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Thesis Preface

This thesis is split into two parts in which Part A is presented as full research chapters and
Part B is presented in the format of journal manuscripts. Part A introduces a novel class of
solution dispersible porous polymer based on the synthesis of core-shell type block
co-polymers synthesised via a RAFT-PISA approach. Part B investigates the applications of

hypercrosslinked polymers in the area of sustainability.
The overall layout of this thesis is as follows:

1 Chapter 1 is an introduction covering porous materials with a focus on the few soluble
and porous materials which exist and how porous materials have been applied towards
sustainable applications. Chapter 2 lays out the methods used throughout this thesis.

Part A1 Applications in Solution

1 Research chapters 3, 4 and 5 discuss the design and applications of porous materials

in solution.
Part B1 Applications in Sustainability

1 Chapters 6 and 7, presented in the form of research manuscripts describe how
microporous polymers can be designed and utilised towards applications in

sustainability.

1 Chapter 8 lays out the conclusions of the thesis and describes the proposed future

work.



Abstract

Microporous organic polymers are typically insoluble materials possessing high surface areas
alongside a chemically and thermally stable low density framework. As such they have been
intensively studies over the past two decades towards applications in removal of pollutants
from water, gas capture and storage, catalysis and more. Part B demonstrates the design and
application of functionalised microporous materials applied towards sustainable applications.
A sulfonated microporous polymer, synthesised using metal-free synthesis conditions is
reported and applied towards the removal of heavy metals from aqueous solution. The
material, SHCP-1, has a BET surface area in excess of 800 m?/g and is capable of removing
over 95 mg/g of Sr and 273 mg/g of Cs in the presence of large amounts of other competing
ions. In other work, a series of monomers are hypercrosslinked to yield microporous materials
containing different chemical moieties and applied towards the capture of CO, using a
pressure-swing methodology. Initially the CO, uptake of each network was measured at high
pressure (20 bar) before a pressure-swing approach was applied to separate industrially
relevant mixes of CO; and N,. Networks based on carbazole, triphenylmethanol and
triphenylamine were capable of converting a dilute CO» stream (> 20 %) into a concentrated
stream (> 85 %) after only two pressure swing cycles from 20 bar (adsorption) to 1 bar
(desorption).

Though microporous materials can be applied towards a diverse range of applications they
are not without their drawbacks. The main disadvantage of most microporous polymers is their
insolubility in all common organic solvents which limits their processability and scalability.
Part A of this thesis discusses work carried out on the design, synthesis and characterisation
of a new class of microporous and solution-processable polymer. These materials are
synthesised through the controlled radical polymerisation of a bifunctional crosslinking
monomer alongside a second co-monomer. A Reversible Addition Fragmentation Transfer
Polymerisation Induced Self-Assembly (RAFT-PISA) approach was applied to yield polymer
nanoparticles comprised of a porous insoluble core dispersed in solution by long hydrophilic
polymer chains (Figure Al.1). This allows for the design of porous colloidal suspensions that

can be applied towards applications in solution.

Hydrophilic dispersing corona

Porous insoluble core

Figure Al.1 Design concept of solution-processable microporous polymeric dispersions
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This synthesis is reported for the first time using the monomers divinylbenzene and
fumaronitrile. Fine-tuning of the reaction resulted in the synthesis of microporous materials
with surface areas ranging from 270 T 409 m?/g that were capable of forming stable
dispersions in various solvents. As a result of their fluorescent properties they are able to act
as selective chemosensors towards nitroaromatic compounds in solution. A fluorescent
guenching effect is observed when the electron-rich porous core interacts with the
electron-deficient nitroaromatic compounds with a limit of detection of 170 ppb being observed.
The versatile nature of this synthetic approach is demonstrated by swapping the fumaronitrile
monomer for acrylic acid which still results in the formation of a porous material. The resulting
material can be post-synthetically modified through exploiting the carboxylic acid moieties
within the core to yield anthracene-incorporated porous materials. These porous polymers
demonstrate blue fluorescence emission under UV irradiation in the visible region of light. This
fluorescence alongside the porosity of the material can be exploited and used to encapsulate

other fluorophores which when irradiated by UV-light give rise to a white-light emitting solution.
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1.1 Porous Materials

Porous materials can be broadly categorised into three different classes, as defined by IUPAC,
in accordance to their pore size. Macroporous materials have pore widths greater than 50 nm,
mesoporous materials have pore widths between 2 1 50 nm and microporous materials have
pore widths less than 2 nm.! Microporous materials can be further split into three broad
categories T nhamely organic, inorganic and hybrid inorganici organic materials. This
introduction focuses predominantly on the former with a brief discussion relating to some of

the different types of inorganic and hybrid microporous materials.

It seems appropriate to mention the role activated carbon has taken on as one of the first
porous materials adopted industrially over the past 50 years. Activated carbon is a form of
microporous material comprised solely of carbon and synthesised from carbonaceous source
materials such as coal or petroleum pitch but also from sustainable sources such as wood,
bamboo and other sources of biomass.?2. The synthesis involves the activation of the material
which is achievable either physically, through pyrolysis at very high temperatures (> 800 °C)
or chemically which sees the precursor mixed with a chemical activating agent (KOH or ZnCly)
before being combusted at lower temperatures (400 7 700 °C).* The end result is a cheap and
stable material with a high surface area and small pores which can be exploited for numerous
applications.® Industrially, activated carbon is primarily used to remove organic and metallic
impurities as a purification measure where their high surface areas and small pores aid rapid
uptake of these contaminants.®’ An example of this is the hydrocarbon sweetening process
in which activated carbon is used to remove H,S and CO, from natural gas so it can be more
safely transported and sold.® Activated carbons are also applied in the treatment of industrial
wastewater so as not to pollute clean drinking water given their abundant microporous
structure, low cost and ease of regeneration.” This application is particularly poignant given
the rising levels in water pollution and scarcity of clean drinking water in many countries.
Finally, activated carbon has been applied as a catalyst in many industrial processes either
as the direct catalyst®!° or as a catalytic support for metal catalysts'*'2. In the case of the
former the activity of the materials stems from the functionality imparted during synthesis and
surface heterogeneity whereas the ability to act as a support stems from the high surface area,

abundance of micropores, ease of surface modification and stability of the material.
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1.2 Inorganic Microporous Materials

