Hyper Cross-Linked Polymers

Hyper cross-linked polymers (HCPs) are a category of POP most commonly created
by post-polymerisation cross-linking. A polymer is swollen in a solvent and an additional Lewis
acid or another cross-linker is added, to create “bridges” between polymer chains (Figure
1.6).12* This spaces the chains apart, and creates pores which can be fine-tuned for a variety
of applications, most commonly gas storage and separation.!?® Within the field of
heterogeneous catalysis, HCPs have been studied as supports for catalytic species,
predominantly metals.'? 127 However, there have been recent advances in functionalised

HCPs as heterogeneous catalysts in their own right.1?®

A number of hyper cross-linked polymers have been sulfonated for a variety of acid
catalyst reactions. HBS and HDS are synthesised via the post-sulfonation of the self-cross
linked polymer HB and HD respectively, and was shown to catalyse Friedel-Crafts (FC)
reactions and Beckmann rearrangements.?® Several permutations of HDS and HBS were
shown to have excellent catalytic abilities and high recyclability. The best performing resulted

HBS-4 (HD treated with 4 mL of CISOsH per gram of polymer), which showed a 99%
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conversion and 100% selectivity in the FC reaction of anisole and benzyl alcohol. HDS-4 was
also shown to give a 99% conversion and an 83% selectivity for the rearrangement of
cyclohexanone oxime. Polymers P(1,3-DEB)-SOsH and P(1,4-DEB)-SOsH are both
synthesised from commercial monomers (Figure 1.7) and performed the catalysis of a number
of reactions.’® They are efficient catalysts for the esterification of fatty acids (TON ~400
mol.mol?t) and Prins cyclization reactions (TON ~90 mol.mol?), also demonstrating good
recyclability. Most importantly, they are shown to have a higher turnover than commercial

polymer-based catalyst such as Amberlyst 15.

R
1. CISOzH
. [Rh(NBD)acac] CH,Clp rt., 72h
X 2.H,0 HO,S
1,3-DEB 1,4-DEB X
4
SO4H
P(1,3-DEB) or P(1,4-DEB) P(1,3-DEB)-SO3H or P(1,4-DEB)-SO3H

Figure 1.7: Synthesis of P(1,3-DEB)-SOzH and P(1,4-DEB)-SOsH

Sulfonated hyper cross-linked polystyrene has also been reported as a successful
catalyst for a transesterification reaction, in this case the transesterification of fatty acids.3! It
was found to be more catalytically active than both Amberlysts 15 and 35, despite having a
lower concentration of sulfonic acid sites, and this was attributed to the accessibility of the
sites in the polystyrene HCP. The polymer showed good recyclability with only a minor loss of

activity on repeated reactions.

Sulfonated hyper cross-linked poly(2-naphthol) also proved to successfully catalyse a variety
of acylation reactions.’®? Kalla et al. tested the polymer catalyst for the acylation of a broad
range of organic compounds, showing good activity in mild conditions. Of particular interest is
the high selectivity in the acylation of phenols and alcohols. The material also showed

excellent reusability, with only a small drop in performance over 10 cycles.
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HCPs bearing basic functionalities were also successfully used for interesting catalytic
applications. For instance, a group of imidazolium functionalised HCPs effectively catalysed
the CO, cycloaddition with epoxides.!*® Several combinations of monomers were tested, the
best performing was Ic;HCP-5b, with a yield of 90%, a selectivity of 99% and a TON of 840.
This result was obtained over 4h at 120 °C. In addition, there was no loss of activity over 5

cycles.

H
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HCP-TCPP

Figure 1.8: Synthesis of HCP-TCPP

The hyper cross-linked polyporphrin HCP-TCPP with its basic nitrogen sites in the centre
(Figure 1.8) has been reported as an efficient catalyst for the Knoevenagel condensation.***
Feng et al. reported excellent yields for a number of different condensations, using a variety
of aromatic aldehydes as reagents. They also reported good recyclability, with no significant

loss of performance or mass over 6 runs.

Conjugated Microporous Polymers

Conjugated microporous polymers (CMPs) are another type of crosslinked porous
polymers, but unlike HCPs they feature m-conjugated skeletons in their 3D networks.**® Like
most POPs they possess high chemical and thermal stability, which combined with the
versatile design make them good candidates for heterogeneous catalysis. CMPs are most
commonly prepared via metal-catalysed cross-coupling reactions, combining monomers such
as halogenated and alkyne bearing aromatics, to create extended conjugated networks.3¢: 137

Catalytic functional groups can be added pre-polymerisation using functionalised monomers,
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though the conjugated frameworks make also post synthetic additions relatively easy.'*® Their
unique electronic properties have made these materials of particular interest in photocatalysis
and electrocatalysis,**® 13 there are numerous examples that demonstrate their application in

heterogeneous conditions.

Many examples of CMPs in heterogeneous catalysis feature metal loading,*#% 14! or
metal centres.'#2144 But, there are some examples of efficient organocatalysts within this field
too. For instance, CMP-12, a thiophene polymer, was show to be an effective catalyst in a
number of reactions.*® The monomer unit is based on the commercially available BNPPA,
((R)-3,3’-bis(9-anthracenyl)-1,1’- binaphthyl-2,2’-diyl hydrogenphosphate), with additional
thiophene functionalities on the anthracene units becoming the sites of polymerisation (Figure

1.9).

sites for
oxidative
coupling

Figure 1.9: Structure of CMP-12

The polymer was shown to successfully catalyse transfer hydrogenations, aza-ene type
reactions, and the asymmetric Friedel-Crafts alkylation of pyrrole, all with high conversions
and selectivity, and with minimal loss of performance during several cycles. Moreover, the

polymer performs just as well in the transfer hydrogenation as the monomer and the
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commercial catalyst BNPPA, but with the added benefits of a heterogeneous catalyst, such

as high recyclability and easier purification of the products.

Zhang et al. tested a nanoporous conjugated polymer, DMAP-NCP, for the catalytic
acylation of alcohols and phenols.'*® The polymer is the product of the Sonogashira-Hagihara
coupling of DMAP (3,5-dibromo-N,N-dimethylpyridin-4-amine) and 1,3,5-triethylpyridin-4-
amine. Various alcohols were converted with high conversion and yields (92-99%), with very

little loss in performance over 14 cycles.

e R= H; s-BB+DEB

Figure 1.10: Structure of s-BB+DEB
Tantisriyanurak et al. synthesised a series of sulfonated CMPs which could catalyse the
transesterification of oils into fatty acid methyl esters (FAMEs), a common source of
biodiesel.**” In their study, the best performing polymer resulted s-BB + DEB (Figure 1.10),
which could catalyse the transesterification of coconut oil at 60 °C in 24 hours, though this did

require an over 80 wt% catalyst loading to achieve.

Only one example of CMPs as basic organocatalysts could be found in the literature:
a pyrrole-base CMP which was able to catalyse the Knoevenagel reaction, synthesised by
Gao et al.’*® 1 mol% of both TrPB-CMP and TePB-CMP gave a 100% conversion between
nitrobenzaldehyde and malononitrile at 40 °C in 6 hours. There are a number of base-

functionalised CMPs which could be tested in the future.138. 149,150

Covalent Triazine Frameworks

Covalent triazine frameworks (CTFs) are a species of POP defined by the aromatic

C=N linkages (triazines), which are often formed during polymerisation.*®* This highly stable
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core contributes to the overall strength of the material, allowing for their application also in
harsh conditions. By design they may appear crystalline, as they look similar to MOFs and
COFs but, in practice, the vast majority of reported CTFs are amorphous due to the flexibility
and stability of the polymers.?® There are limitations in the design of CTFs due to the nature
of the linking unit. Most reported CTFs have been synthesised via the trimerization of nitrile-
containing monomers.!*3 There are some examples of CTFs made from the trimerization of
amide-containing monomers, or the copolymerisation of aldehyde and amidine monomers.*>*
In addition, there are only a handful of successful synthetic routes known. The first reported
CTF used nitrile monomers in ionothermal conditions at 400 °C.® Not only is this
counterintuitive from an environmental point of view, it is also not feasible for large scale
production. However, there are some examples of CTFs synthesised in mild conditions.14 156
In their short history, CTFs have been tested for a number of different applications including
gas storage, gas separations, electrocatalysis, photocatalysis, and heterogeneous

catalysis.®’

Covalent triazine frameworks are alkaline due to their high nitrogen content, which not
only makes them ideal candidates for base catalysis, but also as supports for including metal
centres post-polymerisation.’® For example, a CTF formed with 1,4-dicyanobenzene
monomers has been tested as a support for different reactions including oxidation,*5% 160
hydroformylation of 1-octene,! and hydrogenation of N-heterocycles,'? showing moderate
TOFs, but typically high selectivities and recyclability. Bavykina et al. synthesised a CTF with
IMCp* centres attached to the nitrogen which showed great success in catalysing the
formation of hydrogen from formic acid.'®® With 0.2 wt% loading of the Ir centre, a TOF of
27,000 h* was reported at 80 °C. The reaction was successful at lower temperatures, but with
much lower turnover frequencies. The material also was easy to recover and showed good
recyclability. It is worth noting the harsh conditions required to make this CTF — an ionothermal
synthesis at 500 °C,*® and the high costs associated with the iridium complex. A cheaper

alternative using Ru"(ne-CsHs) was also tested but reported a much lower TOF of 4020 ht with
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2.7 wt% loading at the same temperature. Bavykina et al. improved on their findings by using
the CTF as a coating for cordierite monoliths, leading to TOFs in excess of 200,000 h for the

same conditions but with a lower wt% of the iridium centre.164

There are also examples of covalent triazine frameworks used as organocatalysts.
Several CTFs have been tested as catalysts for the cycloaddition of CO- into epoxides. An
imidazolium-based CTF synthesised at varying temperatures was shown to give high
conversions and selectivity towards the chloropropene carbonate product.'®® The best
performing polymer was CCTF-350, that is CCTF synthesised at 350 °C, with very little loss
in activity over 5 cycles. HB-CTP was synthesised from cyanuric chloride and 2,4,6-
trinydrazinyl-1,3,5-triazine monomers, giving a hydrazine-bridged copolymer.1%® The polymer
was tested for CO; insertion into a variety of epoxides with varying functional groups, at 80 °C
temperatures and over 12 hours reaction times. The yields varied between 67% and 99%,
though the majority of results were above 90%, and with minimal loss of activity over several
cycles.
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Figure 1.11: Structure of CTF-1

Roeser et al. tested two polymers for CO, cycloaddition (Figure 1.11).1%” CTF-1 is a crystalline
material, however an amorphous analogue can be synthesised (CTF-P-HSA). It can be made
using the same monomer as CTF-1 but polymerised at higher temperatures. Both materials

gave complete conversions and high selectivity for the formation of chloropropene carbonate
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from epichlorohydrin. In addition, they showed good recyclability over 6 runs. Other epoxides

were tested, but epichlorohydrin was considerably more successful.

Tuci et al. studied CTF-1 (CTF-ph), as well as a pyridine-centred CTF, as a catalyst
for the conversion of ethylbenzene to styrene.'®® Both polymers were synthesised using the
established ionothermal method at temperatures varying between 400 and 600 °C. CTF-1 was
shown to be less selective towards the styrene product than the industrial K-Fe catalyst, with
90% compared to 97%. However, the ethylbenzene conversion proved almost three times
higher than the current industrial catalyst, therefore outperforming the current technology.
CTF-py gave similar selectivity to CTF-1, with a lower conversion rate for ethylbenzene,
although still higher than K-Fe. CTF-1 maintains a steady conversion for 50 hours on the

stream, but CTF-py shows a drop in performance over time.
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Figure 1.12: Syntheses of CTFs 1-5

The same group, in subsequent work, studied a number of other CTFs for the same reaction
(Figure 1.12).%%° The most successful result was CTF-5 — a copolymer made of 4,4'-
dicyanobiphenyl and 4,5-dicyanoimidazole, which performed better than CTF-1 and CTF-py.
Not only was the ethylbenzene conversion higher (around 50%), but also the styrene
selectivity proved higher, at around 98%. CTF-4, a copolymer composed of dicyanobenzene

and 4,5-dicyanoimidazole, showed the highest selectivity at 99%, but the ethylbenzene
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conversion resulted lower than the industrial catalyst counterpart. These catalysts, in particular
CTF-1 and CTF-5, are of particular interest due to the high performance in steam- and oxygen-
free conditions, which are relatively less studied in the current research and of interest in
sustainable chemistry. However, considering the harsh conditions required to synthesise the
catalysts, the environmental benefits are somewhat questionable. Jena et al. have
synthesised a number of CTFs for the catalytic dimerization of benzylamine to N-benzyl-1-
phenylmethanimine.'® Isox (4,4’-(isoxazole-3,5-diyl)dibenzonitrile) was used as a monomer
at 400 °C using 5 equivalents of ZnCl., giving a polymer capable of 100% conversion and 98%
selectivity. Similar results were achieved using pyz (4,4’-(1H-pyrazole-3,5-diyl)dibenzo-nitrile)
as a monomer, though the selectivity was slightly lower at 92%. The materials also showed

high recyclability over five cycles.
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Figure 1.13: Synthesis of CTF-TPMs

Zhao et al. synthesised a CTF which could catalyse the cycloaddition of CO, into various
epoxides (Figure 1.13).1"* In this case, the nitrogen centres of CTF-TPM-400 and CTF-TPM-
500 do not act as the basic sites — they are positively charged with CI" counterions. These two
sites work together to catalyse the cycloaddition of CO; into epoxides, with epichlorohydrin,
epibromohydrin, and epoxypropyl phenyl ether showing 100% conversion in 24 hours at 100

°C and 0.7 MPa pressure.
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Porous Aromatic Frameworks

Porous aromatic frameworks (PAFs) are another sub-category of porous organic
framework, which differ from other POFs as they are constructed from purely aromatic
linkers.1’2 PAFs are typically self-assembled through covalent coupling reactions in catalysed
solvothermal conditions.'”® They show excellent stabilities due to the robust frameworks and
strong bonds. They are amorphous because of the high degree of free rotation around the
polymer chains, however they typically remain highly porous because of the bulky nature of
the monomers they are made from.’* Most PAFs are insoluble and, since they can withstand
harsh conditions, they are highly desirable to be used as heterogeneous catalysts. Many
PAFS have been used as supports,}’>18 put there are some that have been designed

purposely for catalysis.

PAF-NO,

Figure 1.14: Synthesis of PAF-NH2

Verde-Sesto et al. synthesised pre-functionalised PAFs that supported transition metals as
catalysts for a number of cyclopropanation reactions.r’”” 4,4’,4”-[(4-lodo-3-nitropheny
l)methanetriyl]tris(iodobenzene) was polymerised via a Suzuki coupling reaction and then
reduced to give PAF-NH; (Figure 1.14). In order to incorporate the transition metals, PAF-NH-
was modified with picolinaldehyde to yield PAF-NPy, and with N-'Boc-L-proline, isopropyl

chloroformate and triethyl-amine followed by trifluoroacetic acid to yield PAF-NPro. The PAFs
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complexed with copper were compared with their corresponding monomers for catalysis of
cyclopropanation reactions. PAF-NH, and PAF-NPy were both considerably outperformed by
their corresponding monomers. But PAF-NPro-Cu achieved better results than its monomeric
counterpart as gave higher conversions and selectivity towards cyclised products, with all of
tested substrates. For example, with the substrate prop-1-en-2-ylbenzene the PAF gives a
conversion of 96% and a selectivity of 99%, whereas the monomer achieves 72% and 97%
respectively. PAF-NPro-Cu also out-performed more established catalysts such as the MOF
CusBTC;, MCM-41-Cu, and a number of Schiff bases. The same group tested several
modified PAFs as supports for Ir and Ru centred complexes for the N-alkylation of amines with
alcohols.'™ PAFy, based on 9,9'-spirobisfluorene, was synthesised via a Suzuki-Miyaura
coupling reaction, and post-functionalised with 1-mesityl-1H-imidazole (IMes) or 2-(1H-
imidazol-1-yl)pyridine (IPy). These sites then reacted with metal complexes to form the
supported catalyst. When used for the alkylation of anilines with benzyl alcohol, PAFsy-IPyIr
showed 100% conversions, and a high selectivity towards the desired secondary amine
products — varying between 80-96% depending on the aniline. Secondary amines are
desirable for many important reactions, including the synthesis of pharmaceuticals, and
without a catalyst the reaction completely favours the imine product. PAFsy-IMeslr, PAFc-IPylr
and PAFc-IMesir all also gave 100% conversions of aniline with selectivities towards the
secondary amine product. Cheaper ruthenium complexes were also synthesised, but they did

not perform as well as the iridium complexes.

There are only a limited number of PAFs as organocatalysts to date. Yang et al.
synthesised a fluorinated PAF for the catalytic halogenation of aryl compounds.®?
Cyclodextrins can be added to PAF-63 to create size selective pores that favour the formation
of para-halo compounds. a-CD-PAF-63 in patrticular gives strong preference for para-
substituted products with several aryl compounds. In addition, the material has high
recyclability with only a minor loss of performance over 10 cycles. Merino et al. functionalised

a PAF similar to the aforementioned PAFsy which, functionalised with amino groups and
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sulfonic acid groups, are efficient catalysts for a number of cascade reactions.'8® PPAF-SOzH-
NH: was shown to catalyse the Knoevenagel reaction with 100% conversion and 100% yield
for the dicyano product. This was higher than a mixture of both PPAF-SOsH and PPAF-NH_,
which only gave a 91% vyield, though this was still better than the commercial catalyst
Amberlyst which only gave a 33% conversion and yield. PPAF-SO3H-NH: also showed good

recyclability over 8 cycles.

Polymers of Intrinsic Microporosity

Polymers of intrinsic microporosity (PIMs) are a unique class of organic porous
material which differ previously discussed ones.'® Generally, polymers comprise of long
chains of connected monomers and are generally very strong, stable materials. Their strength
is in part due to the way the long chains stack together, bending and conforming to efficiently
pack together and therefore minimising electronic interactions. Because of this, polymers are

not normally considered to be porous, as there is no free space.

Figure 1.15: lllustration of inefficient packing

PIMs, however, are built on the idea of intrinsic microporosity, which can be defined as “a
continuous network of interconnected intermolecular voids within the polymer, which forms as
a direct consequence of the shape and rigidity of the component macromolecules”.!® PIMs
are designed to contain rigid, contorted chains that are unable to pack efficiently, leaving
accessible pores whilst still remaining stable (Figure 1.15). This is quite different to other
porous polymers, where typically the porosity is designed by having long interconnected

monomers that leave large spaces in between.8
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PIM porosity is said to be intrinsic as the void space is present without the need for post-
polymerisation modification. PIM monomers are also designed to contain rigid linkers that

increase the pore sizes whilst maintaining rigidity.?

5

Figure 1.16: Triptycene

Different functionalities can be incorporated into PIMs monomers to increase the void
space. A common example throughout PIM design is the use of triptycene, which is the
simplest of the iptycene family of hydrocarbons, and consists of three aromatic rings arranged
in a three dimensional paddlewheel structure with bond angles of 120° (Figure 1.16).1%¢ Its
structure is ideal for making PIMs, as the large areas of free volume in the paddlewheel shape
do not allow efficient packing. Triptycene is a commercial compound, though it can also be
synthesised from anthracene via a Diels-Alder reaction.'®” Derivatives of triptycene can also

be synthesised via the same mechanism.
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Figure 1.17: Synthesis of Trip-PIM

Trip-PIM was the first PIM synthesised using triptycene units, forming a polymer
through all three of the aromatic rings (Figure 1.17).1®8 This is an example of a network

polymer, whereby the polymer forms in multiple directions, as opposed to a ladder polymer

29



Chapter 1

which forms in a linear chain. Trip-PIM has an impressive surface area of 1065 m?g?, indicative

of the effect bulky functionalities can have.

Figure 1.18: Structure of Troger's Base

Functionalities can not only be included in the monomers but can also be formed along
the polymer chain as linkers. A good example of this is the use of Troger’'s base as a polymer
linker. Julius Troger first synthesised Troger's Base (TB) from 4-methylaniline and
formaldehyde (Figure 1.18),%° although its unique structure was not confirmed until almost
50 years later.'® Troger's base is a chiral aromatic diamine with bridged nitrogen atoms. The
nitrogen bridge prevents rotation which means this compound is very rigid. It was initially
thought that TB was only weakly basic,'®* but recent studies show it is in fact more basic than
anticipated.’®? This is because of the geometry of the bridged nitrogens, which leaves the
lone pairs highly exposed. In 2013, Carta et al. first synthesised a Troger’s base polymer, PIM-

EA-TB (Figure 1.19).1%

PEOORE SO S

Figure 1.19: Synthesis of PIM-EA-TB

Not only did this polymer have a high surface area of 1028 m?g?, but there was also a high
selectivity for CO.. This is a common feature of Troger’s base PIMs, as CO. is a Lewis acid
and therefore is attracted to the basic sites. Other functionalities have been added to PIMs to
increase selectivity towards other gases, making PIMs great materials for gas separations.®*
To date, most PIM research has focussed on their use as gas storage and gas separation
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materials due to their remarkable surface areas, and the ease of fine-tuning.'*> However, PIMs

were initially developed as potential materials for heterogeneous catalysis.

Figure 1.20: Synthesis of CoPc-PIM-A

In 2003, McKeown et al. synthesised a porphyrin-based PIM for heterogeneous
catalysis.’®® Spirobisindane units were incorporated as rigid linkers to aide with the intrinsic
microporosity (Figure 1.20). Cobalt was added into the PIMs in varying ratios and via a variety
of synthetic routes and each tested in a number of catalytic reactions.'®” The polymers were
found to show catalytic activity for the decomposition of hydrogen peroxide, as well as the
oxidation of both cyclohexene and hydroquinone. In particular, these polymers gave superior

results to the low molecular mass oligomeric versions of the same materials.'%

Figure 1.21: Synthesis of PIM-TB-Trip-1

In 2014, Carta et al. first demonstrated the potential of PIMs as basic catalysts, using
polymers containing triptycene and Trdger’s base functionalities to catalyse the Knoevenagel
reaction (Figure 1.21).1*°® The polymers increased the reaction rate significantly, the best
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performing, PIM-TB-Trip-1 (1.7%), giving a 100% conversion over 2 hours, with a TON of 37
and a TOF of 2.5. Furthermore, these results proved to be better than using Trdger’s base as
a homogeneous catalyst, further proving the benefits of the use of a porous network. TB
polymers present the potential for a novel type of catalyst that is not only metal free but is its
own porous support. This is beneficial for a variety of reasons: by having active sites in the
polymer chain itself, leaching of active sites is minimised, which increases the recovery and
reusability of the catalyst. Also, the available reaction space is increased as there are not
catalytic moieties filling the pores. However, despite these positive results, very little work on

PIMs as catalysts has been done since.
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Aims of the project
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Figure 1.22: Swellability of polymers

One of the problems for PIMs as catalysts is that the high internal surface areas is
largely due to the high proportion of small micropores. Therefore, in order to access all
catalytic sites, reagents need to be able to access these small pores, which greatly limits the
size of substrates, the range of reactions and the applications. We hypothesised that
introducing a degree of flexibility to the polymers could induce a “swelling” effect in the
polymers — whereby the polymer chains are able to move apart in the presence of solvent,
meaning that more active sites become accessible, and that larger reagents can be
incorporated (Figure 1.22). This was expected to lead to a reduction of the overall porosity,
but the synergy of the enlarged pores and the number of catalytic sites per repeated unit could

compensate it, increasing the conversions and allowing for larger substrates to be used.

In this work, we looked at the design and synthesis of a series of polymers and copolymers
that incorporate the traditional rigid elements of PIMs with more flexible components, to create
highly active metal-free polymer catalysts for a range of applications. We had the ambition
and the aim to show that PIMs can be easily adapted for various applications by fine-tuning
and incorporating new functionalities. We tested our polymers in a series of reactions,
including Knovenagel condensation, CO: utilisation reactions and biodiesel synthesis, which

have growing global appeal in the efforts to prevent climate change.
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Chapter 2 - Novel PIM Copolymers for
Catalysis

The combined outcomes of chapter 2 and 3 were published in the paper:

Troger’s Base Network Polymers of Intrinsic Microporosity (TB-PIMs) with Tunable
Pore Size for Heterogeneous Catalysis A.R. Antonangelo, N. Hawkins, E. Tocci, C. Muzzi,
A. Fuoco, M. Carta. Journal of the American Chemical Society, 2022, 144 (34), 15581-15594

Introduction

Following on from its initial success in the Knoevenagel condensation reaction
between benzaldehyde and malononitrile,’*® a series of polymers and copolymers were
designed inspired by PIM-TAT-TB. Due to the high surface area resulting from the inefficient
packing of the very rigid, contorted polymer chains that is typical of high performing PIMs,
triaminotriptycene (TAT), diaminotriptycene (DAT), and diaminobenzomethanoanthracene

(DABMA) were initially selected as monomers (Figure 2.1).

Rigid Monomers

NH,

®

TAPB

J
Flexible Monomers NH,
s @
P0G
Tol HN NH,

o TAPB

Figure 2.1: Monomers used in chapter 2 and polymerisation method used
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All these monomers have previously been used to create homopolymers-PIMs. Whilst not
strictly “homopolymers,” as they rely on the reaction with dimethoxymethane (DMM) to create
the polymer chain, and which influences the repeating unit, they will be referred to as such to

distinguish them from the copolymers, where two unique monomers are combined.