1.2.1 Zeolites

Zeolites are a class of natural and synthetic hydrated aluminio silicates which possess

complex three-dimensional structures with cavities.'* Zeolites are ordered materials
characterised by a framework of silica and alumina tetrahedra, each consisting of four oxygen

atoms.® These Si-O or Al-O bonds stretch out in three dimensions leading to the presence of

open cavities which can accommodate alkaline earth metals, rare-earth metals, positively

charged clusters, water and small organic molecules. Furthermore, these ions/molecules can

be removed or exchanged whilst leaving the aluminosilicate framework intact. The different

ways in which the three-dimensional network can form gives rise to the wide variety of zeolitic

frameworks reported in the literature. Natural zeolites are often formed as a result of volcanic
activity, which is represented in the word zeol]
and Al ithoso meani ngsapetynthesised Bipgtamplatds which exuls! i t e

in a porous structure upon removal of the template, usually achieved via pyrolysis. The unique

properties of zeolites such as their high thermal stability, ability to withstand high pressures

and ability to exchange the metal ion(s) present in the cavity has seen these materials used

in a range of applications from selective gas capture and storage!®'’ to catalysis'® and

wastewater treatment.'® Industrially, zeolites are applied to the oil refinery process where they

are used in processes such as cracking (producing shorter alkanes from long ones) and
reforming (turning cy cdZeoliteskavabeeh smployed far a mumhemat i ¢ s)
of years in the petrochemical industry mainly owed to their abundant nature, low costs, stability

and high catalytic activity.?!
1.3 Hybrid Inorganic-Organic Materials

1.3.1 Metal-Organic Frameworks (MOFs)

Metal-organic frameworks are hybrid inorganic-organic crystalline materials comprised of
metal ions or small metal clusters linked together by multitopic organic linkers.?? These
materials have received widespread attention over the last two decades due to the versatility
of different metals and ligands which can be used and the ease by which a crystalline product
can be attained and characterised. This has led to over 60 000 MOF structures to be reported
on the Cambridge Structural Database (CSD) to date (not including amorphous materials),?
making MOFs one of the fastest growing fields in chemistry. Owed in part to their crystalline
structure, MOFs have well defined and tuneable pore sizes which can give rise to very high

surface areas (> 7000 m?/g).24%
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Due to their tuneable nature and high surface areas MOFs have been applied to many diverse
research applications such as gas separation and storage,?®? catalysis,?> chemosensing?32°,
removal of toxic metals or organic pollutants from aqueous solution®*3! and more.*? It is also
possible to use computational methods to predict the final structure of a certain MOF which
allows for some prediction of the material properties.?*?” This feature is much more difficult for

amorphous organic microporous materials.

The two main issues with MOFs are their stability and the difficulty faced when attempting to
scale-up their synthesis to the proportions required for industrial/commercial viability. Through
the generation of the MIL and UIO systems the stability issues have somewhat being alleviated
though issues with scalability remain persistent. The most typical way of synthesising MOFs
is through solvothermal synthesis which involves mixing solutions of the inorganic salt and
organic linker in a sealed vessel before heating the reaction mixture and synthesise the
insoluble frameworks which eventually forms fine crystals.®® Though this method is effective
on a laboratory scale it is not feasible when the desire is to scale up the synthesis and target
real world applications. There have been other methods of synthesis investigated towards the
scale-up of MOF materials such as electrochemical approaches, microwave assisted
approaches and mechanochemical methods which lend themselves more to scalability.3334
These advances in synthesis have led to the commercialisation of some MOF systems, for
example six different MOF systems are commercially available to purchase from
Sigma-Aldrich and a number of different spin-out companies are designing MOF products for

various uses such as expanding the shelf life of fresh fruit and vegetables.3*

1.4 Microporous Organic Polymers

Microporous organic polymers (MOPs) are materials comprised of solely the lighter elements
of the periodic table (i.e. B, C, N, O) connected through strong covalent bonds.* As with other
microporous materials they have high surface areas, typically between 500 i 2000 m?/g but
some surpass 6000 m?/g (PPN-4)%*. Most are air and moisture stable, even retaining their
structure and porosity after boiling in acid®*” (unlike most MOFs which would decompose under
these conditions). Furthermore, the lack of any heavy metals in these frameworks results in a
low density network which is advantageous for applications such as gas capture and storage.
A key advantage of MOPs is the numerous and diverse chemical reactions which can be
employed to synthesise these materials.® For example, one can form crystalline organic
materials such as covalent organic frameworks (1.4.1) by employing dynamic and reversible
condensation reactions. However, it is also possible to carry out non-reversible reactions to

yield amorphous materials such as hypercrosslinked polymers (section 1.4.4). This diversity
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has yielded many different types of microporous organic materials being reported over the

past two decades.