Tri- and disubstituted triptycenes have both already been used in PIM research,®® 290 whilst
DABMA is relatively new. The latter is an important core, as its synthesis is easier and cheaper
than that of DAT, and its structure allows a minimal loss in surface area, compared to related
triptecenes.?®? Triaminophenylbenzene (TAPB) has a similar size and shape to TAT, with
three anilines connected to a central unit, though TAPB provides higher flexibility, due to the
free rotation around the single bonds that connect the aromatic moieties. Whilst this increased
flexibility will reduce the surface area of the polymer, this should increase its swellability, as
discussed previously, which may aide the catalysis. To further explore this theory, tolidine
(Tol) was also selected as a monomer. Tolidine (Tol) is a commercially available dianiline

which has free rotation about the single bond connecting the rings, making it very flexible.

Synthesis of monomers

Triaminotriptycene was synthesised as a mixture of isomers, according to literature
procedures (Figure 2.2).1% The presence of isomers does not influence the porosity or other
properties of the final material, so the different isomers were not separated. Commercially

produced triptycene was stirred in nitric acid and sulfuric acid overnight at 80 °C.

O H,N
H,SO,, HNO, H,NNH,, Ni
e
C7 ‘ so°c THE
O 76% yield NO: 939 yield HN<Z 4 NH,

Figure 2.2: Synthesis of TAT
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The crude product was purified by column chromatography, giving pale yellow crystals in a
76% yield. The isolated product was reduced by refluxing in THF with hydrazine monohydrate

and Raney® Nickel for 16 hours, to afford a 90% yield of off-white crystals.

Diaminotriptycene similarly was made as a mixture of isomers, according to a previously
published procedure (Figure 2.3).2°° Again, commercial triptycene was used, this time
reacting with potassium nitrate and trifluoroacetic anhydride (TFAA), at room temperature and

left to stir for 16 hours.

c KNO3, TFAA O H,NNH,, Ni a
—_— —2 2 3
‘ 25°C ‘ THF ‘
NO HoN NH
g O 83% yield ON g O 2 95% yield ’ g O ’
DNT DAT

Figure 2.3: Synthesis of DAT

These milder reaction conditions are preferred over the nitric acid method seen previously
when one wants to add a specific amount of nitro groups in the molecule, as it reduces the
likelihood of over-nitration - in this case the formation of trinitrotriptycene. These conditions
prevent the formation of a large amount of trinitrotriptycene, which simplifies the purification of
the desired product, and also improves the atom economy of the reaction. In fact, although
some trinitrotriptycene is produced as a by-product, the crude product was purified by column
chromatography to yield an excellent 83% of pale-yellow crystals. The product was again
reduced by refluxing in THF for 16 hours with hydrazine monohydrate and Raney® Nickel,

giving a 95% yield of pale-yellow product.

Benzomethanoanthracene was synthesised via the Diels-Alder reaction of anthracene
and norbornene at 250 °C for 1 hour in a microwave reactor (Figure 2.4). The use of a
microwave reactor greatly improves the yield of this reaction, whilst also vastly reducing the
time the reaction takes to complete, and therefore the sustainability of the reaction is also

improved.
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COO - Q = o
88% yield ‘
CLL)

Figure 2.4: Synthesis of BMA

The crude product was refluxed in THF and maleic anhydride overnight, then precipitated in
water, and washed with methanol to give the benzomethanoanthracene as an off-white
powder in an 88% yield. DABMA was then synthesised from benzomethanoanthracene using
the same method as that of DAT. Benzomethanoanthracene was nitrated using potassium
nitrate and TFAA, and stirred in acetonitrile overnight, following the same procedure used for

the triptycene.

[\

KNO,, TFAA H,NNH,, Ni
—_—
‘ CH;CN O,Ny&Z / NO, (CH3CH,)O  HN-Z / NH,
Z 2 d_> 13%yield 98% yield
DNBMA DABMA

Figure 2.5: Synthesis of DABMA

The impure product was purified through silica with chloroform as an eluent to give a 73%
yield of off-white crystals. This was then reduced once again using hydrazine monohydrate
and Raney® Nickel, this time refluxing in diethyl ether to give a 98% yield of beige crystals

(Figure 2.6).

For TAPB, it was initially thought the best synthetic route would be the direct nitration of 1,3,5-
triphenylbenzene, to form the related tris(nitrophenyl)benzene (TNPB), and then to reduce

this down to TAPB (Figure 2.6) similarly to how TAT is synthesised.

® ®

o OOOWMO o

Figure 2.6: Proposed synthesis of TAPB

TAPB
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So, 1,3,5-triphenylbenzene was reacted with nitric acid and sulphuric acid and refluxed for 24
hours at 80 °C. However, the NMR showed a mixture of products difficult to separate, instead
of the clean product that we expected. It was hypothesised that the highly acidic conditions
may have been too harsh, and therefore the reaction was tried again in weaker conditions. It
was tried using potassium nitrate and TFAA in acetonitrile, in the attempt to insert exactly three
nitro groups, but also this method proved unsuccessful, so we considered an alternative
reaction pathway. A search of the literature showed that this monomer could be formed
starting from nitroacetophenone, a cheap commercial compound that can undergo a
cyclisation reaction to form tri(nitrophenyl)benzene. This can then be reduced to form TAPB.2%2
Using SiCls as a catalyst, in ethanol as the solvent, nitroacetophenone was refluxed overnight,

and the reaction was worked up according to the literature.

socl, O
—>

EtOH

NO, 52% yield O
O,N I I NO,

Figure 2.7: Synthesis of TNPB

Os_CH;

TNPB

However, once again the NMR showed this to also to be unsuccessful, so the cyclisation
reaction was repeated using thionyl chloride in ethanol (Figure 2.7).2% This was left to reflux
for 4 hours, followed by a recrystallisation in dimethylformamide (DMF) which yielded the
desired TNPB as a yellow powder in a 52% yield.

The nitro monomer was then reduced following the method employed in the same paper, using
hydrazine monohydrate and nickel in ethanol. The reaction was monitored by TLC and
seemed successful, though neither the reagent nor product were found to be soluble in
ethanol. This therefore made the removal of the catalyst difficult as, given the volatile nature
of Raney® Nickel, traditional filtration methods are not safe to perform. A similar method using

Pd/C as a catalyst was then utilised,?** which allowed an easier removal of the catalysts
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reaction by hot filtration. The resulting product was stirred in water, the mixture brought to
neutral pH, and the solid filtered off, to afford a pale grey product in a 75% yield.

Given the cyclotrimerisation reaction to form TNPB, it was considered that a similar approach
could be used to form TAPB in a one-step synthesis. An alternative method was found to

produce TAPB in a one-step synthesis (Figure 2.8).2%°

NH,

Os_CH;
p-MePhSO,0H O
_—

145 °C

20% yield
¢
H,N NH,

Figure 2.8: One-step synthesis of TAPB

TAPB

Aminoacetophenone can, in fact, undergo a cyclisation reaction in the presence of p-
toluenesulfonic acid at 145 °C after 16 hours. However, the purification of the product proved
rather difficult — requiring quite a long column chromatography, and the final product was

collected only in a 20% vyield. For this reason, the 2-step synthesis was finally preferred.

H,N O O NH,
Tol

Figure 2.9: Tolidine structure

The commercially available tolidine (Figure 2.9) was used as a second flexible
monomer. This compound has a single bond connecting the two aromatic moieties and is
linear, which partially allows free rotation, so we imagined would make the entire polymeric

chain more flexible, especially compared to the more rigid TAPB.

With these five monomers, a series of copolymers was synthesised (Figure 2.1). All
of them were prepared according to the well-established TB-PIM synthesis method,*®® where
monomers are stirred with dimethoxymethane, TFA and DCM, and left for ~16 hours. The

resulting jelly-like polymers were precipitated in ice and aqueous ammonia, washed with
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acetone, THF, DCM and methanol, to remove eventual oligomers, before being dried in a
vacuum oven. All copolymers are produced as A-B random polymers, which means that is
impossible to know whether the structure is regular or not, but on average, two or more similar
cores would result one next to the other. To guarantee that all polymerisation sites are
engaged, the equivalent ratio of monomers was varied depending on the number of
substitution sites in each compound. For instance, copolymers featuring monomers with the
same number of amino-sites were mixed in a 1:1 ratio, but for those featuring one tri-
substituted and one di-substituted, we used 2 equivalents of the trisubstituted and 3

equivalents of the disubstituted monomers, respectively.

Results and Discussion

Confirmation of Copolymerisation

The complete polymerisation can be confirmed using FT-IR, where there is a clear
disappearance of -NH- peaks from the monomer to the polymers (Figure 2.10a). For example,
from TAPB to TB-TAPB-PIM, there is a loss of peaks at 3430, 3360 and 3200 cm™. This same
pattern is observed across all polymers and copolymers. Furthermore, the formation of TB
binding units can be confirmed using solid state *C NMR. The peak at 50-70 ppm is
associated with the methylene carbon on the TB bridge, and the peaks at 120-160 ppm are
associated with the aromatic carbons (Figure 2.10b). This is in agreement with previously

reported TB-PIMs.2%
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Figure 2.10: a) IR of TAPB monomer vs polymer; b) $3C NMR of PIM-TAT-TB
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Elemental analysis was performed in an attempt to further confirm the composition of the
polymers; however, the measured values were found to be significantly different from the
calculated ones. This is actually common in porous materials because of their tendency to
absorb atmospheric gases and compounds (e.g., CO; and moisture), which then affect the

elemental analysis.2°7 208, 209

TGA analysis instead proved very useful to confirm the composition and, therefore, the
completion of the polymerisation. TGA monitors the thermal degradation of materials and
allows the relative (or %) mass loss versus the increase of the temperature to be plotted. From
this, it is possible to ascertain when thermally vulnerable bonds are broken, quantify the mass
lost at this point and compare it to the calculated value of a polymer’s repeated unit. Thus, for
this experiment, we synthesised a copolymer of TAPB and ethanoanthracene (EA) in
accordance with the method described above. The EA was used because its ethylene bridge
is thermally labile, breaking at about 250 °C, which differs from the thermal decomposition of

the average TB-PIM backbone, which typically begins at around 440 °C.
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Figure 2.11: TGA of PIM-TAPB+EA-TB

This method has been used before to successfully confirm the PIM composition of some

homopolymers.?1%211 The TGA of PIM-TAPB+EA-TB showed around a 6% mass loss between
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250-400 °C (Figure 2.11), which matches perfectly with the calculated elemental breakdown
of the polymer, and therefore complete polymerisation is proven. We further assume complete
polymerisation of the other copolymers, given the same method is used, the monomers are
all similarly reactive, and the achieved yields were also very similar. TGA analysis also
demonstrated the high thermal stability of this series of polymers, with degradation occurring

over 400 °C in all polymers.

BET Surface Areas of Polymers

Table 2.1: Surface areas of PIMs in varying adsorbate gases

Adsorbate Gas
Entry Monomer 1 Monomer 2
N> 77K CO, 273K

1 DABMA TAPB 10 575
2 DAT TAPB 1 410
3 TAT TOLIDINE 20 430
4 TAT TAPB 380 430
5 TOLIDINE TAPB 5 360
6 PIM-TAPB-TB 500
7 PIM-TAT-TB 900

The surface area of each polymer was measured via the BET calculation (Table 2.1).
Typically, surface areas are measured using nitrogen gas as an adsorbate at the temperature
of 77K. The homopolymer PIM-TAT-TB gave a surface area of ~900 m? g1, which is very close
to the one previously reported (1035 m? g*.)2% PIM-TAPB-TB was found to have a surface
area of ~500 m? g, which is lower than PIM-TAT-TB, but that was expected given the
increased level of flexibility of the monomer, which reduces the free volume. Several
copolymers, though, particularly those with a combination of di- and tri- substituted monomers,
gave very low BET surface areas when measured by N, adsorption at 77 K, often lower than
10 m? g. This was somewhat unexpected, as we knew that the increased flexibility of the
chains would have led to a loss of porosity, but not to this extent. However, we also speculated
that this could be due to slow adsorption kinetics, especially at such a low temperature, rather
than because of a lack of porosity. The increased flexibility of these polymers allows for a more
efficient packing of the chains in the sold state, which means that N, molecules cannot
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penetrate the pores as easily in the solid state. Furthermore, in cold conditions there is far less
kinetic energy, and the more flexible chains will compact in order to maximise intermolecular
forces, even when the adsorbate gas is introduced. With that in mind, we repeated the
measurement using CO; as the probe gas, as not only is it smaller than N2 (3.3 vs 3.64 A),
and therefore can penetrate the pores more easily, but the measurement takes place at a
higher temperature. CO; adsorption is measured at 273 K, and these warmer conditions
generate more energy, allowing the chains to move more freely to accommodate the gas
molecules. The change of adsorbate, in combination with the higher temperature, afforded

BET surface areas in the range of 350-600 m? g*.

It is worth noting that the change in partial pressure, necessary to calculate the BET
values from CO; at 273 K, is approximated. To do the calculation properly, the probe gas
should reach saturation pressure (po), which for CO; at 273 K is ~ 35 bar. Since our instrument
allows a maximum final pressure of 1 bar (which would correspond to ~ 0.03 p/po, if we
reached saturation), the calculation of the BET surface areas at 273 K is performed between
0 and 0.03 p/po. Considering that the BET calculation is always done at very low p/po, the error
is minimised. The values may prove more accurate when measured at 195 K as, at this
temperature, the saturation pressure of CO; is exactly 1 bar (same as N at 77 K).
Nevertheless, our measurements and BET calculation performed at this temperature showed
similar values to the ones obtained at 273 K, so we decided to keep the latter as a standard,

since the analyses are faster and consumes less energy.

The surface areas of all five copolymers are relatively similar, and all surface areas are
considerably lower than that of PIM-TAT-TB, which was reported to have a surface area of
1035 m? g*. However, a high surface area is not necessarily indicative of high catalytic
performance.'?’ Whilst clearly there needs to be enough space to accommodate the reagents,
larger surface areas are usually associated with a high concentration of small micropores.
These more flexible polymers are designed to allow more space for the reagents to enter,

whilst still providing a confinement effect to promote the catalytic activity.
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For additional comparison, a homopolymer of TAPB, PIM-TAPB-TB was synthesised using
the same polymerisation method as that of the copolymers. The surface area was found to be
500 m? gt. Furthermore, PIM-TAT-TB was resynthesised according to the same literature
procedure,® with the resulting polymer giving a surface area of 900 m2g™. This is lower than
the reported surface area, but within an acceptable range (and withing the margin of error
typical of this method). An initial test was done on this new PIM-TAT-TB to compare the results

to the published data.

Knoevenagel Reaction and Catalytic Testing

HH 1 mol % Cat NC
e len T amee o ) *NCTY
25°C NC

solvent-free

Figure 2.12: Knoevenagel reaction

The simple Knoevenagel condensation reaction (Figure 2.12) between benzaldehyde
and malononitrile is frequently used as a starting point to test acid and base catalysts (Figure
2.13).2% 1 We used the same conditions as the paper published in 2014, as it represents the
ideal starting point for the comparison of the results of our polymer. That is 1 mol% catalyst
with a 3:1 ratio of benzaldehyde to malononitrile under solvent free conditions at room

temperature (25 °C). The 1 mol% is based on the repeating unit of the polymer.
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Figure 2.13: Mechanism of Knoevenagel reaction with a base catalyst

In a typical experiment, benzaldehyde and malononitrile were stirred in a vial until all
the malononitrile had dissolved. Then, the catalyst was added to the vial, and the timer was

started. Every 10 minutes, a 10 pl sample was taken for a total of 2 hours, then adjusted
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according to the conversion rates recorded. The samples were then analysed by *H NMR. The
peak at 3.66 ppm (circled blue) is associated with the two protons on the malononitrile starting
material, and we can integrate that relative to the peaks associated with the alcohol (5.2 ppm)

(circled yellow) and the alkene (7.8 ppm) (circled red) products (Figure 2.14).
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Figure 2.14: NMRs monitoring the formation of products and loss of reagents over time

These ratios from each time point can then be plotted on a graph to show the consumption of
malononitrile and the formation of the two products (Figure 2.15a). Since both the alcohol and
the alkene represent the product of the catalysis, to avoid confusion and not to have too many
lines in the plots, the graphs herein will be presented to show the formation of combined

products over time (i.e., combining the yellow and red lines, as demonstrated in Figure 2.15b.
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Figure 2.15: a) Percentage amount of malononitrile and products over time; b) Combined products
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Figure 2.16 shows a comparison of the two PIM-TAT-TB results, the one from this study and

one from the literature,'*® proving that they are very similar, which validates our testing method

and also the quality of the polymer.

3.1 solvent free

100

&= PIM-TAT-TB New
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Figure 2.16: Comparing PIM-TAT-TB from the literature!®® and resynthesized

All synthesised polymers were tested as catalysts for the Knoevenagel reaction under the

same conditions, to guarantee reproducibility (Figure 2.17).

3.1 solvent free

-~ TAPB + Tol
TAT + Tol
TAT + TAPB
DAT + TAPB
DABMA + TAPB
PIM-TAPB-TB
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Figure 2.17: All solvent free reaction results, showing PIM-TAT+TAPB-TB as the best performing polymer.
The conversion results of the copolymers were generally very positive, with four of the
polymers outperforming PIM-TAT-TB, reaching over 95% conversion in just 80 minutes.

However, very little could separate their performance. Two polymers, DAT + TAPB and

DABMA + TAPB did not perform as well as the other polymers. This was somewhat

46



Chapter 2

unexpected as it was thought that these two polymers would give similar results to TAT +
TAPB, if not better due their increased flexibility. It was considered that there was an issue
with the polymerisation reaction. In fact, all other polymers were produced as a powder or fine
solid, but these last two outliers were produced as much larger “particles” (to the naked eye,
the pieces appeared larger). This clearly could have an effect on the dispersion of the particles
throughout the reaction and therefore would have an effect on the activity. The polymers were
resynthesised, this time using additional DCM to aid the stirring for longer. After 16 hours, the
reaction showed a jelly-like consistency, but much looser than previously seen. The jelly-like
polymer was reduced to fine particles, before adding it to ice and ammonia to prevent larger
parts hardening quickly. After washing, the resulting polymers appeared much more similar to
the rest of the polymer series. The catalysis experiment was repeated with these new
polymers and the results were much closer to the other values. In fact, following these

adjustments, all polymers outperformed PIM-TAT-TB.

This early result showed that there was great promise for these types of PIMs in catalysis, and
that introducing flexibility into the polymers’ chains could significantly improve the catalytic
activity. Given their enhanced flexibility, it was also thought that they could “swell” in the
presence of a solvent, opening the polymer chains even more, and making more active sites
accessible to reagents. With that in mind, the catalysis was attempted with the aid of DCM as
both starting materials are very soluble in it, still using a 3:1 ratio of benzaldehyde to
malononitrile, but we did not notice a clear improvement in the catalytic performance (Figure
2.18). In fact, in some cases the reaction occurred slower, suggesting the solvent had hindered
the reaction somewhat, perhaps diluting it too much. Next, the same reactions were repeated
in ethanol, as Knoevenagel reactions had been reported to work well with ethanol as a solvent,
most likely as it helps stabilising the charged intermediate.?> 23 |n addition, ethanol is a
greener solvent than the halogenated DCM, which makes the reaction more sustainable for
the environment. In this case, we noticed a slight improvement in the performance, but

typically the reactions still required 2 hours to reach completion.
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Figure 2.18: Catalyst performance in varying solvent conditions

The reaction was again repeated in ethanol, but this time a 1:1 ratio between the reagents
was used. Under these conditions, the catalytic performance proved to be much higher than
the previous experiments. Now, the conversion typically reached 95% competition within an
hour, a substantial improvement compared to solvent free conditions. This set of results are
of great excitement for a number of reasons. Firstly, the catalysts perform better using a green
solvent, than they do with an environmentally unfriendly solvent such as DCM. Secondly, the
reaction proved to be better using a 1:1 ratio, which improves the atom economy of the
reaction, as all reactants are converted into products and there is no need of purify or separate
them from unreacted starting materials. Both of these factors improve the overall sustainability
of the reactions, which is of great importance when considering procedures for industrial

applications.

Conclusion

In this initial section of work, we have established a reproducible catalytic testing
method as well as accurate ways to measure the characteristics of the polymers. Seven
polymers, one novel homopolymer, one homopolymer from the literature, and five novel
copolymers, were synthesised, and their catalytic performances tested. The two
homopolymers, PIM-TAT-TB and PIM-TAPB-TB, have very different degrees of rigidity, which
is confirmed when comparing the surface areas. PIM-TAT-TB has almost double the surface

area of PIM-TAPB-TB but, despite that, both polymers perform very similarly as catalysts in
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the Knoevenagel reaction. The five copolymers were designed to show varying levels of
flexibility, but the surface area measurements did not reflect this, with all measurements in the
same region. Likewise, all five copolymers performed very similarly as catalysts. Catalysis
results across all polymers improved when ethanol was introduced, which begins to prove the
benefits of “swellable” polymers for catalysis. Furthermore, we were delighted to find that when
using ethanol, the reaction still worked efficiently using a 1:1 ratio of benzaldehyde to

malononitrile, which improves the atom economy of the reaction.

These initial results suggest that flexibility does not hinder the catalysis - if anything it improves
it. But the degree of flexibility we introduced to these initial polymers was not enough to explore

the true effect that flexibility has on these systems.
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Chapter 3 - Increasing Flexibility in
PIM-Catalysts

Introduction

Whilst the results obtained from the first series of copolymers presented in chapter 2
proved to be very positive, and outperformed those of the 2014 paper, they all looked very
similar to one another, so we aimed to test if the system could be further improved. There was
little difference in the surface areas, and from the repeated units the geometries were actually
quite similar, and so it was hard to gather information about trends, particularly in relation to
flexibility. Despite having half the surface area of PIM-Trip-TB, PIM-TAPB-TB outperformed it
in each catalytic test in chapter 2, which demonstrated that the increased flexibility could be
beneficial. Combined with the fact that TAPB is quicker, easier, and cheaper to synthesise
than TAT, TAPB was chosen as a starting point for this series. It was therefore decided to
create a series of polymers with increasing levels of flexibility, to better gauge whether there

is a correlation between flexibility of the polymers and activity of the catalysts.

Synthesis

A series of novel polymers and copolymers was designed for this chapter (Figure 3.1),
which aimed to extend the geometries — making the arms of the monomer units longer, as well
as increasing the degree of free rotation in the polymer units. It was hoped that these additions

would further increase the flexibility of the materials and, therefore, the catalytic performance.
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Figure 3.1: Monomers used in chapter 3

In order to continue a coherent comparison with the 2014 paper,**® PIM-Trip-TB was used, as
well as TAT + Tol and TAT + TAPB. These are ideal to compare with their TAPB-containing
counterparts. In the previous chapter, TAPB proved to be more rigid than anticipated, and
therefore in this chapter it was combined with even more flexible monomers. Tolidine was also
used again as a flexible monomer. As a linear monomer with aromatic groups connected by
only single bonds, it creates increased flexibility of the chains between the larger rigid

monomers, basically acting as a “spacer.”

Inspired by this role of the tolidine, three further flexible linear monomers were also
chosen to incorporate into the copolymers. Extended anilines 1, 2, 3 (A1, A2, A3) all feature
three benzene rings connected by single bonds, with each featuring unique methyl groups
that, typically, create some extra free volume between one chain and the next (Figure 3.2).
As seen in the previous chapter, we want to optimise between porosity and swellability of the

molecular chains (as one will lead to a decrease in the other). The elongation of the chains
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and additional free rotation were, consequently, of great interest for the flexibility/swellability

theory, and how it improves the catalytic conversions.
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Figure 3.2: Synthesis of A1, A2, A3

Al was synthesised according to a literature procedure, via a one-step Suzuki coupling
reaction between 1, 4-dibromobenzene and 4-aminophenylboronic pinacolate, in the presence
of potassium carbonate and Pd(PPh;).Cl; as a catalyst.?* The crude product was purified via
column chromatography to give Al as a brown powder in a 50% yield. A2 was made in a two-
step synthesis.?® 1,4-dibromo-2,3,5,6-tetramethylbenzene was prepared via the simple
bromination of tetramethylbenzene using Brz. The crude product was recrystallised to give a
white solid in a 65% yield. This then underwent a Suzuki coupling reaction, similar to A1, using
4-aminophenylboronic pinacolate, before it was purified by column chromatography and
recrystallised to give A2 as a light brown powder in a 42% yield. The synthesis of A3 is a two-
step process, this time featuring two separate Suzuki-coupling reactions. The first is between
1,4-dibromo-2,5-dimethylbenzene and bis(pinacolato)diboron using Pd(PPhs)s as a catalyst,
and potassium acetate as a reagent.?’® The crude product is purified via column
chromatography giving 1,4-bis(pinacolatoboronyl)-2,5-dimethylbenzene as a white solid, in an
80% yield. This product then undergoes another Suzuki coupling reaction with 4-bromo-2-
methyl aniline in the presence of sodium hydroxide and Pd(PPhs)s. The product was purified
by chromatography to give A3 as a light brown solid in a 71% yield. Monomers Al1-3 were
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combined with TAT as well as TAPB to see comparisons of the more rigid triptycene centre

versus the more flexible TAPB monomer.

Additionally, triamino(biphenyl)benzene (TAPBext) was chosen as another rigid
monomer (Figure 3.3). The extra benzene groups on the arms of the trigonal structure aim,

again, to increase the degree of free rotation, but also help to create larger pore space.

Br

0 ®
(o] NaOH, Pd(PPh;),ClI
sock - 7Xa Laon, PAPPRC
—» -
Ethanol O o \©\ THF, Toluene, N,
RT, 60°C O O NH,  90°C,20h
Br % vi
60% yield Br Br

75% yield

Figure 3.3: Synthesis of TAPBext

TAPBext can be synthesised via a two-step synthesis.?!” 4-bromoacetophenone undergoes a
cyclisation reaction, similar to those seen in chapter 1 for the formation of TNPB and TAPB.
Thionyl chloride was then added to 4-bromoacetophenone and ethanol over ice and then
refluxed for 16 hours.?®* Following a simple work up, 1,3,5-tris(4-bromophenyl)benzene
(TBPB) was collected as a pale yellow solid in a 60% yield. TBPB then undergoes a Suzuki
coupling reaction with 4-aminophenylboronic pinacolate, in the presence of sodium hydroxide
and the catalyst Pd(PPh3).Cl,. TAPBext was hence obtained as a pale-yellow powder in a
75% yield. TAPBext was combined with Tol and Al to complete a series of gradually extending

polymers that can be utilised to see any trends in the catalytic performance.

All TB polymers were made via the same method used for the other TB-PIM synthesised in

chapter 2.
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BET Surface Areas and Characterisation

Based on the findings in chapter 2 surrounding surface area measurements with more
flexible polymers, the BET surface areas of this series of polymers were all measured using
CO; as an adsorbate gas, due to the expected flexibility of the polymers, and the warmer
measurement temperature of 273K. Table 3.1 shows that generally the polymers designed
to be more flexible gave lower surface areas (as expected), with the lowest surface area in

the series coming from the most flexible PIM-TAPBext+A1-TB, with a value of 250 m?2g™.

Table 3.1: Surface area of chapter 3 polymers

Entry Monomer1l Monomer 2 iﬁ“ggg?ﬁ;?g

1 TAPB - 500
TAPBext - 350

3 TAPB Tol 360
4 TAPB Al 470
5 TAPB A2 370
6 TAPB A3 350
7 TAPB TAT 545
8 TAT Tol 430
9 TAT Al 520
10 TAT A2 600
11 TAT A3 500
12 TAPBext Tol 395
13 TAPBext Al 250

Analysis of the morphology of the polymers’ particle size were also compared by taking
SEM images of three chosen polymers, with varying degrees of flexibility (Figure 3.4). The
more rigid polymer, PIM-TAPB-TB, exhibited rod-like aggregates, consistent with a more
regular, rigid morphology, whereas the more flexible polymer, PIM-TAPBext+A1-TB, showed
more globular, spherical particles which is consistent with more free movement in the polymer

chains.
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Figure 3.4: SEM images of: A) PIM-TAPB-TB; B) PIM-TAPB+A1-TB; C) PIM-TAPBext+A1-TB

Results and Discussion

The catalysis with the new polymers was initially tested under the same starting
conditions as the previous chapter, which is with a 3:1 ratio of benzaldehyde to malononitrile
and under solvent free conditions. As Table 3.2 shows, all polymers in this series
outperformed the published PIM-TAT-TB, with some of the best performing polymers giving a
95% conversion in 30 minutes. All of the copolymers featuring TAT were outperformed or
matched by their TAPB-containing counterparts. This is a great improvement because, as
mentioned in chapter 2, TAPB is easier and cheaper to synthesise than TAT. The best
performing polymer of the series was PIM-TAPBext+A1-TB, which reached 95% completion
in only 20 minutes. When this is compared to literature results, where typically higher
temperatures and/or higher catalytic loading is required to get this kind of percent completion
(and most often with metals included in the backbone), it shows that our materials are very
competitive. Furthermore, PIM-TAPBext+A1-TB was the polymer in this series designed to
have the highest degree of flexibility and is the best performing. If our theory is correct, there
should be an upper bound of flexibility, where there is not enough rigidity to cause a

confinement effect. This result shows that we have not yet reached that upper limit.
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Table 3.2: Conversions in Knoevenagel reaction - 3:1 benzaldehyde:malononitrile in solvent free conditions

Conversion (%) at varying times (mins
Entry Catalyst 20 20 0) 50 - 80( ) 120
1 PIM-TAT-TB 45 55 74 80 93
2 PIM-TAPB-PIM 64 76 94 97
3 PIM-TAPB+Tol-TB 63 75 92 96
4 PIM-TAPB+A1-TB 86 97
5 PIM-TAPB+A2-TB 64 74 92 98
6 PIM-TAPB+A3-TB 76 87 98
7 PIM-TAT+TAPB-TB 69 82 94 97
8 PIM-TAT+Tol-TB 54 70 90 94 98
9 PIM-TAT+A1-TB 63 78 95 97
10 PIM-TAT+A2-TB 75 85 98
11 PIM-TAT+A3-TB 79 85 96 98
12 PIM-TAPBext-TB 78 87 98
13 PIM-TAPBext+Tol-TB 83 89 96
14 PIM-TAPBext+Al1-TB 95 100
15 No catalyst 30
16 TB homogeneous 25 35 54 65 85

As we had anticipated, there is a general increase in performance as the polymers became

more flexible, and we actually see an inverse correlation between the conversion rates and

the pore size distribution, according to the NLDFT from CO- adsorption (Figure 3.5).
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Figure 3.5: Pore size distributions of increasingly flexible polymers
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It is worth noting that this method of pore size distribution analysis is not quantitative,?!® but
still we can see a trend amongst these polymers from the same family. The increased
flexibility, in fact, results in a lower proportion of ultra-micropores but a higher proportion of
larger ones, meaning that reagents can enter the pore space more easily, whilst still remaining
in a confined pore. This is desirable as it keeps the reagents in a small space which maximise

collisions.

Addition of a solvent

As shown in Chapter 2, the theory that flexible and more swellable polymers was
further put to the test by performing the Knoevenagel reaction in the presence of a solvent.
This should allow for more movement of the polymer chains, therefore facilitating the access
of reagents into the pores. The reaction was first performed in DCM, and it demonstrated a
minor improvement, but not a significant difference (Table 3.3). Given the negative
environmental impact of DCM, it was not work pursuing with this solvent for only a small
change. Ethanol was then used in the reaction, and we noticed a considerable increase in the
performance of the catalyst, with all polymers leading the reaction to completion in an hour or
less. In this case, not only is the ethanol allowing the polymer chains to swell, but we also
speculate that the protic solvent aides the reaction, as already shown in previous works that
studied the behaviour of materials towards the Knoevenagel condensation.?!* 21° This is most
likely due to the polarity of ethanol, which helps to stabilise the charged intermediate.
Furthermore, when the ratio of reagents was adjusted to 1:1 in ethanol, the performance of all
the polymers improved further, with some polymers reaching 100% completion in only 20
minutes. We arrive at the conclusion that, in the 3:1 system, the excess benzaldehyde
combined with the ethanol was diluting the reaction too much, and the 1:1 molar ratio made
optimum collisions more frequent. As already discussed in chapter 2, this is highly favourable
as it improves the atom economy of the of the reaction and allows the use of a relatively
“green” solvent. With the 1:1 in ethanol reactions, we did not see a clear correlation between

flexibility and catalytic performance, though the results were all similar. But, in comparison to
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the 3:1 reaction in ethanol, it is the more rigid polymer catalysts that see the most significant
improvement when using the simplest benzaldehyde and malononitrile. Since the two
substrates are rather small, there is very little change for the flexible polymers. This arguably
is because there was less room for improvement with the more flexible polymers as they

already showed excellent conversions.

Table 3.3: Conversions of the Knoevenagel reaction between benzaldehyde and malononitrile in varying ratios
with varying solvents.

Entry | Catalyst (1Imol%) rzgggncifs Solvent fgnver:u(;)n (%L)lgtvaryggg tlm;g (mlzz)o

31 DCM 3 35 61 78 8 97
1 PIM-TAPB-PIM 31 EtOH 81 93 100

11 EtOH 64 95 100

31 DCM 32 51 70 8L 87 93
> | PiM-TAPB+TORTB | 311 EtOH 54 79 95 100

11 EtOH 40 60 88 100

31 DCM 3 66 79 92 95 100
3 | Pm-TAPBHALTE | 31 EtOH 84 100

1:1 EtOH 64 87 100

31 DCM 72 84 93 98 100
4 | PM-TAPBext-TB 31 EtOH 80 100

1:1 EtOH 86 100

31 DCM 50 62 74 8 92 100
5 | PIMTATBextTOl | g EtOH 70 84 96 100

11 EtOH 63 78 100

31 DCM 46 70 86 100
g | PIMTATBOXHAL 1 3 EtOH 85 100

1:1 EtOH 88 100

Knoevenagel reaction with larger benzaldehydes

At the beginning of this study, it was hypothesised that more flexible polymers would
create a larger catalytic environment that would allow better access to pore space. With 1:1
benzaldehyde to malononitrile in ethanol, all polymers performed excellently, despite the clear

difference in flexibility between the polymers. It was thought that the relatively small substrates
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did not pose a challenge to the more rigid polymers, and therefore to test the theory it was

important to use larger molecules in the reaction.
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Figure 3.6: Knoevenagel mechanism

In the Knoevenagel reaction, it is the malononitrile molecule that interacts directly with the
base catalyst, creating an intermediate which the aldehyde then reacts with (Figure 3.6). In
this chapter we want to understand the steric effects of larger substrates in the polymers, and
whilst it is essential that both reagents can easily enter the pore space, by changing the
aldehyde as opposed to the malononitrile we aimed to minimise any additional electronic
effects. Because of that, a series of increasingly larger benzaldehydes were selected. To
accomplish this task, 4-fluoro, 4-methoxy and 4-'Bu benzaldehyde were initially chosen
(Figure 3.7). Apart from being larger than the original benzaldehyde, we selected them as
they are all liquids at room temperature, and therefore solubility issues would not need to be

considered.

6.08 x 3.8 A 6.342x 3.8 A 8.16x 3.8 A 8.401x4.35A
Benzaldehyde Fluorobenzaldehyde —Methoxybenzaldehyde  'Bu-benzaldehyde

Figure 3.7: Model structures of varying benzaldehydes used

It is worth noting that, clearly, we expected that the electronic effect of each R group on the
benzene ring would play a role in the reaction, with the electron-withdrawing fluoride likely to

increase the performance of the carbonyl in comparison to the more electron-donating
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methoxy and tert-butyl groups. We therefore made sure to not only compare a single polymer
against all four benzaldehydes, but to test all polymers against each single benzaldehyde, and
therefore we can notice trends between the increasingly flexible polymers as well as the
increasingly large benzaldehydes. All materials were initially tested with these new
benzaldehydes in the typical solvent free 3:1 ratio (benzaldehyde to malononitrile) to allow for
direct comparisons with benzaldehyde and the previous part of this work (Figure 3.8). As
expected, we noticed that in solvent free conditions, the larger the benzaldehyde, the lower
the catalytic conversion. This was anticipated as the larger, bulkier benzaldehydes are likely

to have more difficulty entering the pores and therefore have reduced contact with the catalytic

TB sites.
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Figure 3.8: Catalytic performance using varying benzaldehydes in solvent free conditions

Furthermore, for 4-fluoro and 4-methoxybenzaldehyde, is possible to see a clear trend of
increasing catalytic performance as the polymers became more flexible. In fact, there is
minimal difference between the substituted benzaldehydes and normal benzaldehyde for the
three most flexible polymers, PIM-TAPB+A1-TB. It is worth mentioning that, under the solvent
free conditions, the stirring was impeded as the reaction reached completion due to the lower

melting point of the product in comparison to the starting materials. This meant that the
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reaction could not reach completion as we expected, not because of the size of the reagents
and the hindered accessibility to the pores, but because the reaction environment is not
necessarily the most appropriate. Instead of changing these conditions, which have thus far
remained consistent to indicate reproducibility and a fair comparison, it was decided to
extrapolate the data for these reactions, following the trend of the curve and hypothesising
completion. To validate our assumption, we can observe that the extrapolation for the
benzaldehyde and tert-butylbenzaldehyde, which did not have these stirring issues, showed
almost an exact overlap. We can then safely assume that the extrapolated values can be
considered reliable. We did not notice much difference between the performance using the
fluorinated benzaldehyde and 4-methoxybenzaldehyde, which is noteworthy considering the
anticipated electronic differences of the R groups. This would suggest that the electronic effect
at play is minimal in these reactions, and it is clear that the polymer catalysts are able to
accommodate these larger substrates without much difficulty. To carry on with our test, we
aimed to find the best reaction conditions also with bulkier substrates, the reaction was tested
in the presence of ethanol using a 1:1 molar ratio of reagents, which are the optimised

conditions found using the simplest benzaldehyde (Figure 3.9).
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Figure 3.9: Catalytic performance using varying benzaldehydes in ethanol
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We can see that all catalytic performance improved with the addition of solvent, for both F-
benzaldehyde and MeO-benzaldehyde. The solvent also aided the stirring of the

fluorobenzaldehyde reaction, though that was still an issue for the methoxybenzaldehyde.

The bulkiest of the four benzaldehydes, 4-'Bu benzaldehyde, proved the most difficult
to convert, giving low turnovers under solvent free conditions. This was expected, given the
size of the substrate and the lack of solvent to facilitate the expansion of the polymer chains.
PIM-TAPB-TB, though, was an outlier, giving an impressive 69% conversion after 3 hours,
compared to the other polymers which only reached 10-25% completion in the same time
frame. This test was repeated, and concurrent results were recorded. It is thought that this
may be due to the catalysis happening mostly on the surface of the polymer. As this is the
most rigid polymer of the series, it has the highest number of catalytic sites accessible on the
outside, as it is less able to compact. In contrast, in the absence of a solvent that increases
the swelling ability of the polymer, the more flexible material will naturally compress in on itself
to maximise intramolecular forces, meaning that many of the catalytic sites are inaccessible

without the aid of a solvent.

To confirm this assumption, we can see from Figure 3.10 that of all the benzaldehydes
tested, the change in performance when the solvent was added was most dramatic when 4-
‘Bu-benzaldehyde was used. Using DCM and a 3:1 ratio, all polymer catalysts achieved >60%

conversion, and in ethanol at a 3:1 ratio, all polymers catalysed the reaction to over 80%.
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Figure 3.10: ‘Bu-benzaldehyde and malononitrile reaction in varying solvent conditions
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All polymers performed less well using a 1:1 ratio in ethanol, which would suggest that the
larger benzaldehydes may need additional solvation to maximise catalyst potential. To
summarise this part, the performance of the most rigid polymer (PIM-TAPB-TB), proved better
under solvent free conditions, but the most flexible polymers outperformed it in the presence
of a solvent. This further adds to our swellability theory, as the more rigid polymers would be
expected to have a smaller change in performance in the presence of solvent, as the solvent
will have a lesser impact on the polymer chains. On the other hand, the more flexible chains
will be free to move and expand in the presence of a solvent, allowing for an easier access to

all catalytic sites.

Looking closely at literature results, there is evidence that ethanol can improve
catalysis rates, and we have already confirmed that for our polymers with simple
benzaldehyde. It is clear now that ethanol helps the formation and dissolution of the
intermediate of the reaction, which improves the final steps of the reaction. In fact, the
Knoevenagel reaction between malononitrile and 4-'Bu-benzaldehyde in ethanol alone (so,
catalysts free) gave around a 10% conversion. This shows that this solvent massively helps
the conversion, but it is clearly not enough, as the presence of the catalyst shows a much
larger influence on the reaction rates. Whilst we cannot ignore the effect of the ethanol in the
Knoevenagel condensation, we can safely assume that it will have the same affect across all
the tested substrates, and therefore we can still draw reasonable conclusions from all of our
results. Itis also clear that the introduction of a solvent to polymers designed to have a degree
of flexibility, induces a swelling effect that opens up a large, previously buried, proportion of

catalytic sites, which obviously increases the rate of reaction.

Knoevenagel reaction with even larger benzaldehydes

To further test the size-selective nature of the catalysts, the bulkier 2-napthaldehyde,
biphenyl-4-carboxaldehyde and 9-anthracenecarboxaldehyde were also studied (Figure

3.11). All three of these substrates are solid at room temperature, unlike all the previous
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benzaldehydes used which are liquid. Therefore, these benzaldehydes could only be tested

in solvent conditions.

8.42x5.57A 10.35x4.3 A

2-naphthaldehyde 4-biphenylcarboxaldehyde

Figure 3.11: Larger benzaldehydes

9.53x6.4 A

9-anthracenecarboxaldehyde

DCM was the only solvent we could use, in this case, as the new substrates are completely

insoluble in ethanol. Since we wanted to test the two extremes in terms of swellability, the

more rigid, PIM-TAPB-TB and the more flexible PIM-TAPBext+Al1-TB were assessed with

these larger benzaldehydes, for a direct comparison (Table 3.4). PIM-TAPBext+Al-TB gave

the best results as follows: benzaldehyde > 2-napthaldehyde > 4-biphenylcarboxaldehyde >

9-anthracenecarboxaldehyde > 4-tert-butylbenzaldehyde. This shows a general trend of

increased catalytic activity with decreased aldehyde size, though clearly there are outliers to

this.

Table 3.4: Knoevenagel condensation using larger aldehydes, all in DCM

Conversion (%) at varying times (mins)

Catalyst (1mol%) Aldehyde used
30 60 120 180
Benzaldehyde 20 40 50 55
bu-benzaldehyde 18 29 38 40
PIM-TAPB-PIM 2-naphthaldehyde 18 37 53 60
4-biphenylcarboxaldehyde 17 29 44 50
9-anthracenecarboxaldehyde 7 15 23 27
Benzaldehyde 30 45 73 80
tbu-benzaldehyde 18 29 47 60
PINFTAEBextrAL 2-naphthaldehyde 30 46 74 77
4-biphenylcarboxaldehyde 22 39 66 70
9-anthracenecarboxaldehyde 15 26 a7 57

For at least two of the benzaldehydes, namely benzaldehyde and tBu-benzaldehyde, DCM is

not the best solvent for the reaction (as seen in chapter 2), and this may have a negative
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effect. What is clear, though, is that all reactions were far more successful with the more
flexible polymer than with the rigid one. The largest substrate tested, 9-
anthracenecarboxaldehyde demonstrated a 60% conversion with PIM-TAPBext+Al-TB
whereas PIM-TAPB-TB reached only 30%. This, once more, confirms that the opening of pore

space in solvent conditions is possible only for more flexible polymers.

Recyclability Tests

One of the major advantages of heterogeneous catalysis is the relative ease of removal
from a reaction, which makes recycling catalysts easier, and therefore improves the
sustainability and the economics of a chemical reaction. It is important that a catalyst does not
lose performance over time, or at least that it does not show a fast drop. Recyclability tests
were performed to assess this potential issue. PIM-TAPBext+A1-TB was studied, as being the
most flexible polymer, it was thought it would prove the most difficult to clean and recycle.
Similarly, 4-'Bu-benzaldehyde was used, as this larger benzaldehyde and the product would
be the most difficult to be removed from the pores. The tests were run in the optimised
conditions of 1:1 aldehyde to malononitrile in ethanol. After 3 hours, the catalyst was filtered,
washed with agueous ammonia, THF, DCM, and methanol, before drying in a vacuum oven

overnight.

100 A

Conversion (%)

Figure 3.12: Conversion of Knoevenagel reaction between 'Bu-benzaldehyde and malononitrile after multiple
cycles using PIM-TAPBext+A1-TB
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This procedure was repeated in total 8 times, with no apparent loss in activity — each reaction
gave a product yield in the range 89-93%, with the final run giving a 92% turnover (Figure
3.12). Washing the catalyst with ammonia is an important step for regenerating the catalysts,
as it removes any protons that may stick to the basic TB sites. But even so, this is a very
simple and effective workup which demonstrates the stability of these catalysts and their

suitability in larger scale settings such as industry.

Computational Study

To further support the concept of the enhanced swellability of these polymers, and its
effect on the catalytic conversions, collaborators from the Institute on Membrane Technology
(CNR-ITM) modelled two polymers with varying flexibility and simulated their interactions in
the presence of the reagents and the solvent. PIM-TAPB+A1-TB and PIM-TAPBext+Al-TB
were modelled as A-B random copolymers, with crosslinking to simulate the networks and
pores formed in the physical structures. Solvent molecules and reagents were added to the
models to give an increasing level of swelling. 4-'Bu-benzaldehyde and malononitrile in a 1:1
ratio was used, as we saw them as the optimum reaction conditions to display the polymer
behaviour with this bulky reagent. The study reported a clear trend between the radii of
gyration (Rg, a measure of the degree of polymer chain compacting) and the amount of solvent
in the system.

30

25 |

& TAPBext(A1)-PIM
& TAPBext-PIM

20 |

Radius of Gyration

10 |

14 1.2 1 0.8 0.6 0.4 0.2 0
Density

Figure 3.13: Changing rate of gyration as solvent is added
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The more solvent they added to the calculation, the higher the Rg value was found to be, and
therefore the more open the chains were. This is a clear indication that the solvent and
reagents induce a swelling effect in the polymer chains (Figure 3.13). Furthermore, it was
clear that whilst there is some swelling from the reagents alone, the addition of solvent to the
system increases the Rg value greatly, showing that polymer swelling is particularly favourable
in solvent conditions. The computational study was also able to demonstrate that the more
flexible polymer, PIM-TAPBext+Al-TB, swells even more than the less flexible PIM-
TAPB+AL1-TB. Not only is the more flexible polymer consistently less compact that the other
in the presence of solvent and reagents, but there is a much larger increase in Rg values when
more solvent is included. The increased free rotation in PIM-TAPBext+A1-TB in comparison
to PIM-TAPB+A1-TB, combined with the elongated aromatic geometries, demonstrates that
the polymer chains are able to move in the presence of solvent, but also do not completely
compact in on themselves without it. This is a very important finding, as we need to reach an

optimum between the increase of flexibility and the retention of some porosity.

Conclusion

In this chapter, the concept of swellability was tested by synthesising a series of
increasingly flexible polymers and testing their catalytic performance with a series of
increasingly bulky reagents. Firstly, it was shown that the polymers designed to be more
flexible had a smaller proportion of micropores, in comparison to the more rigid polymers,
which was both anticipated and desired. This resulted in a general decrease in surface area
as the flexibility increased, which was also anticipated. All polymers performed better in the
presence of ethanol than under solvent free conditions, and whilst this is partly due to the
solvation effects of the ethanol alone, it is clear that the polymers themselves change in
solvent conditions, and that the enhancement of the conversion rates is predominantly due to
the catalyst design. The remarkable results of the more flexible polymers in ethanol versus
solvent free using even the bulkiest benzaldehydes is testament to the swellability of the

polymer chains. This concept was further proven using computational studies, which
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highlighted the link between increased flexibility and a swelling factor. The experimental data
then shows the correlation between flexibility and increased catalytic performance. Finally, the

recyclability of the polymers was also found to be excellent.
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Chapter 4 - Nitrogen-rich PIM catalysts

Introduction

So far, we have demonstrated how increasing the degree of flexibility in polymer
catalysts can lead to a significant improvement in the rates of the reaction in the presence of
a solvent. This was particularly noticeable when using larger reagents, which benefit from
swellability of the more flexible polymer chains, as the additional movement allows access to
otherwise hidden active sites. We also demonstrated that this increase in flexibility was
relatively straightforward to achieve - it is simply a case of synthesising elongated monomers
with some degree of flexibility or rotation. By this same process, it is possible to adapt PIM
catalysts in other ways. This chapter looks at increasing the number of active sites in a
repeating unit by synthesising monomers with multiple nitrogen environments and exploring

the effect that this has on the rates of reactions.

Synthesis

A new selection of polymers was designed for this chapter (Figure 4.1). Knowing the
effect that the geometry of monomers and co-monomers has in tuning the pore size, we
decided to keep the same structural backbone used in previous chapters but, in this instance,
we included more basic nitrogen sites, rather than the simple Troger’s base core formed during

the polymerisation.
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Figure 4.1: Monomers used in chapter 4

The first core monomer chosen was trilaminophenyltriazine (TAPT), which is
structurally very similar to the previously used TAPB but featuring a triazine centre, which
therefore introduces extra nitrogen into the structure (Figure 4.2). We thought this would allow
for an interesting comparison, as there would be relatively little change in the geometry of the
polymer, and therefore we can focus more on how the additional basic sites influence the

reaction.

NH,
NH,
CF;SO;H
Sz
SN 86% yield /©)\N/)\©\
HoN TAPT NH,

Figure 4.2: Synthesis of TAPT

TAPT was synthesised according to a literature procedure via the one one-step cyclisation
reaction of 4-aminobenonitrile in trifluoromethanesulfonic acid and ethanol under nitrogen.??
After stirring at room temperature for 24 hours, the neutralised crude product was washed with

portions of water to give the desired TAPT as a bright yellow powder in an 86% yield.
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Tri(aminophenyl)amine (TAPA) was also selected as core monomer as, whilst it is smaller
than the aforementioned TAPB and TAPT, the tertiary amine centre provides a different kind
of basic site compared to TAPT that we aimed to explore (Figure 4.3). In fact, the basic sites
at the centre of TAPT are patrtially stabilised by resonance, which may not confer extra basicity
to the system, whereas TAPA has a proper tertiary amine centre that may impart a more
significant impact to the catalysis. The trigonal structure is similar to those of TAPB and TAPT,

but the geometry around the central nitrogen is likely to provide easier access to the lone pair.