1.4.1 Covalent Organic Frameworks (COFs)

Covalent organic frameworks (COFs) are a class of microporous polymer that is distinguished
by their crystallinity. They are synthesised by linking together organic building blocks through
dynamic covalent bond formation. Crystallinity in these materials is a result of the reversible
nature of these reactions which allows for some structural correction during synthesis resulting
in the lower energy thermodynamic product, not too dissimilar to MOF synthesis. This is in
contrast to most other types of MOPs, which are the kinetic product of non-reversible covalent
bond formation and as such are predominantly amorphous.

The first COF synthesis was reported in 2005 by Yaghi and co-workers®, the result of the
reversible formation of strong B-O bonds to form boroxine rings which can be seen as
analogous to the metal centres found in MOFs. The first COFs synthesised were named
COF-1 and COF-5 with both being synthesised under solvothermal conditions in a
dioxane/mesitylene solvent mixture. COF-1 is the simplest material in the series and is
synthesised through the self-condensation of diboronic acid which results in the formation of
B3sOs3 rings connected by benzene rings in a hexagonal array. COF-5 is formed in a similar
way but, instead of a self-condensation reaction, sees diboronic acid react with
hexahydroxytriphenylene (HHTP) to form a five membered BC>0: ring bridged by benzene
rings. In 2007 the COF family of materials was further extended by varying the strut length of
the diboronic acid reagent (Figure 1.1) to yield COF-6 (1,3,5-benzenetriboronic acid), COF-8
(1,3,5-benzenetris(4-phenylboronic acid)), and COF-10 (4,46biphenyldiboronic acid).*°
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Figure 1.1 Selected COFs synthesised by the Yaghi group*!

All COF samples synthesised were expected to form planar 2D organic sheets in which two
distinct packing arrangements would form. A staggered AB arrangement where three-
connected vertices lie over the centre of the six-membered rings of neighbouring layers,
similar to that observed in graphite,*? or an eclipsed arrangement in which the sheets lay over
one another as observed in boron nitride.*®* Powder X-ray diffraction (PXRD) studies revealed
distinct peaks directly related to each packing configuration which confirmed COF-1 adopts
the graphite-like configuration and each of the other COFs adopt the boron nitride packing

arrangement.

Up until 2007, all reported COFs were 2D due to their synthesis involving the use of planar
monomers. This changed in 2007 when Yaghi and co-workers reported the first examples of
3D COFs.** These materials still involved reversible B-O bond formation to yield a crystalline
product but employed 3D reagents in the form of tetra(4-dihydroxyborylphenyl)methane and
its silicon analogue to yield COF-102 and COF-103 respectively. Likewise, COF-105 and
COF-108 could be formed by reacting tetra(4-dihydroxyborylphenyl)methane and its silicon
analogue via co-condensation with HHTP respectively. All these materials were found to be

crystalline.
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By forming 3D COFs it was found that the surface areas of the formed products far exceeded
those of the 2D materials. The porosity and surface area of each sample was investigated
through gas sorption studies. COF-1 and COF-5 both displayed type | isotherms and were
found to have BET surface areas of 711 m?/g and 1590 m?/g respectively. The larger surface
area of COF-5 is a result of the larger mesopores in this material that are not present in COF-1.
Conversely, COF-102 and COF-103 have much larger BET surface areas of 3472 m?/g and
4210 m?/g respectively, more similar those observed for other 3D materials such as MIL-101%
or MIL-100%¢ - a result of the network propagating in three dimensions.

The high accessible surface area combined with the low density framework COFs possess,
when compared to MOFs, means these materials lend themselves very well to gas capture
and storage applications. As such, over the years COFs have been studied as sorbents for a
number of different gases such as Hz, CHs and CO,. COFs also display good stability under
high pressure making them desirable candidates for high-pressure gas uptake. For example,
COF-102 and COF-103 are able to uptake over 1190 mg/g and 1200 mg/g of CO, respectively
at 55 bar and 298 K whilst still retaining their crystalline structure.*

Other research groups have also taken an interest in COFs owing to their lightweight
framework, crystallinity and high surface area. Work published by Lavigne and co-workers in
2008 showed how the microporosity in COFs could be tailored by the addition of alkyl chains
onto the monomer units (Figure 1.2).%" This work is a great example of how the pore size of
the material can be tuned by varying the monomer used during synthesis. By increasing the
alkyl chain length the pore diameter of the material becomes smaller. The tailoring of the pore
size in these materials can be a useful method to increase the selectivity of the material

towards different gases in this case becoming more selective towards H, over Na.
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Figure 1.2 Synthesis of alkyl-modified COFs as reported by the Lavigne group*’
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Up until 2009, all literature on COF synthesis involved the use of boronic acid based
monomers that formed a crystalline network as a result of reversible boroxine ring formation.
However, this changed in 2009 when Yaghi and co-workers reported the first COF synthesised
using imine linkages (Figure 1.3) named COF-300.%8 This 3D network was synthesised as a
result of the dehydration reaction between the tetrahedral building block tetra(4-anilyl)methane
and linear linker terephthaldehyde. COF-300 was found to be crystalline, possessing a
diamond-like structure. Gas sorption analysis revealed the sample had a BET surface area of
1360 m?/g with pore size distribution analysis confirming the sample was microporous with a

pore size centred around 7.2 A close to the 7.8 A observed in the crystal model.