NO, NH,

H,NNH,, Pd/C

N —_— N
/©/ \©\ eyl /©/ \©\
72% yield
O,N NO o yie H,N NH

2 2 2 TAPA 2

Figure 4.3: Synthesis of TAPA

TAPA was synthesised following a literature procedure, where the commercial
tris(nitrophenyl)amine was stirred in ethanol in the presence of Pd/C catalyst.??* To help the
reduction of the nitro groups, hydrazine monohydrate was added dropwise and the reaction
refluxed overnight. The crude product was recrystallised in ethanol to give blue-grey crystals

in a 72% yield.

The final core monomer chosen for this chapter was tri(laminophenyl)aminotriazine
(TAPAT) which features different nitrogen hybridisation states, so it represents a sort of
compromise between the two previous structures (Figure 4.4). This monomer bears both the
triazine centre, which features in TAPT, as well as additional secondary amine sites linking
the triazine to the benzene groups, which is similar to TAPA. These secondary amine sites

are expected to provide interesting results, as they typically are more basic than tertiary ones.
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Figure 4.4: Synthesis of TAPAT

The intermediate tri(nitrophenyl)aminobenzene (TNPAT) can be synthesised according to a
literature procedure via a substitution reaction, where the chlorine groups in cyanuric chloride
are replaced with anilines by reacting it with p-nitroaniline.??? The two reagents were stirred in
1,4-dioxane and K.COsbefore refluxing at 100 °C for 24 hours. The crude product was washed
with water and methanol to give a pale-yellow solid in an 81% vyield. TNPAT can then be
reduced to form the desired monomer. At first, the method from the paper used to synthesis
TNPAT was considered, but the reported yield proved to be rather low, and required a 900%
molar equivalent of SnCl,, which was not feasible on the scale we required.??? It was thought
that the same method used to synthesise both TAPA and TAPB could be used, whereby the
nitrated reagent is stirred in ethanol and Pd/C catalyst, followed by the addition of hydrazine
monohydrate, before leaving to reflux. The reaction was monitored by TLC, and after only 3
hours there appeared to be product. However, the desired product of the reaction proved
difficult to isolate from the mixture. Another similar method was found that used the same
catalysts and reagents but with DMF instead of ethanol, however this also proved
unsuccessful.?® It was then thought to try another reduction method that is commonly used to
synthesise anilines. TNPAT was stirred in ethanol and hydrochloric acid in the presence of Sn
(0).22% 225 The reaction was left to reflux for 48 hours. The reaction was filtered and the solid
dissolved in hot water, before filtering off the catalyst. The solution was then neutralised, and
the crude product collected and washed with water and methanol to give a pale-yellow powder

in a 46% yield.

We have already established that flexibility is a great benefit to catalysis, particularly

when using larger substrates. In this chapter we chose not to play with this aspect too much,
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as we specifically wanted to explore the effects that additional and varied basic sites would
have in a catalytic reaction. Spacer monomers are still useful additions to these polymers, to
allow easier access to the catalytic sites, so we kept the tolidine co-monomer, but it was
decided at this stage to not use the longer Al (Figure 3.1, page 51).

Instead, a second spacer monomer was chosen, 4,10-dimethyl-6H,12H-5,11-
methanodibenzo[b,f][1,5]diazocine-2,8-diamine (TB-NH.) which features a Troger's base
functionality in the molecule, as well as amine sites to further polymerise (Figure 4.5). TB-NH:
is a similar size to that of tolidine, and so it provides a good comparison, and allows us to see
the effect that an additional TB site may have on the catalysis performance.

NO, NH,
NH;  OH(CH,O)nH N HCI, Sn N
—_— —_—
TFA I\N Ethanol, 80 °C I\N
O,N O,N H,N

2 91% yield 94% yield 2
TB-NO, TB-NH,

Figure 4.5: Synthesis of TB-NH2
TB-NH, was made according to a literature procedure via a two-step method.??® First, 2-
methyl-4-nitroaniline was stirred in TFA at 0 °C, and paraformaldehyde was gradually added.
The presence of the strongly electron-withdrawing nitro group makes the aniline far less
reactive towards the formation of the Troger’s base, and for this reason the reaction was left
to stir at room temperature for a total of 14 days, until completion. The crude product was
recrystallised in acetone to give a yellow powder in a 91% vyield. This was then reduced by
stirring in ethanol, HCIl and Sn, before it was left to reflux at 80 °C for 24 hours to give the final

product as a yellow powder in a 94% vyield.

These monomers were then combined to make homopolymers and copolymers using the

same method used throughout this work and outlined in chapter 2.
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BET Surface Areas and Characterisation

As seen in the previous chapters, all BET surface areas were measured by isothermal

adsorption at 273 K using CO- as the probe gas (Table 4.1).

Table 4.1: Surface areas of chapter 4 polymers

Entry

1

0O N Ok WDN

Monomer 1 Monomer 2 iiugggﬁzég%
TAPT - 312
TAPA - 420

TAPAT - 160
TAPT Tol 220
TAPT B 150
TAPA Tol 260
TAPA B 170

TAPAT B 285

The surface areas of this series of monomers are all somewhat lower than those seen in the

previous chapters. However,

correlation between surface

0.06

0.04

0.02

Differential Pore Volume (cc/nm/g)
o
1=
o

as demonstrated throughout this work so far, there is not a strict

area and catalytic performance, so it was not cause for concern.

NLDFT Pore Size Distributions

A

Pore Width (A)

PIM-TAPB-TB = PIM-TAPA+Tol-TB
PIM-TAPBext+A1l-TB — PIM-TAPT+Tol-TB
PIM-TAPA-TB - PIM-TAPAT+TB-TB

PIM-TAPAT-TB

Figure 4.6: Pore size distributions

Regarding the pore size distributions (Figure 4.6), we can see that this new series of polymers

featuring additional basic sites have a much lower proportion of small micropores, even lower
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than the most flexible polymer from chapter 3, which means that the portion of ultra-micropores
should not negatively influence the catalysis. This could be explained by considering that the
basic nature of nitrogens leads to strong intramolecular attraction with hydrogen atoms,
meaning that nitrogen-rich polymers often have reduced surface areas as the chains compact
together to maximise these forces.??” Since the selection of monomers feature numerous
nitrogen sites with varying hybridisations, it was expected that it would have an impact in the

textural properties of the related polymers.

Results and Discussion

Catalvtic tests

The Knoevenagel reaction was again used to test this new series of polymer catalysts,
starting with the solvent free reaction between benzaldehyde and malononitrile in a 3:1 ratio,
as we showed in the previous chapters. As Table 4.2 shows, this new series of polymers did
not typically perform as well in solvent free conditions as those from the previous chapter, with

the best performance coming from PIM-TAPA+TB-TB, with an over 95% conversion in 1 hour.

Table 4.2: Conversions in Knoevenagel reaction - 3:1 benzaldehyde:malononitrile in solvent free conditions

Conversion (%) at varying times (mins)
Entry Catalyst

20 40 60 80 120
1 PIM-TAPA-TB 44 70 83 86 90
2 PIM-TAPA+Tol-PIM 63 84 92 96 100
3 PIM-TAPA+TB-TB 69 92 97 99
4 PIM-TAPT-TB 51 66 76 85 93
5 PIM-TAPT+Tol-TB 22 56 72 82 89
6 PIM-TAPT+TB-TB 77 88 92 93 96
7 PIM-TAPAT-TB 58 72 84 90 98
8 PIM-TAPAT+TB-TB 22 38 49 60 77
9 PIM-TAT-TB 45 63 74 80 93
10 PIM-TAPB-TB 64 85 94 97
11 PIM-TAPB+Al1-TB 86 100
12 PIM-TAPBext+Al- 95 100

TB

13 No catalyst 30
14 TB homogeneous 25 35 54 65 85
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Despite the extra basic sites, these polymers provided lower surface areas than previous
ones, so this could have had a major influence in the solvent-free performance. We have
previously noted how the more flexible polymers can have lower catalytic turnovers without
the aid of solvent, as the chains compact in on themselves preventing access to all “buried”
catalytic sites and allowing the catalysis to happen only on the exposed surface of the material.
Unsurprisingly, a large increase in performance was observed when the reaction was
performed in ethanol using a 1:1 ratio of malononitrile:benzaldehyde (Table 4.3). Many of the
polymers in this series gave results that are comparable to those seen in chapter 3, with the
best performing polymers reaching 100% completion in only 20 minutes. Generally, this series
of polymers proved to be very similarly to those in chapter 3 although, considering the already

excellent performance, we can say that there was not all that much room for improvement.

Table 4.3: Conversions in Knoevenagel reaction - 1:1 benzaldehyde:malononitrile in ethanol

Conversion (%) at varying times (mins)
Entry Catalyst

10 20 30 40 60
1 PIM-TAPA-TB 46 66 74 100
2 PIM-TAPA+Tol-PIM 7 15 23 31 41
3 PIM-TAPA+TB-TB 70 92 100
4 PIM-TAPT-TB 48 65 80 100
5 PIM-TAPT+Tol-TB 17 33 44 61 73
6 PIM-TAPT+TB-TB 80 100
7 PIM-TAPAT-TB 71 100
8 PIM-TAPAT+TB-TB 75 94 100
10 PIM-TAPB-TB 64 95 98 100
11 PIM-TAPB+Al1l-TB 64 87 95 100
12 PIM—TA?geXHAl— 88 100

It is noteworthy that those polymers containing the TB monomer (Table 4.3 entry 3 and 6)
outperform their corresponding tolidine-containing polymers (entry 2 and 5). This is an early
indication of the increased performance from additional base sites. Next, the polymers were

used to catalyse the reaction between 'Bu-benzaldehyde and malononitrile in a 1:1 ratio in

76



Chapter 4

ethanol (Figure 4.7). Impressively, a number of catalysts achieved over 95% conversion in 90
minutes or less, which is roughly half the time it took the best performing polymers in chapter
3. Whilst on one hand this is to be expected, given the higher number of catalytic sites in this
new series, these polymers were not necessarily designed to have an increased level of
flexibility to accommodate larger substrates. However, from the BET surface area
measurements and the pore size distribution graphs, it is clear that a reasonable degree of
flexibility in these polymers was still achieved, probably due to the increase in free rotation

around some bonds.

& PIM-TAPA-TB
= -~ PIM-TAPA+TB-TB
S -~ PIM-TAPT-TB
S —— PIM-TAPT+TB-TB
o PIM-TAPAT-TB
E %~ PIM-TAPAT+TB-TB
S -~ PIM-TAPB-TB
PIM-TAPB+A1-TB
-0~ PIM-TAPBext+A1-TB

0 30 60 90 120 150 180

Time (Minutes)

Figure 4.7: Conversions in Knoevenagel reaction - 1:1 bu-benzaldehyde:malononitrile in ethanol

PIM-TAPA+TB-TB and PIM-TAPAT-TB perform best in solvent free conditions with ‘Bu-
benzaldehyde, reaching a 32 and 28% conversion respectively (Figure 4.8), but there is a

huge improvement in the turnover when solvent is introduced into the system.
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Figure 4.8: Performance of polymers with 'Bu benzaldehyde in solvent free and ethanol conditions

From these findings, it is apparent that the additional nitrogen sites have led to an increased
catalytic performance. This is demonstrated by the fact that all polymers containing TB-NH-

outperform their tolidine counterparts in each reaction.

Changing the methylene species

As mentioned in chapter 3, in the mechanism of the Knoevenagel reaction between
malononitrile and benzaldehyde, it is the malononitrile that interacts with the base catalyst
creating a carbanion intermediate that attacks the carbonyl of the aldehyde. Up until now, we
have only changed the aldehyde species, to test the flexibility of the polymer catalysts and the
size of one of the reagents. With this set of nitrogen-rich polymers, however, it is also very
important to understand the effect of the increased basicity of the polymers, and whether this
method could be used to design stronger basic catalysts for future catalytic reactions. By

altering the methylene species involved in the Knoevenagel reaction, we change the species
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that interacts with the catalyst, and therefore we aim for a better understanding of its relative

reactivity.

Methyl Cyanoacetate

(0]
ne -

Figure 4.9: Methyl cyanoacetate

The first new methylene source chosen was methyl cyanoacetate (Figure 4.9),
inspired by its use in the literature for similar catalysts.” 226 PIM-TAPA-TB was employed to
optimise the conditions for this reaction, as it was one of the more mid-range performing

catalysts in the previous tests.

Table 4.4: Optimising conditions for the reaction between benzaldehyde (A) and methyl cyanoacetate (B) using 1
mol% of PIM-TAPA-TB as a catalyst

Gt A TR0
0,
Entry Fgggérﬁzt&(g) Solvent Temperature (°C) ;);versmnl;f:)
1 31 - 25 7
2 1:1 EtOH (2ml) 25 30 72
3 1:1 EtOH (2ml) 50 45 80
4 1:1 Water (2ml) 50 43 84
5 1:1 EtOH (4ml) 50 84
6 31 EtOH (2ml) 50 83 100
7 3.1 EtOH (2ml) 25 52 86

First, benzaldehyde and methyl cyanoacetate were combined in a 3:1 ratio in solvent free
conditions and left to stir at room temperature with 1 mol% of PIM-TAPA-TB catalyst. After 6
hours, the reaction had only reached a 7% conversion (Table 4.4). The reaction was repeated
using a 1:1 ratio of methyl cyanoacetate to benzaldehyde, this time in ethanol. After 6 hours,
the reaction had reached 30% conversion, so it was left to stir overnight, whereupon it reached
a 72% conversion. Other conditions were tried using the 1:1 molar ratio (Table 4.4 entries 3-

5), and whilst this led to a slight improvement, the reaction still did not reach completion. It
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was decided to try the reaction with an excess of benzaldehyde, as is often done in the
literature. With this excess, and heating up to 50 °C, it reached completion in 18 hours. The
reaction was repeated under these conditions, sampling every hour, and it was found that it
actually reached completion in only 10 hours and not in 18, with an excellent 83% conversion
after only 6 hours. The reaction was then repeated using the excess of benzaldehyde, but this
time keeping it at room temperature. Whilst an improvement was noted, compared to the 1:1
room temperature reaction, it only reached an 86% conversion after 18 hours, and 52%
conversion after 6 hours. Therefore, it was decided that the optimised conditions were those
found in entry 6 of Table 4.4. These were then used to test the new nitrogen-enriched PIM

catalysts (Figure 4.10).

3.1 benzaldehyde + methyl cyanoacetate (ethanol, 50°C)

100

TAPB + Tol
~ - TAPA homop
3\0/ == TAPT +TB
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é TAPAT homop
QZ) == TAPAT + TB
8 - TAPT homop

- TAPA +TB

0 60 120 180 240 300 360
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Figure 4.10: Performance of polymers in the reaction between benzaldehyde and methyl cyanoacetate at 50 °C

In each instance, once again, the tolidine-containing copolymers are outperformed by
their TB counterparts, proving the effectiveness of the extra nitrogen-rich polymers. The best
performing material proved to be PIM-TAPAT+TB-PIM, with a conversion of 93% in 6 hours,
which is perhaps unsurprising, considering it is the polymer with the most basic sites in its
repeating unit. PIM-TAPA-TB, PIM-TAPA+TB-TB and PIM-TAPAT-TB, achieved over 80%
conversion in 6 hours. PIM-TAPB+Tol-TB from chapter 3 performed marginally better than
PIM-TAPT+Tol-TB, which was a surprising result. These two polymers have very similar

geometries, but it was thought that the triazine core would improve the catalytic performance.
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In fact, all three polymers featuring TAPT cores did not perform as well as the others in this
series. The triazine core is only weakly basic, and the entire core is actually very electron-
withdrawing, this could lead to partial stabilisation of intermediates with loss of activity.??® The
top four polymers were tested at room temperature over the same time frame (Figure 4.11),

and all of them performed very similarly, achieving around a 50% conversion in 6 hours.

3.1 benzaldehyde + methyl cyanoacetate (ethanol, 25 °C)

100

80 = - TAPA homop
TAPAT homop
TAPAT + TB
TAPA + TB

0 60 120 180 240 300 360

Time (minutes)

Figure 4.11: Performance of polymers in the reaction between benzaldehyde and methyl cyanoacetate at 25 °C

Acetylacetone and Diethyl Malonate

O O O O
N N N T

Figure 4.12: Acetylacetone and diethyl malonate

Following on from the success with methyl cyanoacetate, more methylene species
were tested in the Knoevenagel reaction. Acetylacetone and diethyl malonate (Figure 4.12)
were chosen due to the more acidic nature of the methylene protons.?*® The optimised
conditions found for the reaction with methyl cyanoacetate were first used with both reagents
(Table 4.5 entries 1 and 2). However, both these reactions proved to be unsuccessful, as
there was no evidence of desired product according to the *H NMR analysis. Strangely,
though, only a very small peak in both spectra was connected to the methylene starting

materials. Whilst the benzaldehyde is in excess in the reaction, previous *H NMR analysis

81



Chapter 4

have always shown a significant peak associated with the methylene protons around 3.6 ppm
when the reaction was not completed. However, for example with acetylacetone in Figure
4.13, there is only a small peak around this area (highlighted in red). There is also a large,

unexpected peak at around 2.05 ppm.
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Figure 4.13: NMR of reaction between benzaldehyde and acetylacetone

Due to the presence of two carbonyl separated by a methylene, it is obvious to expect that the
methylene may tautomerise. A quick search of the literature that tackled the same reactions,
confirmed that both acetylacetone and diethyl malonate undergo tautomerisation, and they
can also exist as the related enols (Figure 4.14).23 232 Although under basic conditions the
enol should be as nucleophilic as the related methylene, it is clear that in this case it prevents
the reaction with benzaldehyde. It is plausible that the pseudo-six-member ring, formed by the
hydrogen bonding of the proton of one enol and the neighbouring carbonyl, as shown in Figure

4.14, may stabilise the intermediate making it less reactive in our conditions.

Figure 4.14: Tautomerisation of methylene species
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There was also a concern that the reaction conditions were not entirely appropriate for
these reagents, and so it was next decided to follow a method from the literature.?® The
reactions were then attempted at room temperature in DCM, hoping that the aprotic solvent
would reduce the tautomerism, but this had no effect. It was then noted that more polar
solvents would promote the keto form.2*3 234 Up until this point, all *H NMR samples had been
taken in chloroform, and so the deuterated solvent was changed to DMSO-ds. Whilst there
was a small increase in the keto-peak, the enol peak was still dominant. The reaction was
repeated in water at 50 °C, but this was unsuccessful, and there was still clearly a majority of
enol-product. The temperature was decreased to room temperature, but this also had no

effect.

Table 4.5: Conditions tested for the reaction between benzaldehyde (A) and methylene species (B) — either

acetylacetone (R=CHs) or diethyl malonate (R=OCH2CHzs), using 1 mol% of PIM-TAPAT+TB-TB as a catalyst

R=CH,; OCH,CH; ~ © 0 H
Molar Ratio of Reagents Solvent .
Entry R group (A:B) 2ml) Temperature (°C)

1 CHs 31 EtOH 50
2 OCH2CHs 31 EtOH 50
3 CHs 31 DCM 25
4 OCH2CHs 31 DCM 25
5 CHs 31 Water 50
6 OCH2CHs 31 Water 50
7 CHs 31 Water 25
8 OCH2CHs 31 Water 25
9 CHs 31 MeOH 25

These results were difficult to explain — the series of polymers tested were all proven
to be catalytically active in similar reactions, and yet here they were proving unsuccessful. It
has widely been understood that Troger’'s base is a strong enough base, and therefore it
should not have difficulty attracting the acidic methylene protons. According to Liu et al., strong

bases can lead to reactions at the methyl sites of acetylacetone,?® but there was no evidence
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of this product in the spectra either. These results led us to further explore the basicity of this

series of polymers.

pH and the Henry Reaction

An indication of the degree of basicity was key to understanding the reactivity of these
polymers and therefore gauge the types of reactions that would be successful in the future.
The polymers were stirred in methanol and then tested using a pH meter, but unfortunately
the readings read around 4.5, which is the expected pKa of TB-PIMs,%® 237 put it is also the
same as pure methanol. A back titration experiment was then set up, whereby a known
amount of polymer was stirred in a 1 molar solution of hydrochloric acid for 5 minutes. This
mixture was then titrated against a 1 molar sodium hydroxide solution, but this experiment was
also unsuccessful. As all our polymers are heterogeneous and insoluble, it makes measuring
the pH and therefore pKa of these materials particularly difficult, and specialist techniques are
required. We have submitted samples to collaborators who specialise in electrochemistry, who
will be able to accurately measure the pKa of these materials. Instead, we hoped to get a
gualitative measure of basicity — how basic each polymer in this series was in relation to one
another. The Henry reaction between nitromethane and benzaldehyde was used to try and

measure this relative basicity (Figure 4.15).

o] OH
O,N H
H C\ + H _> 2 +
¥>No, H O,N N
H
H

Figure 4.15: Henry reaction between nitromethane and benzaldehyde

The Henry reaction follows the same mechanism as the Knoevenagel reaction, and is still
base-catalysed, but specifically between nitroalkanes and carbonyl compounds,?® though it
follows the same mechanism as the Knoevenagel reaction. PIM-TAPA+TB-TB was tested as
a catalyst in the reaction between benzaldehyde and nitromethane, using similar optimised
conditions to those used for methyl cyanoacetate — using 1 mol% of catalyst with a 3:1 ratio

of benzaldehyde to nitromethane, in ethanol and heating to 50 °C. There was no reaction after
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24 hours, so the reaction was repeated at 75 °C, but this also had no effect. The solvent was
changed to water to increase the polarity,?® and the temperature increased to 95 °C, but there
was still no improvement. It was thought that the addition of an electron withdrawing group in
the para position of the benzaldehyde would improve the reactivity of the species and help
drive the reaction. Nitrobenzaldehyde and nitromethane were combined in a 5:1 ratio using
ethanol as a solvent at 70 °C, but after 24 hours there was still no effect. The reaction was
tried using 10 mol % catalyst and a 10:1 ratio of nitrobenzaldehyde to nitromethane, and a
10:1 ratio of nitromethane to nitrobenzaldehyde, but none of these changes had any effect on

the result.

The question at this point of the study was why is it that certain reagents work, and
others do not? It cannot simply be the case that these materials are not catalytic enough,
because we have seen such positive results in other similar reactions. We are also confident
that it cannot be a steric problem, given our findings in chapter 3. Looking at those that worked
- malononitrile and methyl cyanoacetate, both contain cyano groups adjacent to the methylene

protons. So, other reagents with this functionality were tested.

Ethyl Cyanoacetate and Cyanoacetamide

o)

(o]
NC\)LO/\ NC\)LNH2

Figure 4.16: Ethyl cyanoacetate and cyanoacetamide

Both of the new reagents chosen to test the Knoevenagel reaction were selected
based on their use in the literature,?% 241 but predominantly because of the presence of the
cyano group (Figure 4.16). Both new reagents were tested under the optimised conditions
found with methyl cyanoacetate and using the best performing polymers from this test. As

Table 4.6 shows, the reaction was successful with both species.
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Table 4.6: Results of the Knoevenagel reaction between benzaldehyde and varying methylene species (3:1) at

50 °C in ethanol

(o)
No NC ™ R
H* SC_R — 3 +
~ m NCT Y
R = CO,CH,CH;, CONH, H
. % Conversion after x time
Methyl Species Catalyst (1 mol%)
2h 4h 6h 24h
PIM-TAPA-TB 29 53 65 94
PIM-TAPA+TB-TB 32 44 60 90
Ethyl Cyanoacetate
PIM-TAPAT-TB 32 58 70 97
PIM-TAPAT+TB-TB 23 44 61 98
PIM-TAPA-TB 23 40 50 78
. PIM-TAPA+TB-TB 32 44 57 74
Cyanoacetamide
PIM-TAPAT-TB 40 59 71 89
PIM-TAPAT+TB-TB 27 52 63 82

Each polymer tested reached at least a 50% conversion after 6 hours with both

methylene species, which is lower than we saw for methyl cyanoacetate, though this was

somewhat expected given the relative sizes of these molecules (Figure 4.17).
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Figure 4.17: Performance comparisons with varying methylene species
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Each polymer showed little difference between ethyl cyanoacetate and cyanoacetamide over
a 6-hour time period, but over 24 hours, ethyl cyanoacetate proved a better reagent. That the
acetoamide is the least reactive is not surprising, since it is well known that the nitrogen next
to the carbonyl stabilises it by resonance, making it less electrophilic. This, in turn, makes the
alpha protons less acidic and, so, less available to be removed by the base catalyst to initiate
the reaction. This means that overall, the conversion for methylenes by this series of polymers

was: malononitrile > methyl cyanoacetate > ethyl cyanoacetate > cyanoacetamide.

These results are positive demonstrations of the potential of these catalysts, but there
is still uncertainty around why these cyano-containing reagents work and the other methylenes
tested do not. A search of the literature did find some other cases where only cyano-containing
methylenes were successful.?#> 243 Yadav et al. suggest an alternative mechanism to the

reaction which supports these findings (Figure 4.18).

o> ? H_—~CN ‘OH
R')LH . R-)<+H Kﬂ\
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Figure 4.18: Proposed mechanism

Up until now, it was assumed that the base catalyst deprotonates the methylene, which
subsequently reacts with the aldehyde (Figure 3.6, page 59).2* This led to confusion when
the results with acetylacetone and diethyl malonate did not work, as the methylene protons
should be as acidic, if not more, than those of malononitrile. It is understood that this reaction
is possible with even weakly basic catalysts, which can cause the formation of the enolate on

the methylene species. This mechanism is unlikely, given it would take a very strong base to
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enolise the benzaldehyde,?*® given its lack of alpha protons, but it is noteworthy that others

have found similar issues.

Conclusion

In this chapter, we have demonstrated the ease with which new functionalities can be
added to polymers, and the positive impact these can have on the catalytic performance. The
presence of additional catalytic sites leads to an increase performance in the Knoevenagel
reaction between malononitrile and substituted benzaldehydes. The polymer catalysts were
also tested with various methylene species, and we found that the polymers with the TAPAT
cores performed best. This was to be expected, as they were the most nitrogen rich of the
entire set and featured secondary amine sites, which are thought to be more basic. TAPA-
cored polymers also performed very well, whilst TAPT polymers underperformed in
comparison to their TAPB counterparts. Whilst there were some successful results, there were
also some conflicting and confusing findings, with many methylene species not reacting at all
with the aldehyde. Particularly strange was that the reagents that did not work are those we
considered to contain the most acidic methylenes. The reason for this is still not fully
understood, we suspect there is a problem with the tautomerism of the reagents, and there is
also a possibility that the reaction may take place via a different mechanism altogether. We
anticipate that the additional nitrogen sites have increased the basicity of the polymers, though
we were unable to establish pKa values for the polymers because of their insoluble nature.
We have sent samples to collaborators to establish their pH values, and we hope this will lead

to further explanation of the results from this chapter.
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Chapter 5 - CO2 Utilisation Reactions

Introduction

In previous chapters, novel PIM catalysts have exclusively been used for the
Knoevenagel reaction. Whilst this is an excellent starting point for testing base catalysts, the
scope of this reaction has limited industrial applications.??® In the final parts of this thesis, a
series of PIMs will be tested in reactions which have real industrial potential.

In line with the Paris Agreement, the UK government has set a target of reaching ‘Net Zero’
by 2050.2%¢ This refers to achieving a perfect balance of greenhouse gas emissions — so for
every amount of greenhouse gas emitted, an equal amount is removed from the atmosphere,
which aims to slow down global warming. This target is very ambitious and requires huge
advancements in the carbon capture technology in a short space of time. This clearly would
lead to the accumulation of the excess of captured CO; gas and, whilst storage technologies
already exist, they are costly and wasteful. Therefore, the reutilisation of CO- represents an
equally important technology to develop and an increasingly interesting research field.
Because of that, we decided to test our polymers as catalysts for CO, conversion/utilisation

reactions.
Initial Experiments

One of the most popular CO- utilisation reactions, showed in previous works, is the
cycloaddition of CO; into epoxides to make cyclic carbonates (Figure 5.1). This reaction can
be used to create valuable feedstocks for a variety of reactions including pharmaceuticals,

fuels, and industrial chemicals, all whilst reusing capture greenhouse gases that otherwise
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would be wasted.?*” As with the Knoevenagel condensation, this reaction is often base

catalysed so our TB polymers could prove good materials for this application.

(o)

(o) )Lo
co, —m>» O
AR"' 2 4 (R

Figure 5.1: CO2 cyclisation reaction

The first experiment that we decided to test was the cycloaddition of CO; into

epichlorohydrin (where R = CHCl), as it is a common procedure found in the literature. When

looking at the previous works, the majority of CO, utilisation reactions take place in a reactor,

where a stoichiometric amount of CO; can be used in a pressurised and controlled

environment. Unfortunately, those resources were not directly available in our lab, and so an

alternative method was needed to test the reaction. We therefore set up the reaction using a

balloon inflated with pure CO;, and a needle and septum to transfer the gas into the

reaction.?*®24° To increase the efficiency of the reaction, in combination with a porous polymer

that helps the trapping of the CO2, a co-catalyst is commonly used in these experiments.?*°

Probably the most widely used is the tetrabutylammonium bromide (TBAB), which helps in the

ring opening of the epoxide which starts the formation of the cyclic carbonate (Figure 5.2).
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Figure 5.2: Tetrabutylammonium bromide and the formation of cyclic carbonate
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In our experiments, 0.5 mol% of TBAB was used, as well as 1 mol% of the best performing

polymer from previous chapters, PIM-TAPAT+TB-TB, to test the performance of the neutral

TB core. The catalysts were stirred in epichlorohydrin and ethanol in a narrow test tube with a
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rubber septum. The tube was purged with CO; for five minutes, and then held in a CO-

atmosphere for 3 hours at 70 °C (Figure 5.3).

Figure 5.3: Reaction set up for COz2 cyclisation reactions

Unfortunately, the reaction proved to be unsuccessful. The solvent was then changed to water,
to increase the polarity of the reaction, and the temperature increased to 90 °C, but there was
still no effect. We wanted to use a solvent as we know this improves the performance of our
catalysts (chapters 2-4), but this clearly limited the temperature range of the reaction. We
therefore chose to try the reaction solvent-free at 120 °C, which was reported in several
literature procedures.?®! Using this temperature, and bubbling CO; directly into the reaction
mixture, we managed to achieve an 85% conversion in 3 hours (Table 5.1). For comparison,
PIM-TAT-TB was also tested in this reaction. As this is the least flexible polymer prepared in
this project, it was thought it may perform well in solvent free conditions as has been noted
throughout this work thus far. Again using 1 mol% of PIM-TAT-TB with 0.5 mol% TBAB, the
reaction reached 80% conversion in solvent free conditions. These results were initially very
positive, though they were both in the presence of the cocatalyst. The reaction was then tested
using only 0.5 mol% of TBAB, which gave a 61% conversion in 3 hours. This demonstrates
that whilst the polymer catalysts did improve the conversion, the increase was only in a 20-

25% range. Nevertheless, this represents an encouraging result, as the reaction with TBAB
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alone requires a further two hours to reach a similar conversion, which on a small scale may

seem insignificant but on an industrial scale would amount to a large energy saving.

Table 5.1: Results of the cycloaddition of CO: into epichlorohydrin at 120 °C

Percentage Conversion (%)

Entry | Catalyst Used (1 mol%) Cocatalyst (0.5 mol%) 3h 5h

1 - - 0

2 - TBAB 61 79

3 PIM-TAT-TB - 5

4 PIM-TAT-TB TBAB 80

5 PIM-TAPAT+TB-TB - 6

6 PIM-TAPAT+TB-TB TBAB 85

7 PIM-TAPBext+Al-TB - 0

The reaction was repeated using only the polymer catalysts and was also tested using the
most flexible polymer PIM-TAPBext+A1-TB without TBAB present in the reaction environment.
Unfortunately, this polymer only achieved a 0-6% conversion over a 5-hour period. It is thought
that a porous framework may act as a supporting material, aiding the reaction of the TBAB
catalyst by providing enclosed pore space to increase collisions, but that the TB catalytic sites
themselves are perhaps not active enough to act alone. We then considered altering the
structure of our polymers by making it similar to the structure of TBAB, which features a
guaternised ammonium. In fact, it would be possible to achieve the quaternisation of the
Tréger's base core of our polymers, and this could lead to the desired enhancement of the

catalytic activity.

Synthesis

Through post-polymerisation functionalisation, we looked to quaternise the TB sites of
PIM-TAT-TB. This polymer was chosen as it is the most rigid polymer of the series with the
highest surface area and the most well-defined pore space. This is crucial and yet in contrast
with what we wanted to achieve in the Knoevenagel condensation. In fact, in this case, the
different reagents are all small in size, and the CO; is a gas, so we preferred to use the

polymers which showed the highest amount of ultra-micropores over the ones with enhanced
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flexibility and larger pore size. These features were considered advantageous to hosting

anions, especially when the reaction takes place in solvent free conditions.
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Figure 5.4: Synthesis of quaternised PIM-TAT-TB, and ion exchanges

PIM-TAT-TB was stirred in an excess of methyl iodide in acetonitrile for 72 hours at room
temperature to give PIM-TAT-QTB-I (Figure 5.4). In order to compare the performance with
different counterions, ion exchange reactions were performed on PIM-TAT-QTB-I. This could
reveal important considering that the iodide is a very large counterion and this would lead to
loss of porosity, whereas a smaller anion may help retaining part of it. The quaternised polymer
was stirred in deionised water and the respective tetrabutylammonium halide (-Cl, -F, -Br) was
added in excess. Each mixture was stirred at 40 °C for a week providing PIM-TAT-QTB-CI,

PIM-TAT-QTB-F, and PIM-TAT-QTB-Br.

TGA of Quaternised Polymers

To confirm the complete ion-exchange, we performed TGA analysis on the new
materials. Each quaternised polymer showed a mass loss starting around 150 °C, which we

related to the loss of the counterion. By measuring the percentage of the mass loss against
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the original weight of the repeated unit, it is possible to see whether the ion exchange has

been successful and quantify it.

TGA of QTB-PIMs
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Figure 5.5: Thermal decomposition of PIM-TAT-TB and the related quaternised polymers

Figure 5.5 shows the thermal decomposition of all the quaternised polymers, as well as PIM-
TAT-TB for comparison. For QTB-TAT-PIM-I, we recorded a 28% mass loss in the range of
150-350 °C, which corresponds to the 28% by mass of iodine in the repeated unit of the
polymer that we expected for a full quaternisation. Similarly, a 5% mass loss was noticed for
QTB-TAT-PIM-F, a 10% mass loss for QTB-TAT-PIM-CI, and a 20% mass loss for QTB-TAT-
PIM-Br. We were pleased to confirm that, for all of the attempted experiments, we could match
the expected percentage of halogen species in each polymer’s repeated unit. Therefore, it is

clear that the ion exchanges were highly successful for all TB-PIMs.

BET surface areas of Quaternised Polymers
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Figure 5.6: BET graphs of PIM-TAT-TB and related quaternised polymers
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Surface area measurements were also taken for all the quaternised polymers, to test
how the different ions would influence the porosity of the final materials. As expected, as the
counterions become larger, the surface area decreases, because the larger ions block the
pore space. This is clearly seen in the measurements taken using N, as an adsorbate gas at

77K (Figure 5.6).

Table 5.2: BET surface areas of QTB PIMs

Entry Polymer BET Surface Area
(N2 77K) m? gt
1 PIM-TAT-TB 950
2 PIM-TAT-QTB-F 560
3 PIM-TAT-QTB-CI 397
4 PIM-TAT-QTB-Br 165
5 PIM-TAT-QTB-I 40

We noticed an almost total loss of BET with PIM-TAT-QTB-I, which only showed a 40 m?g*
surface area in comparison to PIM-TAT-TB which has a surface area of almost 1000 m? g
Then, following ion exchanges, the surface area increases as the smaller ions take up less

room (Table 5.2).

Catalysis with quaternised TB-PIMs

This new series of quaternised polymers were then tested as catalysts in the CO-
cycloaddition reaction with epichlorohydrin using the same optimised conditions previously
discussed. PIM-TAT-QTB-I demonstrated a moderate improvement in the presence of co-
catalyst TBAB in comparison to the non-quaternised polymer, achieving an 90% conversion
in 3 hours in comparison to the 80% by PIM-TAT-TB. But the most significant results came
when the co-catalyst was removed - all quaternised polymers were all able to catalyse the
reaction between CO, and epichlorohydrin without the aid of TBAB (Table 5.3). These results

are not only far better than the previously tested TB polymers, but several of the quaternised
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polymers outperform the TBAB itself. This is a very important achievement, as the TBAB is a
homogeneous catalyst, and it needs to be chemically separated from the products, whereas
our TB-PIMs can be simply removed by filtration and reutilised immediately with no energy

penalty.

Table 5.3: Quaternised polymer performances in CO2 cyclisation reactions

Entry Catalyst Used  Cocatalyst R = Percentage Conversion*

(1 mol%) (0.5 mol%) 3h 5h

1 - TBAB -CH2-Cl 61 79

2 PIM-TAT-TB TBAB -CH2-Cl 80

3 PIM-TAT-QTB-I TBAB -CH2-Cl a0 95

4 PIM-TAT-QTB-I - -CH2-Cl 56 85

5 PIM-TAT-QTB-F - -CH2-Cl 50

6 PIM-TAT-QTB-I -Ph 16

7 PIM-TAT-QTB-F -Ph 3

8 TBAB -Ph 24

Surprisingly, PIM-TAT-QTB-I achieved a much higher performance than PIM-TAT-QTB-F,
which only reached 50% conversion in 3 hours, though these are very much preliminary
results. Another epoxide, this time styrene oxide, was used to test the catalysts.?>? This
epoxide is much bulkier because of the phenyl group, and therefore it is unsurprising that the
results were not as good, with the best performance coming from PIM-TAT-QTB-I with a 16%
conversion in 5 hours. This is in line with results obtained with TBAB, which achieved a 24%

conversion in 3 hours. These initial results from the quaternised polymers are very promising.

Because of these limitations in the method, it was decided to send the polymers to a
collaborator who specialises in catalysis and has access to reactors. This will not only allow
us to repeat the above tests to obtain more reliable results which we can confidently compare
to the literature, but it will also allow us to test other factors. As the reactors create a closed
environment, low boiling point epoxides can be tested, and solvents can be introduced to see
if they improve the reactions. Furthermore, a stoichiometric amount of CO, can be used, which

will vastly improve the atom economy of the reaction.
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Conclusion

In this chapter, we have looked to expand the potential applications of PIM catalysts
by testing their performance in a CO: utilisation reaction, which has increasing global
importance. Whilst the series of polymers that we had previously synthesised proved
ineffective, in this particular reaction, we have herein demonstrated how straightforward it is
to adapt our polymeric materials to specific needs. By performing a simple post-
functionalisation quaternisation of the neutral polymers, we were able to synthesise
guaternised polymers which bear a permanent positive charge in the main backbone, which
can then undergo ion exchange reactions to further adapt the materials. We have shown a
promising set of results using a simple set up, showing good catalytic performance without the
need for a cocatalyst. We greatly look forward to the results we receive from our collaborators

and anticipate a promising future of PIM catalysts in CO. utilisation reactions.
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Chapter 6 - Biodiesel Reactions

In this chapter the polymers used come from a paper published in parallel to the catalysis one:

Adjustable Functionalization of Hyper-Cross-Linked Polymers of Intrinsic
Microporosity for Enhanced CO, Adsorption and Selectivity over N> and CH4 H. Zhou,
C. Rayer, A.R. Antonangelo, N. Hawkins, M Carta. ACS Applied Materials & Interfaces.
2022, 14 (18), 20997-21006

Introduction

Reaching net zero is an admirable global target, and one that would have a long-term
positive impact on the planet. However, not only is there a huge amount of research and
development still needed in the production and storage of renewable energies, but a world-
wide retrofitting programme would be necessary which is complex and costly. This is because
the vast majority of renewable energies have an electricity output instead of a physical fuel
(coal, petrol, gas, etc.), and so all the technologies that rely on physical fuels are expected to
become obsolete, and new electrical alternatives will be needed.?*® Retrofitting is likely to be
a rate determining step in the net zero target, and therefore an interim solution is needed.
Biofuels are physical fuels that are derived from biological matter, mainly plants. They are a
desirable short-term answer to the climate crisis because they are more sustainable than
traditional fuels, but can be used in existing technologies. Biodiesels are a subgroup of biofuels
that are predominantly made of fatty acid methyl esters (FAMESs).?** As the name suggests,
they are similar to fossil fuel derived diesel, and can be used in existing diesel engines. FAMEs
are synthesised from lipids — long chained fatty acids that are typically derived from plant oils
via a transesterification reaction. This can be aided with either an acid or base catalyst, though
base catalysis is thought to be a more effective method, in some cases reported to be 4000
times faster.?® In industrial applications, bases such as sodium hydroxide and potassium
hydroxide are used as homogeneous base catalysts, but these are undesirable not only
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because of the drawbacks associated with homogeneous catalysis (i.e., expensive separation
of products from catalysts, unreacted materials, and by-products), but also because the strong
bases are harsh (corrosive) and unsustainable. Research into heterogenous catalysts for
biodiesel synthesis is dominated by acid catalysts,?°® but we hoped to show that our series of

heterogeneous basic polymers can prove competitive.

Synthesis

We wanted to test our best performing polymers from this work, but we also wanted to
be able to compare to similar acid catalysts. We have recently published the synthesis and
characterisation of a series of novel post-polymerisation functionalised hyper-crosslinked
polymers of intrinsic microporosity (HCP-PIMs), which have been applied for carbon capture

and storage, and for the efficient separation of CO, from N, and CH,.2%’
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Figure 6.1: a) Core units of the functionalised polymers used in chapter 6; b) example of functionalisation.?5”
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In this series we decorated the initial hydrocarbon-based PIMs with nitro-, amino- and
sulfonated- functionalities, which enhanced the properties of the final materials because of the
inclusion of groups with diverse nature and polarity. In view of these modifications, and the
high porosity of the materials, we decided to test how the functional groups would help the
catalysis towards the synthesis of biodiesels. The sulfonated polymers provide an excellent
starting point for our catalysis, as they can be directly compared to similar materials in the
literature. The aminated polymers then can offer a comparison between acid and base
catalysis, though we must point out that the aminated polymers are much weaker bases than
the sulfonated polymers are acidic. Considering this latter point, the TB polymers used in this
work will also make an interesting comparison with the sulfonated polymers. The series of
hydrocarbon-based HCP-PIMs were synthesised starting from their corresponding
hydrocarbon monomers via a Friedel-Crafts polymerisation (Figure 6.1 a). DCM was used as
both a solvent and as the source of the cross-linking ligands between the monomers, and
AICl; is used as a Lewis acid catalyst. The resulting polymers were then modified to introduce
the aforementioned functionalities. To add -SOsH groups, polymers were stirred in
concentrated sulfuric acid at 60 °C. To add -NO; groups, instead, polymers were stirred in the
typical sulfonitric mixture (nitric acid and a catalytic amount of sulfuric acid). These nitrated
polymers can then be reduced using Na>S:0, in ethanol and water, giving -NH- functionalities
(Figure 6.1 b). We decided to use monomers which typically produced high performing PIMs
in other works?°%-269 and we noticed that, although the structures are relatively similar to one
to another, the purely hydrocarbon PIMs provide much higher BET surface areas, with PIM-
Trip-HC and PIM-TPB-HC bearing the highest porosity, compared to the functionalised
polymers and to their TB counterparts (Table 6.1). As discussed in chapter 4, basic nitrogen
centres can cause polymer chain compression due to strong intramolecular attraction between
nitrogen and hydrogen atoms, which leads to a decrease in surface area. This is noticeable in
the aminated and TB polymers in comparison to the hydrocarbon counterparts. There is also
a decrease in surface area for the sulfonated polymers, but this is mainly because of the
functional groups blocking the pores.26%- 262
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Table 6.1: Surface areas of polymers used throughout chapter 6

Surface
Entry Monomer Core Polymer Y
1 PIM-Trip-TB 950
2 . PIM-Trip-HC 1880
Triptycene .
3 PIM-Trip-SOzH 1145
4 PIM-Trip-NH2 610
5 PIM-TAPB-TB 500
6 Triphenylbenzene PIM-TPB-HC 2540
7 PIM-TPB-SOsH 1585
8 PIM-TPB-NH: 710
9 PIM-HPB-HC 1933
10 Hexaphenylbenzene  PIM-HPB-SOzH 1390
11 PIM-HPB-NH:2 997
12 PIM-SBF-HC 1604
13 Spirobisfluorene PIM-SBF-SOsH 1063
14 PIM-SBF-NH:2 669

Results and Discussion

Esterification of Acids

Chapter 6

It is commonplace to assess the suitability of catalysts for biodiesel synthesis, by

testing them in simple Fischer esterification reactions between long chained fatty acids and

alcohols (Figure 6.2).253

ROH + R'COOH

Catalyst

Figure 6.2: Esterification of a carboxylic acid

R'COOR + H,0

A good example is provided by Tantisriyanurak et al., who used conjugated microporous

polymers with sulfonic acid functionalities as catalysts for this reaction.**’ Considering that the

structure of their materials is somewhat similar to our own, we decided to use their testing

procedure as a benchmark. As a typical reaction, 1 mmol of lauric acid was stirred in 2 mL of

methanol, and 10 mg of catalyst was added to the vessel. The reaction was then heated to 60

°C for 4 hours.
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Table 6.2: Esterification of lauric acid and methanol with various catalysts

| q Time (hours)
Catalyst (10 mg) 1 > 3 a
Blank 5
PIM-TPB-SO3zH 67 83 90 94
PIM-TPB-NH2 4
PIM-TAPB-TB 5
PIM-TPB-HC 3
Activated Carbon <5

The series of polymers featuring triphenylbenzene cores were the first ones tested (Table
6.2). PIM-TPB-SO3H gave the best performance, giving a 94% conversion in just 4 hours. This
is already remarkable, given that in the work by Tantisriyanurak that we used as a comparison,
the best sulfonated polymers took 24 hours to reach this same conversion, under the same
conditions. Additionally, this is also a competitive result also compared to similar studies in the
literature.?%* 264 Much to our surprise, PIM-TPB-NH. only gave a 4% conversion in 4 hours
that. We considered that this was due to the fact that, as anticipated, the sulfonated groups
are more acidic than the amino groups are basic, and therefore give a stronger catalytic
performance.?®® It was therefore decided to try the reaction with the structurally similar PIM-
TAPB-TB, to see if these more basic sites would improve the results. However, this catalyst
also only gave a 5% conversion, basically the same as the reaction with no catalyst. This was
initially very surprising, given that the literature describes base catalysis as more favourable
than acid catalysis for transesterification reactions.?®® But this is not a transesterification
reaction, and we then found that actually basic conditions are unfavourable for carboxylic acids
undergoing substitution reactions, such as Fischer esterifications.?®® The reason lies in the
simple assessment of the chemistry of the reaction. At first the base deprotonates the -OH
group of the carboxylic acid creating the carboxylate salt, which is not reactive towards
esterification unless the reaction is heated for a long time and to much higher temperatures.
The mechanism for the acid catalysed transesterification is very similar to the mechanism for

the acid catalysed esterification of carboxylic acids, and therefore this is a good reaction to
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test acid catalysts with. However, it clearly is not appropriate for testing base catalysts (Figure

6.3).
BASE
ROH + B RO" + BH*
R' m R OR
| - _— | |
H,C-OCR" OR H,C-0-C-R"
o] o
R OR — W
H,C-O-C—R" H,C-O +ROOCR"
> | _
)
R' R'

Hye-0" *BH T m,t-oH +B

Figure 6.3: Base catalysed transesterification
It was considered that the confinement effect of the reagents into the small pores of the
polymers alone could play a crucial role. This theory initially seemed to be confirmed by the
catalysis conducted with PIM-TPB-HC, as this gave a conversion of 55% in 4 hours despite
having no functional groups. However, a thorough search of the literature could find no such
examples of the reaction occurring only in the presence of a porous framework, most of the
time the polymer must bear acidic functions.?%” We repeated the reaction using commercially
available activated carbon, which did not give any catalytic performance. PIM-TPB-HC is
synthesised using an aluminium-based catalyst, and it was thought that there could have been
trace amounts left in the pores. The polymer was stirred in ammonia, and then thoroughly
washed in varying solvents and then drying under pressure for 24 hours. A sample of this
polymer was then used in the reaction, and there was no conversion found. Our current theory,
therefore, is the initial findings are attributable to residual aluminium in the pores, which would
be quite remarkable. The polymers were thoroughly cleaned prior to testing, and so the
number of catalytic sites actually present in the reaction must have been very low, and yet the
reaction achieved a 55% conversion. If this theory is correct, then it would mean that the

porous structure must have played a big part in the activity, and it is unfortunate that we cannot
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guantify just how little metal was present, as this would be a very impressive result. Clearly

further work is needed here and will be a priority research area for the group in the near future.

Transesterification of Esters with PIMs

Before testing the catalysts with oils, which are large structures that may hinder the
ability to monitor the reaction by *H NMR due the large number of proton environments, we
wanted to test the catalysts in a reaction that would occur through the same mechanism. It
was decided therefore to test the catalysts in a transesterification reaction using a simpler
ester. This is not commonly done in the literature, because the catalysts can also catalyse the
reverse reaction, as it will occur through the same mechanism, and we know it is reversible.
We therefore tried to use starting materials that would produce products that would not
favourably take part in the reverse reaction. 'Bu acetate and methanol were chosen for this

task, as it was thought that the tert-butanol product would be unlikely to react (Figure 6.4).

o) catalyst J< o
I+ meon == o<+

Figure 6.4: Transesterification of 'Bu acetate

10 mg of PIM-HPB-SOsH was added to 1 mmol of 'Bu acetate in 2 ml of methanol, and the
reaction was stirred at 50 °C for 4 hours. However, we found issues with the *H NMR sampling.
When preparing the samples, it is essential to make sure that excess methanol is eliminated,
as the peaks relating to the reagents and products overlap, making it difficult to quantify
conversions. However, the product formed in this reaction (methyl acetate) has a low boiling
point, and therefore when the sample was dried on a rotary evaporator, any product formed
will have also evaporated. 'H NMR spectra were recorded without the removal of methanol,
but it was not possible to isolate product peaks from reactants. Alternative reagents were
considered, but it was found difficult to use ones that would fulfil the two requirements, of
having thermally stable products but also that would not favour the reverse reaction. It was
therefore decided to try the transesterification of oils, and carefully compare to literature
studies.
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Transesterification of Oils

The transesterification of oils is a process whereby triglycerides present in the oil
undergo esterification reactions with methanol to create long chain esters, known as fatty acid
methyl esters (FAMES), and glycerol as a by-product (Figure 6.5).