Over the last decade there have been many more COF syntheses reported which have used
a variety of chemical linkages to yield crystalline and porous COF materials. These include
imine linkages, hydrazone linkages, enamine linkages, azine linkages as well as the traditional
B-O and B-C-O bond forming reactions. These different synthetic procedures have allowed
the incorporation of different functionalities to be present within the final material allowing
these materials applied towards many different applications. For example, in 2013 Jiang and
co-workers synthesised Py-Azine-COF which is an azine linked COF capable of detecting
trace amounts of the explosive compound picric acid.*° In 2018 Ma and co-workers reported
the synthesis of PyVg-COF which included viologen units within the structure that ensures the
2D material does not stack upon itself meaning this material is very solution stable and can
be applied towards optoelectronic device fabrication.®® Further to this, COFs have been
investigated for their applications in gas separation,*® wastewater treatment,>!

chemosensing® and more.>®

Figure 1.3 Synthesis of imine-linked COF-300 as reported by the Yaghi group?
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Despite the fact there has been much research in the field of COFs over almost two decades
there are still numerous issues with these materials, which has limited their industrial
applicability despite their excellent properties. Two main factors limiting COFs from realising
their potential are; difficulties in synthesising large amounts of material and poor processability.
COFs require long reaction times (2-5 days) and are predominantly synthesised through
solvothermal reactions carried out in sealed tubes with low internal pressures. These two
conditions are vital to ensure the final product is crystalline. There have recently been some
reports of synthesising COFs via other means which could allow for scalability such as
microwave assisted® and mechanochemical® synthesis methods. However, these too have
their own drawbacks and usually form materials which are less crystalline or have lower
surface areas than their solvothermal analogues.®® Likewise, even if it were possible to
synthesise large quantities of a COF that met industrial requirements processability issues are
still present and need to be overcome. The first COF thin film was not fabricated until 20175’
highlighting that much research needs to be carried out before COFs can realise their potential

and be applied both industrially and commercially.

1.4.2 Covalent Triazine Frameworks (CTFs)

In 2008 Thomas et al. reported the first synthesis of covalent triazine frameworks (CTFs) which
are the product of the condensation of nitrile containing organic monomer units synthesised
through ionothermal conditions.®® In these reactions, molten ZnCl, acts as both the solvent
and catalyst for the reaction thereby requiring very high reaction temperatures (> 400 °C).
However, the resulting material is stable, porous and even semi-crystalline in nature.
The crystallinity of the final product is a result of dynamic covalent bond formation resulting in
the thermodynamic product and not the kinetic product, similar in some ways to COF synthesis.
One may expect the starting materials, being organic, to decompose at the high temperatures
required for the reaction to take place but organic aromatic nitriles are somewhat thermally

stable showing little to no decomposition at the desired reaction temperature.

CTF-1 was the first reported CTF published by Thomas and co-workers and was synthesised
by heating mixtures of dicyanobenzene and zinc chloride at 400 °C for 40 h (Figure 1.4). This
reaction afforded a porous material with a specific BET surface area of 791 m?/g, though this
could be increased to 1123 m?/g by varying the equivalents of ZnCl, used in the reaction. Upon
further increasing the ZnCl,:monomer ratio it was found that the surface area did increase
though this was at the expense of crystallinity as the materials became increasingly
amorphous. PXRD analysis revealed that, though CTF-1 exhibited rather broad diffraction

peaks, displayed a structure somewhat similar to that of COF-1.%°
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Figure 1.4 Synthetic route towards of CTF-1 as reported by Thomas et al.58

Building on the success of CTF-1 a more comprehensive study of the reaction using a variety
of different thermally stable organic nitriles were applied to synthesise new CTFs.%® In this
work a range of commercially available aromatic nitrile monomers (Figure 1.5) were applied
towards the dynamic salt melt condensation reaction in the hope of yielding porous crystalline
networks. Monomers with different geometries and different numbers of nitrile groups were
studied as it would be expected that these factors would influence the arrangement formed by
the final product. This work also reported that the reaction conditions, i.e. the temperature of
reaction, ratio of ZnCl,:monomer and reaction time were all found to be very important
parameters which could be tuned to vary the pore size and surface area of the final material.
For example, increasing the quantity of ZnCl, generally led to an increase in surface area
though only to a point. After this, increasing this ratio became detrimental to both surface area
and crystallinity. Likewise, higher reaction temperatures also proved beneficial towards
synthesising higher surface area materials but after a point increased temperatures became
problematic and reduced the surface area. The best surface areas were attained for samples
which were heated first at 400 °C before then being ramped up to 600 °C as in the case of
pDCB which had the highest reported surface area of 3270 m?/g. This was also the case for
CTF-0, a network which was reported in 2013 by Thomas and co-workers using
tricyanobenzene and had a BET surface area of 2011 m?/g.%°

10
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Figure 1.5 Different nitrile monomers used to synthesise CTFs5°

The major drawback of CTFs are the high temperatures and long reaction times required for
their synthesis which hinders scalability. Unfortunately, the high temperatures required for the
reaction also mean that chemical functionalities present on the chosen monomers often do
not survive the reaction hence no functional CTFs have been reported when synthesised using
this approach. There have been some reports of synthesising CTFs through other means
rather than the typical ionothermal synthesis. In 2012, the Cooper group reported the synthesis
of CTFs at both room temperature and by using microwave assisted methods through
application of a trifluoromethanesulfonic acid (TFMS) catalyst.®* Unlike conventional CTFs,
these materials were not black but instead were shown to be fluorescent powders with
absorption and luminescence spectra dependent on monomer choice. Furthermore, it was
found that the materials synthesised at room temperature were amorphous yet those
synthesised using a microwave had some degree of crystallinity. This report was closely
followed by another from the Dai group who also reported the use of TFMS acid but were able
to form CTF membranes.®? In this work TFM-1 was synthesised at 100 °C for around 20 mins
and done so in a flat glass dish to induce film formation in a manner synonymous to both
sol-gel synthesis and typical solvent casting membrane formation processes (i.e.
polymerisation is coupled with solvent evaporation). This method was particularly useful as it
not only alleviated issues with the reaction temperature but also yielded a functional thin film

porous material, which could be applied towards selective gas separation.

11
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In 2017 Cooper et al. reported the synthesis of CTFs by the condensation reaction of
aldehydes and amidines.®® This reaction involved no harsh acids or high temperatures and as
such it was possible to scale the reaction up to yield multi-gram quantities. However, these
materials were found to be amorphous though they did retain their optical bandgap resulting
in applications in photocatalytic water splitting with CTF-HUST-2 showing hydrogen evolution
rates exceeding 2600 pmol h* g*.
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Figure 1.6 Different synthetic approaches towards CTF other than the traditional ionothermal method.
(a) Ren et al.,®! (b) Zhu et al.52 and (c) Wang et al.®3

1.4.3 Conjugated Microporous Polymers (CMPs)
Conjugated microporous polymers (CMPs) are the only class of MOP to combine both a

permanently porous str uct urcenjugatechnetgyaoski Lthlikke GORs

and to some extent CTFs, these materials are completely amorphous and show no crystallinity.

The first CMP was reported in 2007 by the Cooper group and was the result of the palladium
catalysed Sonogashira-Hagihara cross-coupling reaction between alkyne and halogen
aromatic building blocks (Figure 1.7).%* CMP-1 was synthesised through the cross-coupling
reaction of 1,3,5-triethynylbenzene and 1,4-diiodobenzne and was found to have a BET
surface area of 834 m?/g. Though amorphous, the pore size and surface area of CMPs can
be tuned by varying the length of the organic linker, also known as the strut length. For
example, CMP-3 possessed the longest strut length and consequently had the lowest BET
surface area (522 m?/g). This is due to the increased strut length imparting more flexibility into
the material thereby lowering the free volume of the network. This was further corroborated in
2008 when the Cooper group reported CMP-0, which had the shortest strut length and as a
result the highest BET surface area (1018 m?%g).%®

12
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Figure 1.7 Schematic structures for a series of CMP networks

Homocoupled CMP networks were reported in 2008 by Jiang et al. who successfully
homocoupled 1,3,5-triethynylbenzene and 1,4-diethynylbenzene to yield HCMP-1 and
HCMP-2 respectively.®® Both HCMP-1 and HCMP-2 were porous and had apparent BET
surface areas of 842 m?/g and 827 m?/g respectively. A later report by Li et al. showed how
lithium ions could be incorporated into the framework and used to increase the capacity of the
materials towards hydrogen gas storage.®’ Incorporating 0.5 wt. % Li* ions into the HCMP-1
network leads to a 4 fold increase in the hydrogen capacity of the material compared to the
unmodified HCMP-1. Such high uptake is owed in part to both the porous nature of the material

as well as the charge-induced dipole interaction between the Li* ions and Ha.

A key advantage CMP synthesis has over other MOP syntheses, e.g. CTF synthesis, is that
functional groups present on the monomers are present in the final material. As such, this is
a very convenient way to design materials, which can be tuned towards specific applications
through judicious choice of starting materials. This was exploited by Dawson et al. in 2011
who synthesised a series of CMP networks using monomers containing a range of different
chemical moieties.®® These functional groups survived the network formation, as confirmed by
solid-state NMR, which resulted in an increased affinity between CO, and the porous network
compared to the non-functional analogue (CMP-1). The incorporation of functional groups can
also modify the physical properties of the material such as the hydrophobicity. Notably, most
MOP networks are insoluble and often hydrophobic yet the inclusion of hydrophilic groups
within the final product was proven by Dawson et al. to impart a degree of hydrophilicity into
the final material.®® Incorporation of hydroxyl groups into the CMP material leads to an
increase in the network hydrophilicity with inclusion of fluoride inducing the opposite effect
(Figure 1.8). Inclusion of different chemical moieties can also allow for further post-synthetic
modification of the network, as shown in 2011 by Jiang et al. who synthesised metal-containing
CMP networks by cross-coupling 1,3,5-triethynylbenzene with 5,5-dibromo-2 , -Rigyridine.”

Upon synthesis, these materials were mixed with a Re metal salt to incorporate a metal
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complex into the network bound by chelation to the bipyridine units. This material was able to

act as a catalyst in the reductive amination of some disubstituted ketones.

Figure 1.8 (above) Water-contact angle study of the different CMP materials (below) showing the effect

of imparting different functionalities has on the hydrophilicity of the final material”*

Though Sonogashira-Hagihara coupling reactions are the most prominent reactions used to
yield CMP networks they are not the only reaction capable of forming CMPs. There have been
publications reporting the synthesis of CMP networks using a variety of different coupling
reactions such as Suzuki,”>"® Yamamoto,’ oxidative coupling,” Schiff-base reactions’®’” and
more’®7°. This variety has led to the synthesis of a wide range of different networks containing
a plethora of diverse chemical functionalities which can help tune the final material towards

the desired end application (Figure 1.9).