H,C—COOR; H,C—COOR, H,C—OH

Catalyst
HC—COOR, + ROH

H;C—COOR, + HC—OH

H,C——COOR; H;C—COOR; H,C—OH
Figure 6.5: Transesterification of triglycerides

The relative simplicity of this reaction, combined with the abundant and sustainable feedstock,
makes it a highly desirable reaction for fuel production in the near future. For this work, the
range of oils used were purposely commercial products purchased from supermarkets and
were not purified prior to use. There is some debate about the ethics of biodiesel production
from such sources, mainly because it is argued that the crops produced for biodiesel
production should instead be used to combat global hunger. This is a viable argument for first
generation biofuels, but new methods use waste biomass or farmed algae, which only need a
relatively small amount of space to grow.?* For the purposes of our small scale tests in the
lab, it was far more practical to use these commercial oils that would still give a good indication
of catalytic activity in this mechanism. PIM-HPB-SO3zH was the first polymer used to catalyse

a range of oils’ transformation (Table 6.3).

Table 6.3: Transesterification of varying oils with methanol (5 ml), using 10 mg of PIM-HPB-SOsH catalyst, at
60°C for 24 hours

Entry Oil Conversion (%)
1 Coconut Oil 28
2 Olive QOil 19
3 Sesame Oil 38
4 Sunflower QOil 17
5 Vegetable Oil 22
6 Used Vegetable Oil 24
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H NMR spectra of the resulting polymers prove to be not as challenging to analyse as initially
thought — whilst there are a significant number of peaks associated with the oil, the peaks are
relatively well defined. Furthermore, the majority of the ester product peaks overlap with their
corresponding starting material peak, as the electronic nature of most of the proton sites does
not change much during the reaction.?%® 2%° The reaction can be monitored by comparing the
methylene peaks of the original oil (Figure 6.6), which appears at around 4.15 ppm (circled
green), with the peak that is formed after the reaction, which is found around 3.6 ppm (circled
purple) and associated with the methyl groups on the glycerol by-product. These peaks are
chosen as they are in unique environments that do not overlap with the large peaks associated
with the long hydrocarbon chains of the oils. It is essential, as seen previously, that methanol
is removed before running the samples, as this can cause a shift in the peaks and lead to the

product peak overlapping with the solvent peak. In this case this proved not to be an issue.
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Figure 6.6: Example of an NMR spectra for biodiesel reaction

The PIM-HPB-SOsH catalyst proved successful across with all oils tested, with the best

performance coming from the transesterification of sesame oil. Entries 5 and 6 show the
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conversions of vegetable oils — 5 being straight from the bottle, and 6 had been used in cooking
and collected after use (so that we could compare wasted oil too). There was very little
difference in performance between these two oils, showing that PIM catalysts could be used
in the transesterification of waste oils, which is a more sustainable option for this type of
reaction as it gives value to otherwise waste product, rather than using food-quality materials.
Compared to literature these results prove to be very competitive, especially considering only
10 mg of catalyst was used, whereas Tantisriyanurak et al. used 30 mg to achieve similar
results. We repeated the reactions with increasing quantities of catalyst to see if we could
reach a complete conversion in 24 hours (Figure 6.7). There is a positive correlation between
the amount of catalyst and the conversion time, but the difference between each is very small,
with only about a 2-3% difference between each increase. All polymers achieved a 50-60%

conversion in a 48-hour period, which is less competitive in comparison to the literature.

Sulfonated polymers of varying quantities

30
PIM-HPB-SO,H 20mg
~ \ % PIM-HPB-SO H 40mg
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Figure 6.7: Conversion of PIM-HPB-SOsH in increasing quantities in the transesterification of sesame oil with
methanol

The other sulfonated polymers in this series featuring alternative cores were tested in the
transesterification of sesame oil, and whilst they all successfully catalysed the reaction, the

conversion was much lower than with PIM-HPB-SOzH (Table 6.4).
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Table 6.4: Conversions in the transesterification of sesame oil with methanol in the presence of varying catalysts

Conversion after x time
Entry | Catalyst (10 wt%)

4h 24h 48h
1 PIM-HPB-SOsH 8 38 52
2 PIM-TPB-SOsH 13 23
3 PIM-SBF-SOzH 10 17
4 PIM-Trip-SOzH 10 12 20
5 PIM-HPB-NH: 0 0
6 PIM-Trip-NH2 0 0
7 PIM-TAPAT+TB-TB 0 0
8 TB-homogeneous 0 0
9 NaOH 100 - -
10 Blank 0 0

Aminated polymers PIM-HPB-NH, and PIM-Trip-NH; were tested under the same conditions,
but were unable to catalyse the reaction, with a 0% conversion after 48 hours. The more basic
PIM-TAPAT+TB-TB was also tested, but also demonstrated a 0% conversion in 48 hours.
Homogeneous TB was also tested, but this was also unsuccessful, which suggested that the
TB site was not catalytically active enough in this reaction. These results were disappointing
as there was much hope that this series of basic catalysts would show great promise in this
area. It is known that base catalysts struggle to catalyse the transesterification reaction if there
is too high a concentration of free fatty acids present (>0.5 wt%) as these free acids neutralise
the basic sites.?’° It is likely that this is the case in the commercial oils tested. It is also possible
that our catalysts simply were not basic enough to catalyse the reaction — the reaction ease
reached completion using sodium hydroxide under similar conditions. As mentioned in chapter
4, we have sent a selection of polymers to test their basicity, and this will give a better

understanding moving forward.

Conclusion

In this chapter, we have further explored the potential range of applications of PIM
catalysts. Although in this instance the base catalysts tested proved unsuccessful for the
transesterification of biodiesel, we have still demonstrated the versatility of PIMs as catalyst

by introducing acidic sites through post-functionalisation reactions, thus showing that PIMs
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can be fine-tuned for many different reactions, not just base catalysed reactions. We hope that
a better understanding of the basicity of the TB PIMs will help to further understand why they

were unsuccessful in this reaction, and we will certainly return to this reaction in the future.
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Chapter 7 — Future Work and
Conclusions

During this project, we have only just begun to scratch the surface of potential work
into PIM catalysts. We have demonstrated the unique properties that polymers of intrinsic

microporosity can provide which can enhance catalytic performance.

Firstly, in chapters 2 and 3, we explored the concept of flexibility and swellability —
studying the effects of introducing more flexible components into otherwise rigid PIM
structures. We were able to demonstrate through both extensive lab tests and through
computational studies that increasing the degree of flexibility in the polymer chains promoted
a swelling effect in the polymers. This “swellability” leads to an increase in catalytic
performance, particularly when reactions take place in a solvent. The “swellability” also allows
for a more diverse range of reagents to be used, as the polymer catalysts are able to host
larger substrates. The results we achieved were very impressive — our catalysts outperform
those in the literature when it comes to the Knoevenagel reaction, in particular when using
larger substrates.?’* However, we were not able to establish an upper bound of flexibility — our
best performing polymer in this series was the most flexible. One of the benefits of the
swellable polymers is that they induce a confinement effect within the pore space, which leads
to increased collisions with the active sites and therefore increases the activity. With this in
mind, there is presumably a level of flexibility that will prevent this confinement effect, and
therefore would lead to a decrease in catalytic activity. This would be a very interesting area
for future research — further exploring the effects of flexibility and trying to establish an upper

bound by synthesising new, more flexible polymer catalysts.
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In chapter 4 we looked at the effects of introducing various nitrogen sites into the
polymer structure, in order to increase the number of active sites in the structure from only the
TB linkers used in the first series. This series of polymers did perform very well and includes
the best performing catalysts for the Knoevenagel reaction between '‘Bu-benzaldehyde and
malononitrile in this study. They did also prove successful in catalysing numerous reactions
with substituted methylene species, which is significant as this is considered to be the reagent
that interacts directly with the catalytic site. In this respect, success using less favourable
reagents is an indication of a good base catalyst. However, we also recorded a variety of
unsuccessful reactions between benzaldehydes and methylene species that were thought to
be highly acidic (and therefore more susceptible to base catalysis), such as acetylacetone and
diethyl malonate. It is noteworthy that all the successful reactions featured a methylene
species with an adjacent cyano- group, and this is a trend that has been noted in the literature
before. We were unable to ascertain the pKa values of the polymers in the timespan of this
project, but we hope that this information will aid future understanding into these results. That
being said, we have still shown how easy it is to introduce new functionalities into polymer
catalysts. The simple TB polymerisation method proved successful with all monomers used in
this study, demonstrating how wide the scope for future catalysts is. It is anticipated that future
research will consider introducing even more functionalities into PIM catalysts and expanding

the potential range of applications for them.

In chapter 5, we began to explore some of these potential applications, with a particular
ambition to test the sustainable and environmentally beneficial CO; utilisation reaction. We
found that a simple post-polymerisation quaternisation reaction could create a series of
polymers that were capable of catalysing the cycloaddition of CO- into epoxides without the
need of a cocatalyst. The results obtained in our lab were very promising, and we greatly look
forward to seeing how they perform under more controlled and consistent conditions with our

collaborators. We expect that they will obtain results even better than those we found in the
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lab, which will make these materials highly competitive in comparison to the literature and will

open up a whole new avenue of future work for PIMs in that field.

In chapter 6, we tested our polymers as catalysts in the synthesis of biodiesel, a
technology anticipated to have great global importance in the coming years. Literature studies
suggested that base catalysis was particularly efficient at this type of reaction, and so we
strongly believed that our basic catalysts would perform well, and that they would outperform
their acidic counterparts. The acidic sulfonated polymers tested were all high performing, but
unfortunately none of the basic polymers tested proved to be successful. We hope to better
understand these findings when we know the pKa values of the polymers, it may be that the
polymers are not basic enough for these reactions. Regardless, the positive results from the
sulfonated polymers should not be ignored, in fact it further demonstrates the ease with which

new functionalities can be introduced in order to tune PIM catalysts for specific applications.

We believe that this study is just the tip of the iceberg in terms of research into PIM
catalysts. We have demonstrated the unique properties of PIMs that make them highly
desirable as catalysts on an industrial scale, and we hope that this work inspires others to

pursue research into broader applications.

Last but not least, the work produced in this thesis allowed us to publish three articles in
important journals:

1. Polymers of intrinsic microporosity (PIMs) for catalysis: a perspective. A.R.
Antonangelo, N. Hawkins, M. Carta. Current Opinion in Chemical Engineering 2022,
35, 100766

A mini-review perspective that shows the “under-utilisation” of PIMs in catalysis.

2. Troger’s Base Network Polymers of Intrinsic Microporosity (TB-PIMs) with
Tunable Pore Size for Heterogeneous Catalysis A.R. Antonangelo, N. Hawkins, E.
Tocci, C. Muzzi, A. Fuoco, M. Carta. Journal of the American Chemical Society,
2022, 144 (34), 15581-15594

Which includes the main results of chapter 2 and 3, in this paper we reported the first example
of “swellable” PIMs for heterogeneous catalysis.

3. Adjustable Functionalization of Hyper-Cross-Linked Polymers of Intrinsic
Microporosity for Enhanced CO; Adsorption and Selectivity over N2 and CHa. H.
Zhou, C. Rayer, A.R. Antonangelo, N. Hawkins, M Carta. ACS Applied Materials &
Interfaces. 2022, 14 (18), 20997-21006
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In this paper we reported the synthesis and characterisation of novel hypercrosslinked
PIMs that, eventually, were used in chapter 6 for esterification and transesterification
reactions, and the production of biodiesel.
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Chapter 8 — Experimental Section

The commercially available reagents, solvents and gases were used without further
purification. Reagents were bought from Merck, Fisher Scientific, or Fluorochem. Any reaction
that required sensitive materials, such as air or moisture sensitive reagents, were performed

in oven-dried apparatus, and under a nitrogen atmosphere.

During synthesis, thin layer chromatography (TLC) analysis was used to monitor
reactions. Aluminium-backed plates coated with Merck Kieselgel 60 GF254 were used in this
analysis. The TLC plates were viewed under UV fluorescence, and in some cases by staining

using a solution of cerium sulfate in dilute sulfuric acid.
The following apparatus was used to analyse the compounds synthesised in this project.

e Melting Points were recorded using a Cole-Parmer Stuart™ Digital Melting Point
Apparatus and are uncorrected.

¢ Infrared spectra were recorded using a PerkinElmer Spectrum Two FT-IR Spectrometer.

e H NMR spectra were recorded in deuterated solvent, as stated, using an Avance Bruker
DPX 500 instrument at 500 MHz.

e 13Carbon NMR spectra were recorded in deuterated solvent, as stated, using an Avance
Bruker DPX 500 instrument at 125 MHz.

e Solid-state *C NMR spectra were recorded using a Bruker Avance Ill spectrometer
equipped with a wide-bore 9.4 T magnet (Larmor frequencies of 100.9 MHz for 13C). This

analysis was performed at the University of St. Andrews.
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Gas Chromatography mass spectra were recorded using an Advion Expression equipped
with APCI (flow injection or ASAP) and ESI (flow injection) ion sources, with a mass range
of 10-2000 Da, and a nominal mass accuracy of 0.1 Da.

BET Surface Area data were collected using N. (77 K) or CO, (273 K)
adsorption/desorption measurements with a Quantachrome Nova-e. In each case,
samples were degassed for 800 min at 80 °C under high vacuum prior to analysis. The
data were analysed with the software provided with the instrument. Further analyses, such
as pore size distribution and total pore volume were calculated by performing NLDFT and
H-K analysis respectively, considering a carbon equilibrium transition kernel at 273 K
based on a slit-pore model; the kernel is based on a common, one centre, Lennard-Jones
model.

Thermogravimetric analyses were performed using a Thermal Analysis SDT Q600 at a
heating rate of 10 °C/min from 30 to 995 °C.

SEM images were recorded with a Hitachi S-4800 field emission (~1 nm resolution).

Monomer Synthesis

Dinitrotriptycene (DNT)?%°

)

OZN—\/ / ‘O NO,

Triptycene (4.00 g, 15.74 mmol) was added to a mixture of potassium nitrate (3.34 g, 33.1

mmol) and acetonitrile (80 mL). Trifluoroacetic acid anhydride (15 mL, 109 mmol) was added

dropwise, and the reaction was left to stir at room temperature for 16 hours. The reaction was

crashed out in water and neutralised with sodium bicarbonate. The crude product was

extracted with dichloromethane and washed with water (3 x 50 mL). The mixture was dried

with magnesium sulfate, filtered, and rotary evaporated. The crude product was purified via

115



Chapter 8

column chromatography with a 2:1 DCM : petroleum ether eluent to afford off white crystals.
(4.52 g, 83%) MP: 240 °C; IR: Vmax (cm?) 1592, 1514, 1457, 1338, 1192, 1165, 1070, 892,
827, 738, 633, 616, 529, 483; *H NMR: (500 MHz, CDCls) 5 ppm 8.27-8.24 (m, 2H, ArH), 8.01-
7.98 (m, 2H, ArH), 7.58-7.55 (m, 2H, ArH), 7.50-7.46 (m, 2H, ArH), 7.12-7.10 (m, 2H, ArH),
5.68 (m, 2H, R3CH); *C NMR: (125 MHz, CDCls) & ppm 151.0, 150.5, 145.7, 145.3, 142.8,
142.3, 141.8, 126.5, 124.5, 121.9, 119.1, 53.7, 53.6, 53.4; MS: calculated C20H12N>O4 344.08

found 345.0 [M7].

Diaminotriptycene (DAT)?2%°

¥

L

Under a nitrogen atmosphere, dinitrotriptycene (5.5 g, 16.00 mmol) was stirred in
tetrahydrofuran (180 mL). A spatula tip of Raney® Nickel was placed in the flask. Hydrazine
monohydrate (15.6 mL, 319 mmol) was added dropwise, and the reaction was refluxed for 16
hours. The mixture was filtered through a layer of ceelite to collect the nickel, washed with
THF, and then rotary evaporated to remove most of the THF. The mixture was then crashed
out in water, and then was extracted with chloroform. The mixture was dried with MgSQa,,
filtered, and rotary evaporated to afford yellow crystals. (4.78 g, 95%) MP: 230 °C; IR: Vmax
(cm™) 3441, 3372, 3000, 2956, 1621, 1521, 1479, 1327, 1296, 1267, 1185, 1150, 1136, 1115,
1091, 1020, 940, 864, 847, 830, 807, 777, 745; *H NMR: (500 MHz, CDCls) & ppm 7.33-7.28
(m, 2H, ArH), 7.12-7.08 (m, 2H, ArH), 6.99-6.92 (m, 2H, ArH), 6.77-6.73 (m, 2H, ArH), 6.29-
6.22 (m, 2H, ArH), 5.20-5.12 (t, 2H, RsCH) 3.49 (br s, 4H, NH); 3C NMR: (125 MHz, DMSO-
de) & ppm 147.7, 147.3, 146.9, 146.5, 146.3, 146.2, 146.0, 134.3, 133.3, 125.0, 124.7, 124.5,
124.0,123.6, 123.6,123.2, 122.9,111.0, 110.6, 109.2, 109.0, 53.7, 52.6, 51.4; MS: calculated

CooH1sN2 284.1 found 284.7 [M+]
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Trinitrotriptycene (TNT)®°

NO,

Triptycene (4.50 g, 17.71 mmol) was added to a mixture of concentrated HNO3z (70%, 180 mL)
and concentrated H,S0O4 (95%, 15 mL), and refluxed at 80 °C for 16 hours. The temperature
was increased to 100 °C for 3 hours, until the solution became clear. The reaction mixture was
guenched in water and neutralised using aqueous sodium hydroxide. The crude product was
extracted with chloroform (3 x150 ml), dried using magnesium sulfate, and the chloroform then
removed on a rotavap. A plug was performed in DCM, giving a product as a light-yellow
powder. (5.24 g, 76%) MP: 173 °C; IR: vmax (cm™) 3092, 1591, 1521, 1460, 1346, 1198, 795,
736 cm™; *H NMR: (500 MHz, CDCl3) & ppm 8.38-8.33 (m, 3H, ArH), 8.10-8.05 (m, 3H, ArH),
7.69-7.63 (m, 3H, ArH) 5.89-5.82 (g, 2H, RsCH); 3C NMR: (125 MHz, CDCls) & ppm 149.6,
149.2, 148.8, 146.2 144.7, 144.3, 143.9, 125.0, 122.6, 122.5, 121.0, 119.6, 53.5, 53.4, 53.2,

53.1; MS: calculated Co0H11N30s 389.06 found 389.5 [|\/|+].

Triaminotriptycene (TAT)®

NH,

Dinitrotriptycene (5 g, 1.29 x 102 mol) was stirred in tetrahydrofuran (185 ml) with a spatula
tip of Raney® Nickel. Hydrazine monohydrate (6 ml) was added dropwise, and the mixture was
refluxed at 60 °C for 16 hours. The mixture was filtered through ceelite and washed with hot
THF. The filtrate was rotavapped to remove most of the solvent, and then crashed out in water.
The product was extracted with DCM, dried with magnesium sulfate, and rotavapped to give
the product as an off-white crystal. (4.13 g, 93%). MP: 160 °C; IR: vmax (cm™) 3461, 3378,
3320, 3210, 3030, 1633, 1605, 1576, 1492, 1430, 1364, 1294, 1178, 1148, 955, 851, 810,
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642, 589, 512; *H NMR: (500 MHz, CDCl3) & ppm 7.09-7.04 (m, 3H, ArH), 6.74-6.69 (m, 3H,
ArH), 6.28-6.22 (m, 3H, ArH), 5.09-4.99 (m, 2H, RsCH), 3.49 (br s, 6H, NH); 3C NMR: (125
MHz, CDCls) & ppm 147.8, 147.1, 146.3, 143.8, 143.6, 143.4, 137.3, 136.4, 135.6, 125.5,
123.8, 123.6, 123.4, 111.7, 111.5, 111.3, 110.9, 110.7, 110.4, 54.4, 53.4, 52.4, 51.4; MS:

calculated CoH17N3 299.14 found 300.1 [M7].

Benzomethanoanthracene (BMA)?"?

Anthracene (2.00 g, 11.2 mmol) and norbornene (1.2 g, 12.8mmol) and a few drops of water

were placed in a microwave and was heated at 250 °C for 1 hour. The resulting dark brown
mixture was stirred in THF and maleic anhydride were added and refluxed overnight. The
reaction mixture was poured into water and stirred until an off-white solid formed. The solid
was filtered and then stirred in methanol for 1 hour. The solid was filtered again to giving the
product as an off-white powder. (3.05 g, 88%). MP: 153 °C; IR vmax (cm™): 3000, 2938, 2875,
1457, 1293, 1171, 1018, 933, 764, 740, 629, 587, 462, 437; *H NMR (500 MHz, CDCls): &
7.30 (2H, m, ArH), 7.24 (2H, m, ArH), 7.17 (2H, m, ArH), 7.13 (2H, m, ArH), 4.30 (2H, d, RsCH),
2.05 (2H, d, RsCH), 1.94 (2H, d, RsCH), 1.44 (2H, m, RsCH), 1.09 (2H, m, RsCH), 0.43 (1H,
d, R2CHy), -0.32 (1H, d, R2CH,); 3C NMR (125 MHz, CDCls): 144.8, 142.2, 125.9, 125.5,

124.3,123.2, 49.3, 48.7, 39.7, 33.1, 31.0; MS: calculated Cz1H2o 272.16 found 272.4 [M"].

Dinitrobenzomethanoanthracene (DNBMA)?72

OZN—\/ / NO,

Benzomethanoanthracene (10.00 g, 36.8 mmol) and potassium nitrate (8.17 g, 80.9 mmol)

was stirred in degassed acetonitrile (180 mL). Trifluoroacetic anhydride (18 ml, 128.75 mmol)
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was added dropwise, and the mixture was left to stir for 16 hours. The reaction mixture was
poured into water and neutralised with agueous sodium hydroxide. The mixture was extracted
with chloroform (3 x 150 ml), dried with magnesium sulfate, and rotavapped to a brown
powder. The crude product was purified by a silica plug using chloroform to give the product
as off-white crystals. (9.50 g, 73%). MP: 106 °C; IR vmax (cm™): 3094, 2947, 2909, 1591, 1513,
1341, 1175, 1126, 1078, 1013, 901, 860, 808, 739, 619, 591, 508; *H NMR (500 MHz, CDCls)
5 8.13 (m, 1H, ArH), 8.09 (m, 1H, ArH), 8.04 (m, 1H, ArH), 7.40 (2H, m, ArH), 4.53 (2H, s,
RsCH), 2.11 (2H, s, RsCH), 1.96 (2H, m, RsCH), 1.44 (m, 2H, RsCH), 1.06 (2H, m, RsCH), 0.46
(1H, d, R2CH>), -0.38 (1H, d, R2CHs); 2*C NMR: (125 MHz, CDCls) 150.6, 150.1, 148.9, 148.4,
146.9, 146.5, 144.9, 144.5, 142.9, 142.4, 125.4, 125.3, 124.3, 124.3, 122.6, 122.2, 119.7,
119.6, 118.9, 118.9, 49.0, 49.0, 48.9, 48.8, 48.8, 48.7, 48.6, 48.4, 40.0, 39.8, 39.8, 39.7, 33.7,

31.0; MS: calculated C21H20N204 362.13 found 363.7 [M*].

Diaminobenzomethanoanthracene (DABMA)?72

AN
HN—2 7 ‘O NH,

Dinitrobenzomethanoanthracene (4.00 g, 11.0 mmol) was stirred in diethyl ether (120 ml) with
a spatula tip of Raney® Nickel. Hydrazine monohydrate (5 ml, 101.2 mmol) was added
dropwise, and the mixture was refluxed at 45 °C for 16 hours. The mixture was filtered through
ceelite and washed with hot diethyl ether. The reaction was neutralised with aqueous sodium
hydroxide, dried with magnesium sulfate and rotavapped to give the product as an off-white
crystal. (3.27 g, 98%). MP: 119 °C; IR: Vmax (cm™ ) 3430, 3337, 3207, 2925, 1619, 1478, 1352,
1293, 1265, 1219, 1141, 1120, 862, 797, 690, 586, 441; 'H NMR: (500 MHz, CDClIs) & 6.98-
6.87 (M, 2H, ArH), 6.63-6.55 (m, 2H, ArH), 6.44-6.35 (m, 2H, ArH), 4.02-3.91 (m, 2H, RsCH),
3.36 (br s, 4H, NH), 1.94 (m, 2H, RsCH), 1.81 (m, 2H, RsCH), 1.35 (d, 2H, RsCH), 1.01 (d, 2H,
RsCH), 0.37 (d, 1H, R,CHy), -0.15 (d, 1H, R2CH>); *C NMR: (125 MHz, CDCls) 146.6, 145.8,

144.4, 144.3, 143.9, 143.8, 143.1, 136.3, 135.4, 133.5, 132.5, 124.6, 124.3, 123.5, 123.3,
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112.4,112.2,112.1,111.9, 111.6, 111.4, 111.2, 111.0, 50.0, 49.9, 49.3, 49.2, 49.0, 47.9, 47.9,

46.8, 39.7, 39.6, 39.6, 33.1, 31.0, 30.9; MS: calculated C21H22N2 302.18 found 302.4 [M~].