Due to the extended conjugated network which results from CMP synthesis these materials
can be applied towards applications which exploit both their porosity but also the properties
which arise from the fully conjugated network. For example, CMPs have been applied towards
photocatalytic hydrogen evolution,®%82 chemosensing,® & catalysis,”®#%8" light emission’388
and more’ 788 with most applications exploiting the low band gap and optical properties of
these materials. Though the scope for variation in CMP synthesis is wide and numerous
functionalities can be introduced into the final material leading to a number of applications, the

final product is still completely insoluble which limits the processability of the material.
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Figure 1.9 A selection of the different organic building blocks used in CMP synthesis™
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1.4.4 Hypercrosslinked Polymers (HCPS)

Hypercrosslinked polymers are a class of MOP which date back significantly further than most
others. HCPs can be traced back to the 1970s where they were first reported by Russian
chemist Vadim A. Davankov.®® The design principle behind these materials was to build on
the concepts used for designing macroporous resins but extend the crosslinking even further
(Figure 1.10). This results in the formation of a highly rigid and crosslinked network which is
microporous and thus possesses a high BET surface area. HCPs based on crosslinked
poly(styrene) are commonly referred to as Davankov resins and can be designed to have

surface areas exceeding 2000 m?/g.%!

= =X
+ Free Radical Hypercrossllnklng
Polymerlsatlon
™
Cl

Figure 1.10 Synthesis towards Davankov type resins via Friedel-Crafts alkylation

The hypercrosslinking reaction is the result of a Friedel-Crafts alkylation reaction that employs
a Lewis acid catalyst which reacts with the methyl halogen groups. This group displaces a
proton on the aromatic ring which result in the formation of a methylene bridge. This occurs
numerous times resulting in a highly crosslinked network. It is possible to prepare HCPs
without first synthesising a crosslinked precursor and instead use aromatic monomers that
contain these crosslinking groups. Predominantly, these monomers are usually disubstitued
monomers such as @ , -didhloroxylene (DCX), bis(chloromethyl)biphenyl (BCMBP), and
bis(chloromethyl)anthracene (BCMA) because they can give rise to an extended network.
Using these pure monomers during HCP synthesis, in a polycondensation reaction, has seen
materials synthesised with surface areas close to 2000 m?/g.%2 This method is also much more

efficient and keeps costs low due to eliminating a previously key synthetic step.

Using crosslinkable monomers over first having to create a crosslinked precursor network
allows for the incorporation of different aromatic monomers into the final network. For example,
Schwab et al. were able to incorporate dibenzofuran and other monomers (Figure 1.11) into a
porous network through statistical co-polymerisation with BCMBP which resulted in a
dibenzofuran-BCMBP co-polymer with a surface area of 1800 m?/g.%® This approach is a

simple and convenient way to easily incorporate functionality into these materials which

16



The
4 University
» Of

S
. Sheffield.
Chapter 1. Introduction e

improves performance in certain applications. This route may also allow for further post-

synthetic modification of the final material depending on which chemical moieties are present.

b

¥ IV \ ¥
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Figure 1.11 (a) monomers co-polymerised with BCMBP to produce functional networks and (b)

solid-state 13C NMR spectra showing successful incorporation of co-monomer into final product

Despite the demonstration that co-condensation of BCMBP alongside other rigid aromatic
monomers allows for incorporation of different monomers into the final product,
characterisation of these co-networks is difficult given that there is no way of knowing how
much, if any, of the co-monomer had been incorporated into the final product. In 2011, Tan
and co-workers transformed HCP synthesisbyr epor ti ng the Aknitting met!l
route towards the synthesis of HCPs.% Unlike prior syntheses, this method allows potentially
any rigid aromatic monomer to be hypercrosslinked by the use of an external crosslinker, in
this case, formaldehyde dimethylacetal (FDA). The chemistry is based on that of Friedel-Crafts
alkylation, however the external crosslinker acts in place of a crosslinkable monomer and
introduces a methylene bridge into the material (Figure 1.12). This method radically altered
the way by which HCPs were synthesised and led to many new reports based on monomers

previously thought to be fhon-crosslinkableobeing published.%' %

The main advantage of the knitting method is its versatility, one merely has to only vary the
monomer to yield a new product containing new functional groups. However, it also allows
other variables to be changed which can have huge effects on the porosity of the final product.
For example, when creating a benzene network it was noted that the highest surface area of
1391 m?/g was obtained for a material with a benzene:FDA ratio of 1:3. When using an

equimolar ratio, the surface area dramatically reduced to less than 900 m?/g.%
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Figure 1.12 Schematic representation of the knitting method used to synthesise HCP networks®4

Of the numerous types of microporous polymers, HCPs lend themselves best to scalability.
This is mainly a result of the synthesis being simple, involving cheap and abundant starting
materials and offers short reaction times (~12 h). The ease of which functionality can be
incorporated into the final material has led to exploration of humerous applications such as
gas storage,®10% wastewater purification,?411%  catalysis®’11® and more%11i114
Nevertheless, there are still disadvantages such as the fact that most HCPs can only be
synthesised in dichloroethane, the reaction produces corrosive by-products and large
guantities of heat are generated due to the exothermic nature of the reaction. Furthermore,
the use of stoichiometric amounts of metal catalyst is also problematic, both in synthesis and
in purification. There have been efforts to alleviate this, Schute and Rose reported the
synthesis of HCPs using sulphuric acid in place of traditional FeCls; though this route did result
in materials with lower surface areas and was especially poor when applied towards the
knitting method.'*® Nevertheless, HCPs represent a class of porous materials that can be
easily and cost-effectively synthesised, lend themselves to scale-up and can be applied

towards numerous applications.

1.4.5 MOPs via Free Radical Polymerisation

The main drawbacks of HCP synthesis is the stoichiometric quantities of metal catalyst and
the necessity of the toxic DCE solvent. These drawbacks affect both conventional HCP
synthesis and the knitting method. In 2016 the Li group reported the design of a HCP like
network synthesised using conventional free radical polymerisation.'® Here, the result of a
porous network arises from the alternating radical polymerisation of DVB and bismaleimides
(Figure 1.13). This method does not suffer from the same drawbacks as conventional HCP
synthesis as it involves no metal catalyst, less harmful solvents, produces no harsh

by-products and offers high atom economy.
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Figure 1.13 Synthesis of HCP based on free radical polymerisation as reported by Gao et al.116

The networks synthesised by this method were found to have BET surface areas ranging from
695 1 841 m?/g depending on which bismaleimide monomer was polymerised. The materials
contained a mixture of both micro- and mesopores (2 7 20 nm) as indicated by the presence
of a prominent hysteresis loop in the nitrogen gas sorption isotherm and confirmed by pore
size analysis. The highest surface area material p-PDM-DVB (841 m?/g) displayed excellent
CO; capacity, adsorbing 11.22 wt. % at 1 bar and 273 K. This high performance is attributed

to both the microporous network as well as the inclusion of heteroatoms in the final material.

In 2017 Li and co-workers reported the same synthetic approach towards porous materials by
substituting fumaronitrile (FN) in place of the bismaleimides, thereby demonstrating the
versatility of this method.'!” Surface areas exceeding 800 m?/g were achieved by varying the
ratio of DVB:FN. The final material could also be carbonised to yield a nitrogen rich and highly
porous material (1450 m?/g) capable of acting as a supercapacitor with a capacitance of
330 F/g. It was also shown, in 2018, by Zhu et al.1*® how this approach can be UV initiated as
opposed to conventional thermal initiation. The advantage UV initiation holds over thermal
initiation is the increased rate of reaction, polymerisation is possible at room temperature and

reactions are much faster.
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1.4.6 Polymers of Intrinsic Microporosity (PIMs)

Polymers of intrinsic microporosity (PIMs) represent the only class of microporous polymer
that are both porous and soluble, thereby offering numerous processability advantages over
all other MOPs. First reported in 2004 by McKeown and Budd,!!® the porosity in PIMs is a
result of the polymerisation of rigid and contorted monomers that possess a tetrahedral spiro
centre referred to as a site of contortion. This is essentially a bond about which there is
restricted rotation and as such promotes space inefficient packing within the polymer chain
resulting in the creation of free volume and hence microporosity upon removal of the solvent
(Figure 1.14). One key difference between PIMs and other MOPs is the fact that the porosity
in the former is intrinsic, i.e. solely rising from the materials molecular structure, whereas the

porosity in the latter is a result of the creation of a porous network via covalent bond formation.

Figure 1.14 (a) Synthetic route to PIM-1 and (b) space-filling model of PIM-1

The first PIM was based on a porphyrin network which included metal centres with surface
areas ranging from 9007 1000 m?/g.1?° However, these networks were all completely insoluble
and it was not until 2004 that soluble porous polymers were first reported. In this work a series
of linear and intrinsically porous materials were synthesised by the formation of
dibenzodioxane linkages. The most studied of these materials, PIM-1, had the highest BET
surface area of 850 m?/g while others ranged from 430 1 600 m?/g. Given that these materials
are soluble it is possible to determine their molecular mass via GPC which was found to be
270 000 g/mol for PIM-1.

Dibenzodioxane formation was the reaction mechanism predominantly used to synthesis
many early PIM materials, including PIM-1. This reaction involves the nucleophilic aromatic
substitution mechanism between a biscatechol alongside a tetrahalide monomer, in the case

of PIM-1 this was; 5,5',6,6'-tetrahydroxy-3,3,3',3'-tetramethyl-1,1'-spirobisindane and
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2,3,5,6-tetrafluoroterephthalonitrile. This synthesis has also led to the design of other PIMs by
varying the monomers used in the reaction (Figure 1.15). However, the research interest in
this area has led to the development of PIMs by a number of different routes such as imide?"'
a s 295 Rl ghese stes kepad toe
materials which are porous and soluble though their surface areas and molecular weights vary

12 and amide’*f or mati on as wel |
dramatically. Further to this, PIMs can also be post-synthetically modified which, in the case
of PIM-1, typically involves modifying the CN group. For example, Patel and Yavuz reported
the synthesis of amidoxime-PIM-1 by modification of the nitrile group of PIM-1 using a hydroxyl
amine.'?® Though this material had a lower surface area than PIM-1 it was able to uptake more
CO; as a result of the introduction of this amine moiety. Song et al. were able to introduce
oxidative crosslinks into PIM-1 by heating the material in the presence of oxygen, with these

crosslinks improving the CO,:CH, selectivity of the material.*?’
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Figure 1.15 Examples of monomers used towards PIM synthesis via dibenzodioxane formation28

Conventional polymers have been extensively researched as gas separation membranes for
the last 50 or so years.'?® Polymer membranes for gas separation is a very energy-efficient
process given that they require no thermal regeneration barrier and involves no phase
change.'® Polymer membranes achieve separation based on a diffusion mechanism in which
some gas molecules can diffuse through the membrane but others are excluded. Of the
polymers studied as membranes for gas separation those which possess rigid molecular
structures give the best permeance and selectivity values, owed to the larger amounts of free

volume within the material.*®* Membrane behaviour is characterised by two main features,
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permeability and selectivity. Quite often, it is the case that a material which demonstrates good
permeability suffers from poor selectivity and vice-versa with this balance being the key
challenge in membrane technology. In 1991 Robeson extensively analysed the literature for
certain gas mixtures and reported the first upper bound, a log plot of permeability against
selectivity representing state-of-the-art performance.®? At the time, no material rested above
the upper limit, though eventually some materials began to surpass this bound and so in 2008