Trinitrophenylbenzene (TNPB)3%3

NO,

4’-nitroacetophenone (10.00 g, 60.6 mmol) was stirred in ethanol (18 ml). Thionyl chloride (7.4

O,N NO,

ml, 102 mmol) was added dropwise over ice. The reaction was then refluxed for 4 hours giving
a bright orange precipitate. The mixture was crashed out in water and neutralised with
NaHCOs; The mixture was filtered and the solid was washed with water, ethanol, and diethyl
ether. The crude product was recrystallised in DMF to afford a pale-yellow powder. (4.60 g,
52%). MP: 326 °C; IR: vmax (cm™) 1593, 1509, 1449, 1393, 1344, 1251, 1106, 1011, 862, 842,
817, 749, 689, 495, 460; *H NMR: (500 MHz, CDCI3) d not soluble in any deuterated solvent;
13C NMR: not soluble in any deuterated solvent; MS: calculated C4H1sN3Os 441.10 found

4415 [M"].

Triaminophenylbenzene (TAPB)%%*

NH,

H,N E E NH,

Trinitrophenylbenzene (2.00 g, 4.45 mmol) and Pd/C (0.44 g) were stirred in ethanol (50 ml)
under a nitrogen atmosphere for 10 minutes. Hydrazine monohydrate (9.1 ml, 184.2 mmol)
was added dropwise over a 10-minute period, and then the reaction was then refluxed at 80
°C, for 16 hours. The reaction was hot filtered to remove the catalyst, washing with hot ethanol.
The crude product was recrystallised in ethanol and cooled at -20 °C for 4 hours. The solid
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product was then separated by filtration to afford a yellow powder. (1.17 g, 75% yield). MP:
263 °C; IR: vmax (cm™ ) 3422, 3345, 3020, 1616, 1514, 1451, 1404, 1277, 1184, 1129, 1088,
823, 710, 647, 607, 558, 500; 'H NMR: (500 MHz, CDCls): 8= 7.6 (s, 3H, ArH), 7.53-7.49 (d,
6H, ArH), 6.79-6.77 (d, 6H, ArH), 6.17 (s, 6H, NH). 3C NMR: (125 MHz, CDCls) & = 145.9,

141.9, 131.9, 128.2, 122.9, 115.4; MS: calculated Cz4H21N3; 351.17 found 351.1 [M*].

Tribromophenylbenzene (TBPB)?**

Br

Br l l Br

4-Bromoacetophenone (10.00 g, 50.2 mmol) was stirred in ethanol (30 mL), and thionyl
chloride (7 mL, 96 mmol) was added dropwise. The solution was left to warm gradually to
room temperature, before increasing the heat to 60 °C and stirred for 16 hours. The
suspension was then cooled in an ice bath, and a saturated solution of NaHCO3; was added
slowly. The precipitate was collected and washed three times in hot ethanol, and dried under
reduced pressure to afforded 1,3,5-tris(4-bromophenyl) benzene as pale-yellow solid (5.50 g,
60%). MP: 267 °C; * H NMR: (500 MHz, CDCls) & = 7.70 (s, 3H, ArH), 7.62-7.60 (d, 6H, ArH),
7.55-7.53 (s, 6H, ArH). 3C NMR: (125 MHz, CDCls) & = 141.5, 139.6, 132.1, 129.0, 125.0,

122.1; MS: calculated C,4H15Br3 541.87 found 542.00 [M*].
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Triaminobiphenylbenzene (TAPBext)?’

NH,

H,N E : NH,

1,3,5-Tris(4-bromo)benzene (2.50 g, 4.60 mmol) and 4-aminophenylboronic pinacolate (3.22
g, 14.7 mmol) were dissolved in a mixture of THF: toluene (50:50 mL), followed by addition of
NaOH (2.80 g, 69 mmol). The resulting mixture was degassed with nitrogen for 15 minutes,
and then Pd(PPhs).Cl, (0.32 g, 0.46 mmol) was added. The solution was degassed for a
further 10 minutes and was heated to 90 °C for 20 h under nitrogen atmosphere. The reaction
mixture was cooled to room temperature and the solvents were removed via a rotary
evaporator. The remaining crude product was solubilized in hot ethyl acetate and the mixture
was hot filtrated over celite, which was washed with hot ethyl acetate several times, and the
solvent was rotary evaporated. Finally, the obtained dark yellow solid was washed using hot
methanol and filtered. This process was repeated two times to yield a pale-yellow powder.
(2.00 g, 75% vyield). MP: 281 °C; IR: vmax (cm™ ) 3660, 3438, 3348, 2997, 2987, 2904, 1618,
1499, 1446, 1391, 1280, 1180, 1067, 1000, 814, 695, 540, 511; *H NMR: (500 MHz, DMSO-
ds) 8 = 7.92 (s, 3H, ArH), 7.91 — 7.87 (d, 6H, ArH), 7.70 — 7.68 (d, 6H, ArH), 7.47-7.45 (d, 6H,
ArH), 6.69-6.68 (d, 6H, ArH), 5.28 (s, 6H, NH); 3C NMR: (125 MHz, DMSO-de): = 148.9,
141.8,140.4,137.8,127.9, 127.6, 127.2,126.2, 123.9, 114.7; MS: calculated Cs2H33N3 579.27

found 579.7 [M™].
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Extended Aniline 1 (A1)%4

HoN O
O NH»

1,4-dibromobenzene (5.00 g, 21.2 mmol) and 4-aminophenylboronic pinacolate (10.20 g, 46.6
mmol) were stirred in a mixture of toluene and water (50:50 mL), followed by addition of
potassium carbonate (44.00 g, 318 mmol). The resulting mixture was degassed with nitrogen
for 15 minutes, and Pd(PPh3).Cl, (0.73 g, 1 mmol) was added. The solution was degassed for
a further 10 minutes before heating to 120 °C for 20 hours under a nitrogen atmosphere. The
reaction mixture was cooled to room temperature, extracted with EtOAc (3 x 50 mL) and the
combined organic extracts were dried over anhydrous MgSQ.. The solution was filtered, and
the solvent was removed under vacuum. The remaining crude product was purified by flash
column chromatography on silica gel (40 to 60% EtOAc in hexanes) to yield a light brown solid
Al (2.76 g, 50%). MP: 190 °C; *H NMR: (500 MHz, DMSO-ds) & = 7.59 (s, 4H, ArH), 7.44 —
7.43 (d, 4H, ArH), 6.71 — 6.69 (d, 4H, ArH), 5.26 (s, 4H, NH). 3C NMR: (125 MHz, DMSO-ds)
0 = 148.6, 138.4, 127.6, 127.3, 126.0, 114.7; MS: calculated CigHisN> 260.13 found 260.7

[(M7].

1,4-dibromo-tetramethylbenzene (pre-A2)3'°

Br

1,2,4,5-tetramethylbenzene (2.50 g, 18.6 mmol) was dissolved in DCM (25 mL). lodine was
added (0.1 g, 0.4 mmol), followed by a solution of Br, (2.4 mL, 47 mmol) in DCM (20 mL)
added dropwise. The resulting mixture was heated under reflux for 1.5 hours, and after cooling
down, 10% NaOH aqueous solution (30 mL) was added. The crude product was collected by

filtration and washed with cold DCM, giving the desired product as a white solid (3.50 g, 65%).
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IH NMR: (500 MHz, CDCls) & = 2.51 (s, 12H, CHa). *C NMR: (125 MHz, CDCls) 135.0, 128.0,

22.2; MS: calculated CsHgBr» 293.90 found 296.6 [M*].

Extended Aniline 2 (A2)%°

HoN O
O NH,

1,4- dibromo-2,3,5,6-tetramethylbenzene (2.20 g, 7.50 mmol) and 4-aminophenylboronic
pinacolate (3.63 g, 16.6 mmol) were dissolved in a mixture of THF and toluene (50:50 mL),
followed by the addition of NaOH (4.52 g, 113 mmol). The resulting mixture was degassed
with nitrogen for 15 minutes, and Pd(PPhs).Cl; (0.30 g, 0.43 mmol) was added. The solution
was degassed for a further 10 minutes, and then the mixture was heated to 90 °C for 20 hours
under a nitrogen atmosphere. The reaction mixture was cooled to room temperature and the
solvent was removed under reduced pressure. The crude product was purified by flash column
chromatography on silica gel (20 to 100% EtOAc in hexanes) and the dark brown solid
obtained was recrystallized from DCM/methanol (1:4) to give a light brown solid (0.90 g, 42%
yield). MP: 198 °C; IR: Vmax (cm) 3660, 3445, 3364, 3202, 2987, 2904, 1731, 1620, 1518,
1410, 1273, 1178, 987, 825, 815, 573, 537; *H NMR: (500MHz, DMSO-ds) d = 6.75 - 6.73 (d,
4H, ArH), 6.64 — 6.62 (d, 4H, ArH), 5.02 (s, 4H, NH), 1.88 (s, 12H, CHs). 23C NMR: (125 MHz,
DMSO-ds) 5 = 145.8, 140.2, 132.1, 131.8, 131.0, 129.3, 127.5, 121.1, 114.0, 20.4, 17.9; MS:

calculated Cz2H24N2 316.19 found 317.1 [M*].
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1.4-bis(pinacolatoboronyl)-2,5-dimethylbenzene (pre-A3)316

NT
B~o
s
(o]

1,4-dibromo-2,5-dimethylbenzene (2.00 g, 1 equiv., 7.6 mmol) and bis(pinacolato)diboron

(5.80 g, 3 equiv., 22.8 mmol), potassium acetate (4.50 g, 6 equiv., 45.6 mmol) and
dimethylformamide, DMF (80 mL). The resulting mixture was degassed for 15 min by a flow
of nitrogen, and Pd(PPhs)4 (0.56 g, 0.06 equiv., 0.5 mmol) was added. The resulting mixture
was degassed again for 10 min by a flow of nitrogen and was heated to 85 °C for 24 under
nitrogen atmosphere. The reaction mixture was cooled down to room temperature, then added
to water before being extracted with dichloromethane. Combined organic layers were washed
with water and brine, then dried with magnesium sulfate and evaporated under reduced
pressure. The crude product was purified by column chromatography (50 to 70 %
dichloromethane in n-hexane) to give a white solid (2.15 g, 80%); *H NMR: (500 MHz, CDCls)
O =7.58 (s, 2H, ArH), 2.53 (s, 6H, CHs), 1.38 (s, 24H, CHs); *C NMR: (125 MHz, CDCls) 6=

140.5, 136.9, 88.4, 24.9, 21.5; MS: calculated C2H3.B2>04 358.25 found 262.7 [M"].

Extended Aniline 3 (A3)%'6

NH,

A two-necked round bottom flask (250 mL) was equipped with a reflux condenser, magnetic
stirrer bar, septum, and was charged with 1,4-bis(pinacolatoboronyl)-2,5-dimethylbenzene
(2.00 g, 5.6 mmol), 4-bromo-2methyl aniline (2.80 g, 15 mmol), NaOH (3.36 g, 84 mmol),
toluene (50 mL) and THF (50 mL). The resulting mixture was degassed with nitrogen for 15
minutes and Pd(PPhs)s (0.55 g, 0.48 mmol) was added. The resulting mixture was degassed

for a further 10 minutes, before it was heated to 90 °C for 18 hours under a nitrogen
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atmosphere. The reaction mixture was cooled to room temperature and the solvent was
removed under reduced pressure. The crude product was purified by column chromatography
on silica gel (20 to 100% ethyl acetate in hexanes) and the obtained dark brown solid was
washed with methanol (20 mL) to give a light brown solid (1.20 g, 71% vyield); MP: 200 °C; IR:
Vmax (cm™) 3674, 3431, 3358, 2959, 1615, 1490, 1440, 1273, 1155, 1039, 885, 824, 732, 635,
576, 572, 545, 470, 439; *H NMR: (500 MHz, DMSO-ds) 8= 6.98 (s, 2H, ArH), 6.92 (s, 2H,
ArH), 6.90 — 6.89 (d, 2H, ArH), 6.66 — 6.65 (d, 2H, ArH), 4.86 (s, 4H, NH), 2.20 (s, 6H, CHa),
2.10 (s, 6H, CHs). 13C NMR: (125 MHz, DMSO-dg) 5= 145.8, 140.2, 132.1, 131.8, 131.0, 129.3,

127.5,121.1, 114.0, 20.4, 17.9; MS: calculated C22H24N> 316.19 found 316.2 [M].

Trinitrophenylaminotriazine (TNPAT)??2

Cyanuric chloride (2.00 g, 10.8 mmol) was stirred to 1,4-dioxane (120 mL), followed by p-
nitroaniline (7.47 g, 54.2 mmol) and K>CO3 (9.00 g, 65.1 mmol). The mixture was then refluxed
at 100 °C for 24 hours. The crude product was filtered, washing with portions of cold water
and methanol. The product was dried under vacuum to produce a pale-yellow solid. (4.28 g,
81%). MP: >300 °C; IR: vmax (cm™) 3334, 3085, 1624, 1589, 1518, 1481, 1420, 1295, 1244,
1186, 1108, 1010, 846, 796, 749, 686, 493, 456; 'H NMR: (500 MHz; DMSO-ds) & 10.25 (s,
3H, NH), 8.20 (d, 6H, ArH), 8.07 (d, 6H, ArH) ppm; 3C NMR: (125 MHz; DMSO-ds) d 147,

125, 124, 120, 119; MS: calculated C2:1H15N9Os 489.11 found 489.5 [M™].
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Triaminophenylaminotriazine (TAPAT)??* 225

2,4,6-Tris(p-nitrophenylamino)-1,3,5-triazine (2.80 g, 5.72 mmol) was stirred in a mixture of
ethanol (50 mL) and hydrochloric acid (50 mL). Tin (6.15 g) was added, and the mixture was
refluxed at 80 °C for 48 hours. The resulting reaction mixture was filtered to remove the
solvent, and the crude solid product was dissolved in hot water. The mixture was filtered, and
the filtrate was basified using NaOH solution to a pH of 11. The solid product was collected
washed with water and methanol, to give a pale-yellow powder. (1.05 g, 46%). MP: 285 °C;
IR: vmax (cm™) 3446, 3363, 2807, 2571, 2106, 1620, 1556, 1494, 1418, 1340, 1249, 1178,
1113, 1067, 1014, 886, 826, 748, 511; *H NMR: (500 MHz; DMSO-ds) d 8.48 (s, 3H, NH), 7.33
(s, 6H, ArH), 6.50 (s, 6H, ArH) 4.74 (s, 6H, NH), 3.73 (s, 6H) ppm; 13C NMR: (125 MHz; CDCls)

6 162.0, 145.0, 137.0, 118.0, 114.0; MS: calculated C21H21Ng 399.19 found 399.2 [M].

4.10-dimethyl-2,8-dinitro-6H,12H-5,11-methanodibenzo[b.f][1,5] diazocine (TB-NO,)?%¢

N NO,
Qﬁ;f
O,N

To a mixture of 2-methyl-4-nitroaniline (10.00 g, 65.8 mmol) TFA (80 mL) in an ice bath,

paraformaldehyde (4.77 g, 160 mmol) was gradually added. The ice bath was removed, and
the reaction was left to stir at room temperature for 14 days. The reaction mixture was poured
into water and basified to pH 9 with NaOH. The crude product was collected by filtration and
resuspended in hot acetone for 20 minutes. The solution was cooled, and then placed in the
freezer at -20 °C for 16 hours. The solid product was collected and dried to give a yellow solid.

(10.18 g, 91%). MP: >300 °C; IR: Vmax (cm™) 3393, 1677, 1586, 1508, 1436, 1329, 1290, 1206,
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1140, 1098, 1067, 974, 950, 894, 794, 760, 746, 650, 522, 494; ‘H NMR: (500 MHz; DMSO-
de) 8 7.97 (s, 2H, ), 7.82 (s, 2H, ), 4.68 (d, 2H, ), 4.36 (s, 2H, ), 4.33 (d, 2H, ), 2.48 (s, 6H, CHs)
ppm; *C NMR: (125 MHz; DMSO-de) & 153.1, 143.5, 135.3, 129.8, 124.0, 121.3, 67.6, 55.5,

17.1; MS: calculated C17H16N4O4 340.12 found 339.9 [M*].

4.10-dimethyl-6H,12H-5,11-methanodibenzo[b.f][1,5]diazocine-2,8-diamine (TB-NH,)?26

N NH,
QQ
HoN

4,10-dimethyl-2,8-dinitro-6H,12H-5,11-methanodibenzo[b,f][1,5] diazocine (4.50 g, 13.2

mmol) was stirred in a mixture of ethanol (100 mL) and hydrochloric acid (100 mL). Tin (15.77
g) was added, and the reaction was refluxed at 80 °C for 24 hours. The reaction was filtered,
and the filtrate was neutralised with NaOH. Then crude product was collected and washed in
DCM. The product was then filtered and dried to give an off-white solid. (3.5 g, 94%). MP:
>300 °C; IR: vmax (cm™) 3316, 2951, 2335, 2098, 1914, 1613, 1478, 1323, 1214, 1012, 918,
846, 513; 'H NMR: (500 MHz; CDCls) & 6.82 (s, 2H, ArH), 6.53 (s, 2H, ArH), 5.33 (s, 2H,
NCHy), 4.28 (s, 4H, NCH?>), 3.45 (br s, 4H, NH), 2.36 (s, 6H, CHz) ; 13C: NMR (125 MHz; CDCl5)
0 142.2, 138.6, 134.5, 129.9, 116.5, 110.7, 68.6, 55.9, 17.5; MS: calculated C17H>0N4 280.17

found 280.8 [M™].

Triaminophenyltriazine (TAPT)?2°

NH,

>N

N
I —
N

HoN NH

2 2

4-aminobenzonitrile (3.00 g, 25.4 mmol) was stirred in trifluoromethanesulfonic acid (7.76 mL,
85.7 mmol) under a nitrogen atmosphere for 24 hours at room temperature. The reaction was
poured into water (50 mL) and neutralised with NaOH. The crude product was filtered and

washed with portions of water. The product was then dried to give a bright yellow solid. (2.58
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g, 86 %). MP: >300 °C; IR: Vmax (cmt) 3461, 3378, 3320, 3210, 3030, 1633, 1605, 1576, 1492,
1430, 1364, 1294, 1178, 1148, 955, 851, 810, 642, 589, 512; *H NMR: (500 MHz; DMSO-ds)
5 8.34 (d, 6H, ArH), 6.68 (d, 6H, ArH), 5.9 (s, 6H, NH); *C NMR: (125 MHz; DMSO-de) &

167.6, 153.5, 130.6, 122.3, 113.8; MS: calculated C21H1sNe 356.17 found 354.9 [M*].

Triaminophenylamine (TAPA)?%!

NH,

oL
H,oN NH

Tris(nitrophenyl)amine (3.04 g, 8.0 mmol) was stirred in a mixture of Pd/C (0.20 g) and ethanol

2

(150 mL). Hydrazine monohydrate (16 mL, 323.9 mmol) was added dropwise over a 30-minute
period. The reaction was then heated to 80 °C and refluxed overnight. The reaction was then
hot filtered and washed with hot ethanol. The solvent was removed by rotary evaporation and
then the crude product was recrystallised in ethanol. The mixture was placed in the freezer at
-20 °C overnight, and then the product was collected and dried to give fine silver crystals.
(1.68 g, 72%) MP: 240 °C; IR: Vmax (cm™) ; *H NMR: (500 MHz; DMSO-ds) 6.6 (d, 6H, ArH),
6.46-6.43 (d, 6H, ArH), 4.70 (br s, 6H, NH); *C NMR: (125 MHz; DMSO-ds) 143.5, 139.5,

124.6, 115.3 MS: calculated 290.15 C;gH1gN4 found 291.1 [M*].

Polymer Synthesis

General Procedure A of Ladder Homopolymer Synthesis

All polymers were prepared according to literature procedures of TB-PIM synthesis,® with
some modifications where necessary. A chosen di-substituted monomer (1 molar equivalent)
was reacted with dimethoxymethane (DMM) (5 equivalents) in DCM (approximately 6-12 mL),
followed by dropwise addition of trifluoroacetic acid (TFA) (37 equivalents). The reaction was

left to stir at room temperature until the mixture was viscous, when it was crashed out in a

129



Chapter 8

mixture of ammonia and ice and stirred overnight. The product was then filtered, washed with
plenty of water, and refluxed in acetone. The polymer was then dissolved in a minimal amount
of chloroform, and methanol was added dropwise until the solution became cloudy. The
product was then filtered off, and this step was repeated a further two times. The polymer was
then dissolved in minimal chloroform and then pipetted into hexane. The solid was collected,
and refluxed in THF, acetone and methanol for 1h each, and then refluxed in methanol one

further time overnight. The polymer was then dried in a vacuum oven at 85 °C for 24 hours.

General Procedure B of Network Homopolymer Synthesis

All polymers were prepared according to literature procedures of PIM synthesis,®® with some
modifications where necessary. A chosen tri-substituted monomer (1 molar equivalent) was
reacted with dimethoxymethane (DMM) (7-8 equivalents) in DCM (approximately 6-12 mL),
followed by dropwise addition of trifluoroacetic acid (TFA) (37 equivalents). The reaction was
left to stir at room temperature until the mixture was viscous, where it was crashed out in a
mixture of ammonia and ice and stirred overnight. The product was then filtered, washed with
plenty of water, and refluxed in acetone, THF, DCM and methanol for 1h each, and then
refluxed in methanol one further time overnight. The polymer was then dried in a vacuum oven

at 85 °C for 24 hours.

General Procedure C of Copolymer Synthesis

All polymers were prepared according to literature procedures of PIM synthesis with
modifications.’®® Two chosen monomers (in varying molar ratios depending on number of
polymerisation sites*) was reacted with dimethoxymethane (DMM) (7-8 equivalents) in DCM
(approximately 6-12 mL), followed by dropwise addition of trifluoroacetic acid (TFA) (37
equivalents). The reaction was left to stir at room temperature until the mixture was viscous or
jelly-like, typically 16 hours. The resulting reaction was ground down into fine parts, and then
poured into a mixture of ammonia and ice and stirred overnight. The product was then filtered,

washed with plenty of water, and refluxed in acetone, THF, DCM and methanol for 1h each,
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and then refluxed in methanol one further time overnight. The polymer was then dried in a

vacuum oven at 85 °C for 24 hours.

* For a combination of two di-substituted monomers, or two tri-substituted monomers, they are
combined in a 1:1 molar ratio. For a combination of one di- and one tri-substituted monomers,

they are combined in a 3:2 molar ratio, to ensure complete polymerisation at all sites.

(| o

DMM/TFA
HN-=L 2 % NHz

DCM
DAT

DAT homopolymer

General procedure A was followed using diaminotriptycene (DAT) (0.70 g, 2.46 x 10 mol)
and DMM (0.9 mL, 1.39 x 102 mol) were stirred in 9 mL of DCM. TFA (4.5 mL, 58.8 mmol)
was added dropwise, and the reaction was left to stir for 72 hours, to yield a yellow solid. (0.67
g, 85%) BET: (N2, 77 K) = 1024 m? g%; Total pore volume = 0.71 (at P/Po ~ 0.98); FT-IR: Vmax

(cm™) 2920, 2850, 1737, 1630, 1569, 1463, 1419, 1338, 1293, 1076, 1026, 928, 798, 742.

DABMA homopolymer

DMM/TFA

e — .

DCM

PIM-DABMA-TB
HNZ 4 NH

DABMA

General procedure A was followed using diaminobenzomethanoanthracene (DABMA) (1.5 g,
4.97 mmol) and DMM (2.48 mL, 28.0 mmol) were stirred in 9 mL of DCM. TFA (14.1 mL, 183.9
mmol) was added dropwise, and the reaction was left to stir for 72 hours, to yield a yellow
solid. (1.55 g, 88%) BET: (N2, 77 K) = 562 m? g; Total pore volume = 0.42 (at P/P, ~ 0.98);
TGA: initial mass loss at 320 °C; FT-IR: vmax (cm™) 2937, 2870, 1681, 1624, 1569, 1469, 1420,

1354, 1298, 1211, 1155, 1111, 1078, 1082, 1032, 958, 935, 887, 841, 801, 747.
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TAT homopolymer

DMM/TFA

DCM
NH,

TAT

General procedure B was followed using triaminotriptycene (TAT) (0.50 g, 1.67 mmol) and
DMM (1.033 mL, 11.7 mmol) were stirred in 10 mL of DCM. TFA (5.88 mL, 76.7 mmol) was
added dropwise, and the reaction was left to stir for 3 hours, to yield a yellow solid. (0.55 g,
93%) BET: (N2, 77 K) = 900 m? g; Total pore volume = 0.58 (at P/Po ~ 0.99); TGA: initial
mass loss at 400 °C; FT-IR: vmax (cm™) 3776, 3662, 3333, 2972, 2902, 2324, 1615, 1464,

1418, 1335, 1264, 1209, 1204, 1075, 925, 890, 837, 747, 600, 547, 461.

TAPB homopolymer

NH,

DMM/TFA
_—
O DCM
HoN ‘ ‘ NH,

TAPB

General procedure B was followed using tris(4-aminophenyl)benzene (TAPB) (0.70 g, 2 mmol)
and dimethoxymethane (1.4 mL, 15.8 mmol) were stirred in DCM (14 mL), followed by
dropwise addition of TFA (5.7 mL, 74.5 mmol) to yield a pale-yellow solid. (0.76 g, 95% yield)
BET: (CO,, 273 K) = 500 m? g*; Total pore volume = 0.13 (at P/Po ~ 0.98); TGA: initial mass
loss at 440 °C. FT-IR: vmax (cm™) 2900, 1610, 1593, 1513, 1205, 950, 825; *C NMR SS: (101

MHz) 6 161.6, 147.1, 141.9, 127.3, 66.8, 59.7, 49.4, 29.3, 16.2, 1.9.
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PIM-DAT+TAPB-TB

(O~
J N
DMM/TFA O 0

)

O * N
DCM _’\N
.
L SAA® ey
H,N TAPB NH, l *

DAT

N‘ . PIM-DAT *TAPB-TB

S

General procedure C was followed using diaminotriptycene (DAT) (0.50 g, 1.77 mmol), tris(4-
aminophenyl)benzene (TAPB) (0.41 g, 11.7 mmol), and dimethoxymethane (0.78 ml, 8.83
mmol) were stirred in DCM (10 mL), followed by dropwise addition of TFA (3.5 mL, 45 mmol)
to yield a brown solid. (1.10 g, 63%) BET: (CO2, 273 K) = 385 m? g%; Total pore volume = 0.05
(at P/Po ~ 0.99); TGA: initial mass loss at 400 °C; FT-IR: v max (cm™) 3632, 3356, 2924, 2050,

1665, 1593, 1497, 1460, 1292, 1183, 1072, 935, 826, 747, 595, 521, 475.

PIM-TAT+TAPB-TB

NH,
NH, O
O DMM/TFA
—_—
‘ + O DCM
HoN g Q NH, O O
TAT HaN NH,

TAPB

PIM-TAT *TAPB-TB

General procedure C was followed using tris(4-aminophenyl)benzene (TAPB) (0.47 g, 1.34
mmol), triaminotriptycene (TAT) (0.40 g, 1.34 mmol) and dimethoxymethane (0.83 ml, 9.38
mmol) were stirred in DCM (10 mL), followed by dropwise addition of TFA (3.5 mL, 45 mmaol).
The reaction was left to stir for 16 hours, to yield a brown solid. (0.70 g ,78%) BET: (CO, 273

K) = 545 m? g1; Total pore volume = 0.08 (at P/Po ~ 0.99); TGA: initial mass loss at 420 °C;
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FT-IR: v max (cm™) 3566, 2199, 1608, 1508, 822; 3C NMR SS: (101 MHz) & 160.5, 144.3,

124.6, 66.8, 58.9, 53.0, 28.3, 20.3, 2.2.

PIM-DABMA+TAPB-TB

.
W,
‘> ‘ DMM/TFA O O

. /N
DCM O N
0 ‘O NH, 0
DABMA H,N TAPB NH,

> 5@1

+

HoN

PIM-DABMA*TAPB-TB

General procedure C was followed using diaminobenzomethanoanthracene (DABMA) (0.50
g, 1.65 mmol), tris(4-aminophenyl)benzene (TAPB) (0.39 g, 1.10 mmol), and
dimethoxymethane (0.75 mL, 8.26 mmol) were stirred in DCM (8 mL), followed by dropwise
addition of TFA (3.19 mL, 41 mmol). The reaction was left to stir for 16 hours, to yield a brown
solid. (0.73 g ,77%) BET: (CO., 273 K) = 321 m? g}; total pore volume = 0.06 (at P/Po ~ 0.99);
TGA: initial mass loss at 330 °C; FT-IR: v max (cm™) 3664, 3361, 2930, 1669, 1594, 1515,

1212, 1208, 1079, 936, 823, 707, 528.

PIM-TAT+ToIl-TB

*

X
s O s
o

TAT Tol d PIM-TAT *Tol-PIM

*~N

General procedure C was followed using triaminotriptycene (TAT) (0.53 g, 1.77 mmol), tolidine
(Tol) (0.56 g, 2.66 mmol) and dimethoxymethane (1.09 ml, 12.3 mmol) were stirred in DCM (8
mL), followed by dropwise addition of TFA (4 mL, 52.3 mmol). The reaction was left to stir for

16 hours, to yield a brown solid. (0.89 g ,74%) BET: (CO,, 273 K) = 430 m? g*; Total pore
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volume = 0.09 (at P/Po ~ 0.99); TGA: initial mass loss at 440 °C; FT-IR: v max (cm™) 3676,
2988, 2902, 1409, 1251, 1066, 892. °C NMR SS: (101 MHz) & 161.9, 144.8, 132.1, 127.7,

123.7, 111.6, 67.5, 53.9, 33.3, 16.6, 2.1.

PIM-TAPB+Tol-TB

*

HoN
DMM/TFA

TAPB

PIM-TAPB+Tol-TB

General procedure C was followed using tris(4-aminophenyl)benzene (TAPB) (0.47 g, 1.34
mmol), tolidine (Tol) (0.42 g, 2.01 mmol) and dimethoxymethane (0.83 mL, 9.4 mmol) were
stirred in DCM (8 mL), followed by dropwise addition of TFA (3.5 mL, 45.8 mmol). The reaction
was left to stir for 16 hours, to yield an orange-brown solid. (0.75 g, 78%) BET: (CO, 273 K)
= 360 m? g* Total pore volume = 0.06 (at P/Po ~ 0.98); TGA: initial mass loss at 440 °C; FT-
IR: v max (cm™) 2893, 1667, 1199, 825; 1*C NMR SS: (101 MHz) 5 162.0, 147.6, 144.4, 138 .4,

127.4,80.9, 67.4,55.7, 27.3, 16.1, 3.2.
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PIM-TAPB+A1-TB

* *

NN

: oo @
DCM
Y ® VDT O
HoN NH, N NH, N N
TAPB * %
O PIM-TAPB+A1-TB

*

NH,
O H,N
O DMM/TFA

General procedure C was followed using tris(4-aminophenyl)benzene (TAPB) (0.50 g, 1.42
mmol), Al (0.56 g, 2.13 mmol) and dimethoxymethane (1.0 mL, 11.3 mmol) were stirred in
DCM (10 mL), followed by dropwise addition of TFA (4.2 mL, 55 mmol). The reaction was left
to stir for 16 hours, to yield a pale-yellow solid. (0.9 g, 78% yield) BET: (CO3, 273 K) = 330 m?
g!; Total pore volume = 0.08 (at P/Po ~ 0.98); TGA: initial mass loss at 440 °C; FT-IR: v max
(cm™) 1670, 1606, 1480, 1200, 944, 818; 13C NMR SS: (101 MHz) & 157.5, 147.3, 139, 126.7,

67.0, 59.6, 50.7, 42.3, 15.8, 2.7.

PIM-TAPB+A2-TB

NH,

HoN O
O DMM/TFA
_—

O * O DCM
O O NH, . O PIM-TAPB+A2-TB
HoN NH,

Az

TAPB

General procedure C was followed using tris(4-aminophenyl)benzene (TAPB) (0.46 g, 1.31
mmol), A2 (0.62 g, 1.96 mmol) and dimethoxymethane (1.0 mL, 11.3 mmol) were stirred in
DCM (10 mL), followed by dropwise addition of TFA (4.0 mL, 52 mmol). The reaction was left

to stir for 16 hours, to yield a pale-yellow solid. (0.86 g, 75% vyield) BET: (CO,, 273 K) = 370
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m?2 g*; Total pore volume = 0.08 (at P/Po ~ 0.98); TGA: initial mass loss at 440 °C; FT-IR: v
max (cm™) 2900, 1660, 1600, 1515, 1207, 950, 830; *3C NMR SS: (101 MHz) & 157.0, 146.9,

140.4, 130.4, 128.0, 67.3, 59.6, 50.2, 32.0, 17.1, 3.7.

PIM-TAPB+A3-TB

PIM-TAPB+A3-TB

General procedure C was followed using tris(4-aminophenyl)benzene (TAPB) (0.5 g, 1.42
mmol), A2 (0.67 g, 2.13 mmol) and dimethoxymethane (1.0 mL, 11.3 mmol) were stirred in
DCM (10 mL), followed by dropwise addition of TFA (4.2 mL, 52 mmol). The reaction was left
to stir for 16 hours, to yield a pale-yellow solid. (0.86 g, 69% yield) BET: (CO,, 273 K) = 350
m? g!; Total pore volume = 0.07 (at P/Po ~ 0.98); TGA: initial mass loss at 440 °C; FT-IR: v
max (cm™) 2960, 1670, 1590, 1470, 1210, 1060, 940, 865, 830; *C NMR SS: (101 MHz) &

158.0, 147.3, 143.9, 138.1, 128.0, 67.5, 55.7, 46.2, 25.7, 17.5, 3.4.
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PIM-TAPB+EA-TB

NH,
* N
C I e e R
H,N DCM "
HoN NH, EA

TAPB PIM-TAPB+EA-TB

General procedure C was followed using tris(4-aminophenyl)benzene (TAPB) (0.40 g, 1.14
mmol), EA (0.45 g, 1.70 mmol) and dimethoxymethane (1.0 mL, 11.3 mmol) were stirred in
DCM (10 mL), followed by dropwise addition of TFA (4.0 mL, 52 mmol). The reaction was left
to stir for 16 hours, to yield a pale-yellow solid (0.75 g, 83% vyield). BET: (CO,, 273 K) = 530
m? g*; Total pore volume = 0.14 (at P/Po ~ 0.98); TGA: initial mass loss at 440 °C; FT-IR: v
max (cm) 2930, 1670, 1590, 1495, 1454, 1320, 1203, 1070, 990, 833; *C NMR SS: (101

MHz) 6 159.2, 145.3, 124.6, 117.4, 67.2, 59.2, 40.7, 35.9, 17.4, 2.1.

PIM-TAT+A1-TB

DMM/TFA
— >

DCM
NH,

General procedure C was followed using triaminotriptycene (TAT) (0.50 g, 1.67 mmol), Al
(0.65 g, 2.50 mmol) and dimethoxymethane (1.2 mL, 13.6 mmol) were stirred in DCM (10 mL),
followed by dropwise addition of TFA (4.5 mL, 58.8 mmol). The reaction was left to stir for 16
hours, to yield a red-brown solid. (0.85 g, 69% yield) BET: (CO,, 273 K) = 520 m? g1; Total

pore volume = 0.12 (at P/Po ~ 0.98); TGA: initial mass loss at 440 °C; FT-IR: v max (cm™)
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2925, 1664, 1610, 1480, 1205, 1070, 930, 820; **C NMR SS: (101 MHz) 5 156.7, 144.9, 140.7,

125.6, 67.0, 58.9, 52.9, 29.8, 23.5, 1.1.

PIM-TAT+A2-TB

DMM/TFA
—_—
DCM

General procedure C was followed using triaminotriptycene (TAT) (0.32 g, 1.07 mmol), A2
(0.51 g, 1.6 mmol) and dimethoxymethane (0.8 mL, 9.00 mmol) were stirred in DCM (10 mL),
followed by dropwise addition of TFA (3.0 mL, 39.2 mmol). The reaction was left to stir for 16
hours, to yield a pale orange solid (0.6 g, 68% vyield). BET: (CO2, 273 K) = 600 m? g, total
pore volume =0.15 (at P/Po ~ 0.98); TGA: initial mass loss at 440 °C; FT-IR: v max (cm™?)
2960, 1613, 1460, 1208, 1080, 925, 825; 3C NMR SS: (101 MHz) & 158.5, 145.4, 140.9,

131.3, 123.2, 67.3, 59.3, 53.5, 25.5, 17.1, 1.7.

PIM-TAT+A3-TB

PIM-TAT *A;-TB

General procedure C was followed using triaminotriptycene (TAT) (0.36 g, 1.20 mmol), A3
(0.57 g, 1.8 mmol) and dimethoxymethane (0.8 mL, 9 mmol) were stirred in DCM (10 mL),
followed by dropwise addition of TFA (3.5 mL, 46 mmol). The reaction was left to stir for 16
hours, to yield a brown solid. (0.7 g, 73% yield). BET: (CO,, 273 K) = 500 m? g*; Total pore

volume = 0.12 (at P/Po ~ 0.98); TGA: initial mass loss at 440 °C; FT-IR: v max (cm™) 2970,
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1613, 1465, 1210, 1070, 930, 870; **C NMR SS: (101 MHz) d 162.1, 144.7, 141.0, 131.6,

124.0, 67.5, 53.7, 39.3, 17.6, 7.4, 3.1.

PIM-TAPBext-TB

NH,

DMM/TFA
B
DCM

z

PIM-TAPBext-TB

HoN g g

TAPB extended NH; [

General procedure B was followed using extended tris(4-aminophenyl)benzene (TAPB ext)
(0.50 g, 0.86 mmol) and dimethoxymethane (0.6 mL, 6.8 mmol) were stirred in DCM (10 mL),
followed by dropwise addition of TFA (2.5 mL, 32.7 mmol). The reaction was left to stir for 16
hours, to yield a pale-yellow solid. (0.38 g, 70% vyield) BET: (CO, 273 K) = 350 m? g*; Total
pore volume = 0.07 (at P/Po ~ 0.98); TGA: initial mass loss at 495 °C; FT-IR: v max (cm™)
1590, 1490, 81; **C NMR SS: (101 MHz) d 158.0, 147.4, 140.4, 126.9, 67.3, 59.8, 49.5, 39.0,

16.1, 2.4.

TAPBext + Tol

NH,

A oS

3 *

HoN

. 2! %7 .

O DMM/TFA N (

A,

Shae S :
O Tol NH;

HoN TAPB extended NH, PIM-TAPBext+Tol-TB

General procedure C was followed using extended Tris(4-aminophenyl)benzene (TAPB ext)
(0.5 g, 0.86 mmol), tolidine (Tol) (0.27 g, 1.29 mmol) and dimethoxymethane (0.72 mL, 8
mmol) were stirred in DCM (8 mL), followed by dropwise addition of TFA (3.9 mL, 51 mmol).
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The reaction was left to stir for 16 hours, to yield a pale-yellow solid (0.66 g, 80% vyield). BET:
(CO,, 273 K) = 395 m? g%; Total pore volume = 0.07 (at P/Po ~ 0.98); TGA: initial mass loss at
420 °C; FT-IR: v max (cm™) 3000, 1669, 1596, 1487, 1206, 937, 818, 520; 13C NMR SS: (101

MHz) & 159.9, 147.5, 139.4, 127.2, 67.6, 55.8, 42.0, 26.0, 16.2, 3.0.

TAPBext + Al

General procedure C was followed using extended tris(4-aminophenyl)benzene (TAPB ext)
(0.80 g, 1.38 mmol), Al (0.54 g, 2.07 mmol) and dimethoxymethane (1.0 mL, 11.3 mmol) were
stirred in DCM (10 mL), followed by dropwise addition of TFA (4.0 mL, 52.3 mmol). The
reaction was left to stir for 16 hours, to yield a pale-yellow solid (1.00 g, 71% yield). BET: (COx,
273 K) = 250 m? g*; Total pore volume = 0.06 (at P/Po ~ 0.98); TGA: initial mass loss at 430
°C; FT-IR: v max (cm™) 2980, 1680, 1600, 1490, 1203, 1070, 940, 812; *C NMR SS: (101

MHz) & 162.1, 144.7, 141.0, 131.6, 124.0, 67.5, 53.7, 39.3, 17.6, 7.4, 3.1.

141



TAPAT homopolymer

*

H,N *
\©\ PIM-TAPAT-TB
NH NH

N‘)*N /@/NHZ DMM/TFA N)jN\
—_—
HN/kN¢kN DCM HN” N7 N

H H
TAPAT
N

NH,

8

Chapter 8

General procedure B was followed using extended tris(aminophenyl)aminotriazine (TAPAT)

(1.00 g, 2.50 mmol) and dimethoxymethane (0.6 mL, 17.6 mmol) were stirred in DCM (10 mL),

followed by dropwise addition of TFA (7.08 mL, 92.6 mmol). The reaction was left to stir for 18

hours, to yield a brown solid. (1.13 g, 84% yield) BET: (CO,, 273 K) = 160 m? g!; Total pore

volume = 0.03 (at P/Po ~ 0.98); TGA: initial mass loss at 495 °C; FT-IR: v max (cm™) 3370,

2105, 1567, 1481, 1403, 1225, 1198, 1061, 962, 922, 803, 512.

TAPT homopolymer

NH, LN

DMM/TFA PIM-TAPT-TB

General procedure B was followed using extended tris(aminophenyl)triazine (TAPT) (0.50 g,

1.41 mmol) and dimethoxymethane (0.4 mL, 11.3 mmol) were stirred in DCM (8 mL), followed

by dropwise addition of TFA (4.9 mL, 64.1 mmol). The reaction was left to stir for 16 hours, to

yield a yellow solid. (0.58 g, 86% yield) BET: (CO,, 273 K) = 312 m? g%; Total pore volume =

0.05 (at P/Po ~ 0.98); TGA: initial mass loss at 460 °C; FT-IR: v max (cm™) 3660, 2973, 2883,

1676, 1603, 1497, 1357, 1183, 944, 815, 578.
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TAPAT +TB

*
N\ »
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HoN
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N
,

General procedure C was followed using trilaminophenyl)aminotriazine (TAPAT) (0.65 g, 1.63
mmol), TB-NH: (0.68 g, 2.44 mmol) and dimethoxymethane (1.01 mL, 11.41 mmol) were
stirred in DCM (12 mL), followed by dropwise addition of TFA (5.0 mL, 62.8 mmol). The
reaction was left to stir for 16 hours, to yield a pale-yellow solid. (1.12 g, 77% yield) BET: (COx,
273 K) = 285 m? g’%; Total pore volume = 0.04 (at P/Po ~ 0.98); TGA: initial mass loss at 440
°C; FT-IR: v max (cm™) 3663, 2922, 1981, 1708, 1610, 1486, 1265, 1207, 1065, 925, 829,

826, 720, 608, 529, 436.

TAPT +TB

NH, ;{f{\N N
: o, &

N
/
N

N NH,
. . § DMM, TFA
\
P N DCM
Q)\N)\@\ HoN N PIM-TAPT+TB-TB
HoN TAPT NH, TB-NH, N>

%

General procedure C was followed using tri(laminophenyl)triazine (TAPT) (0.50 g, 1.41 mmol),
TB-NHz (0.59 g, 2.12 mmol) and dimethoxymethane (0.9 mL, 10.2 mmol) were stirred in DCM
(12 mL), followed by dropwise addition of TFA (4.0 mL, 52.3 mmol). The reaction was left to

stir for 16 hours, to yield a pale-yellow solid. (0.95 g, 69% yield) BET: (CO, 273 K) = 150 m?
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g; Total pore volume = 0.04 (at P/Po ~ 0.98); TGA: initial mass loss at 460 °C; FT-IR: v max

(cm™) 3399, 2900, 1672, 1605, 1502, 1416, 1358, 1285, 1181, 1144, 813, 534.

TAPT + Tol

* N

NHz /N )
N Q .
N
NH,
T e S

N N ¥ O E—— NN i

| HN DCM \ )\Q\/N

N Tol N

N

H,N TAPT NH, . 3 PIM-TAPT+Tol-TB
N

General procedure C was followed using trilaminophenyl)triazine (TAPT) (0.61 g, 1.72 mmol),
tolidine (Tol) (0.55 g, 2.58 mmol) and dimethoxymethane (1.22 mL, 13.77 mmol) were stirred
in DCM (10 mL), followed by dropwise addition of TFA (5.93 mL, 77.4 mmol). The reaction
was left to stir for 16 hours, to yield a pale-yellow solid. (1.04 g, 71%) BET: (CO,, 273 K) =
220 m? g*; Total pore volume = 0.03 (at P/Po ~ 0.98); TGA: initial mass loss at 440 °C; FT-IR:

v max (cm™) 2920, 2109, 2019, 1667, 1604, 1503, 1351, 1177, 810, 510, 416.

TAPA homopolymer

NH, LN

DMM/TFA

—_—

/©/N\©\ DCM : N N
HN TAPA NH2 *b \©\/NF\/}:

General procedure B was followed using extended tris(aminophenyl)amine (TAPA) (0.50 g,
1.72 mmol) and dimethoxymethane (0.6 mL, 17.6 mmol) were stirred in DCM (10 mL), followed
by dropwise addition of TFA (4.9 mL, 64.1 mmol). The reaction was left to stir for 16 hours, to
yield a yellow solid. (0.5 g, 84% yield) BET: (CO,, 273 K) = 420 m? g*; Total pore volume =
0.04 (at P/Po ~ 0.98); TGA: initial mass loss at 440 °C; FT-IR: v max (cm™) 3662, 2988, 2902,

1982, 1655, 1605, 1485, 1407, 1230, 1066, 929, 824, 719, 530.
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|
ij*
N

\/N
NH,
N
PIM-TAPA+TB-TB
LI =

. &VA/@;A/Q; QZL

General procedure C was followed using trilaminophenyl)amine (TAPA) (0.50 g, 1.72 mmol),

TAPA + TB

@;

TAPA

TB-NH; (0.72 g, 2.58 mmol) and dimethoxymethane (1.22 mL, 13.77 mmol) were stirred in
DCM (8 mL), followed by dropwise addition of TFA (5.93 mL, 77.4 mmol). The reaction was
left to stir for 16 hours, to yield a pale-yellow solid. (1.20 g, 74%) BET: (CO,, 273 K) = 170 m?
g; Total pore volume = 0.03 (at P/Po ~ 0.98); TGA: initial mass loss at 440 °C; FT-IR: v max

(cm™) 3663, 2924, 1669, 1606, 1505, 1200, 1066, 929, 826, 530.

TAPA + Tol

5

NN\
O
*
NH, * /——N O
N
NH, \/Q N’\
O DMM TFA
. e
HoN Tol

NH, :
TAPA

General procedure C was followed using tritaminophenyl)amine (TAPA) (0.50 g, 1.72 mmol),

PIM TAPA+Tol-TB

tolidine (Tol) (0.55 g, 2.58 mmol) and dimethoxymethane (1.22 mL, 13.77 mmol) were stirred
in DCM (6 mL), followed by dropwise addition of TFA (5.93 mL, 77.4 mmol). The reaction was
left to stir for 16 hours, to yield a pale-yellow solid. (1.06 g, 78%) BET: (CO, 273 K) = 260 m?
g!; Total pore volume = 0.01 (at P/Po ~ 0.98); TGA: initial mass loss at 420 °C; FT-IR: v max
(cm™) 3361, 1668, 1517, 1480, 1405, 1218, 804, 510.
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PIM-TAT-OTB-I’

PIM-TAT-TB (0.50 g, 1.38 mmol) was added to a mixture of acetonitrile (10 ml) and methyl
iodide (1.3 ml), and the reaction was left to stir at room temperature for 7 days. The reaction
was filtered through an oven dry sinter and washed with plenty of deionised water (~ 300 ml)
into a solution of NaOH to neutralise the excess methyl iodide. The reaction was then washed
with 100 ml portions of ethanol and methanol, and then refluxed in methanol for 48 hours. The
powder was then filtered and dried in a vacuum oven at a low temperature overnight to give
the product as a light brown powder (0.7 g, 100%). BET: (N2, 77 K) = 40 m? g!; Total pore

volume = 0.17 (at P/Po ~ 0.98); TGA: initial mass loss at 150 °C, then 500 °C.

PIM-TAT-OTB-Br-

PIM-TAT-QTB-I"(0.70 g, 1.38 mmol) was added to a mixture of deionised water (20 ml) and
tetrabutylammonium bromide (6.5 g), and then stirred at 40 °C for 7 days. The mixture was
filtered through an oven dry sinter funnel and washed with plenty of deionised water (~300
ml), followed by methanol. The solid was then refluxed twice in methanol, before filtering and
dry it at a low temperature in a pressure oven, to give the product as a pale brown powder
(0.63 g, 100%). BET: (N2, 77 K) = 165 m? g%; Total pore volume = 0.17 (at P/Po ~ 0.98); TGA:

initial mass loss at 170 °C, then 440 °C.
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PIM-TAT-QTB-CI-

PIM-TAT-QTB-I- TBACI

N 40°C

PIM-TAT-QTB-I"(0.70 g, 1.38 mmol) was added to a mixture of deionised water (20 ml) and
tetrabutylammonium chloride (5.6 g), and then stirred at 40 °C for 7 days. The mixture was
filtered through an oven dry sinter funnel and washed with plenty of deionised water (~300
ml), followed by methanol. The solid was then refluxed twice in methanol, before filtering and
dry it at a low temperature in a pressure oven, to give the product as a pale brown powder
(0.57 g, 100%). BET: (N2, 77 K) = 397 m? g'*; Total pore volume = 0.22 (at P/Po ~ 0.98); TGA:

initial mass loss at 170 °C, then 460 °C.

PIM-TAT-OTB-F

PIM-TAT-QTB-I"(0.70 g, 1.38 mmol) was added to a mixture of deionised water (20 ml) and
tetrabutylammonium fluoride (5.27 g), and then stirred at 40 °C for 7 days. The mixture was
filtered through an oven dry sinter funnel and washed with plenty of deionised water (~300
ml), followed by methanol. The solid was then refluxed twice in methanol, before filtering and
dry it at a low temperature in a pressure oven, to give the product as a pale brown powder
(0.55 g, 100%). BET: (N2, 77 K) = 560 m? g'*; Total pore volume = 0.29 (at P/Po ~ 0.98); TGA:

initial mass loss at 200 °C, then 400 °C.
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