this was revisited.133

PIMs represent great potential in the field of gas separation membranes given that they are
porous materials capable of being cast into freestanding films. As such, since the first report
of PIM-1 there has been extensive research into the use of PIMs as gas separation
membranes for a wide variety of different gas mixtures. PIM-1 and PIM-7 were studied for their
ability to separate mixes of O2/N2 and CO2/CH, and it was found that the results exceed the
1991 upper bound.’** Further treatment of the film with methanol led to even greater
performance and this effect was attributed to the methanol removing any residual solvent and
relaxing the polymer chains.'® Since then many different PIMs have been reported towards

the separation of a variety of different gas mixtures.122:130.136i 138

Figure 1.16 (left) Pure PIM-1 film13” and (right) MMM of PIM-1 and MIL-1011%°

Over time the polymer chains are able to relax which has the effect of narrowing the pores
resulting in improved selectivity however with the disadvantage of a decrease in permeability.
One way to slow this aging effect whilst still maintaining the permeability of the material is by
designing mixed-matrix membranes (MMMs). These materials are synthesised by mixing a
porous material with a solution of PIM before forming a membrane through solvent evaporation
(Figure 1.16). This has been reported for a variety of porous materials including MOFs, 139141
HCPs,'*? zeolites'*® and others!#146, The inclusion of a second material into the network
provides the dual advantage of minimising the aging effect of the PIM material as well as
imparting new properties into the material which aids either selectivity or permeability. For

example, inclusion of PAF-1 into a PIM-1 membrane, as reported by Lau et al.,!*’ increases
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the hydrogen permeability of the material by 375 % as well as increasing the Hz:N: selectivity
from 4:1 to 13:1.

PIMs represent the only class of MOP to be both porous and soluble which allows for easier
processability leading to real world applications. In 2015, 3M and the University of Manchester
developed a visible sensor based on PIMs for use in industrial respirators. The fabricated PIM
film sits in the respirator and changes colour when organic vapours are adsorbed onto the
membrane thereby alerting the user that the respirator needs to be changed. This commercial
application of PIMs over other MOPs was predominantly driven by their ease of processability
that allowed them to be cast into a membrane and applied to a device. Other MOPs have been
designed to detect organic vapours yet cannot be easily processed hence are not yet suitable
for real world applications.

1.5 Soluble Microporous Polymers

Despite MOPs being intensively researched for over two decades, resulting in thousands of
publications, there are very few reports on the design of soluble MOPs. Most obviously, this
is due to the fact that microporosity in MOPs is driven by the formation of a rigid network built
by irreversible covalent bonds and this results in complete insolubility of the network.
Therefore, designing materials that are both solution processable and porous is a very difficult
task. Nevertheless, there have been a small number of reports on this topic over the past few

years and this section summarises these findings.

In 2012 Cooper and co-workers reported the first ever synthesis of a soluble CMP, dubbed
SCMP-1.18 This material was synthesised via a two-step (As + B)-type Suzuki-catalysed
aryl-aryl coupling reaction (Figure 1.17). In the first step the arylboronates of both A, and B:
were generated, through the addition of Pd(OAc),, before the statistical polymerisation of the

two monomers was carried out in the same flask through the addition of Pd(PPhs)s and K,COs.
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Figure 1.17 Synthesis of SCMP-1 via a two-step synthetic procedure48
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Solubility of the final product is due to the incorporation of the bulky tert-butyl groups present
on monomer B,. The presence of these groups helps to limit the molecular weight of the
material as well as aiding solubility by incorporating solubilising alkyl groups. Interestingly, the
porosity of the material is very dependant on the way in which it is isolated from solution. Rapid
precipitation of the material using an anti-solvent yields a porous material yet slow solvent
evaporation yields a non-porous film. Hence, dissolving the material in DCM followed by
reprecipitation into petroleum ether gave a material with a BET surface area of 505 m?/g yet
allowing the DCM to slowly evaporate yielded a non-porous sample (12 m?/g), though
interestingly both materials reported similar hydrogen adsorption capacities (~4 mmol/g). GPC
analysis revealed SCMP-1 had a relatively low molecular weight (M») of 4340 g/mol with a PDI
of 1.22, which may explain why the film formed from this material was not mechanically stable
enough to be handled (Figure 1.18).

Figure 1.18 Solvent cast film of SCMP-1 supported on a glass slide

In 2015, Patra and co-workers reported the synthesis of a porous CMP synthesised from the
Sonogashira coupling of tetraphenyl-5,5-dioctylcyclopentadiene and 1,4-diethynylbenzene.®
Fine-tuning of the reaction conditions resulted in the formation of an insoluble powder, solution
and nanoparticles. A solid powder (P1) was the result of a conventional Sonogashira
cross-coupling reaction whereas P2 (solution) was synthesised by altering the catalyst and
reaction time (to inhibit extended coupling and form an insoluble network). P3 (hanoparticles)
were the result of an emulsion-type Sonogashira cross-coupling reaction using water as the
solvent and SDS as the surfactant stabiliser (Figure 1.19).
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Figure 1.19 Synthesis of soluble CMP as reported by Patra and co-workers.83 Reaction conditions: P1
() [Pd(PPhz)4], Cul, diisopropylamine, toluene, 80 °C, 48 h, P2 (ii) [Pd(PPhz)2Cl2], Cul, diisopropylamine,
toluene, 80 °C, 12 h and P3 (iii) [Pd(PPhs)4], Cul, SDS, water, toluene, 50 °C, 48 h,

The long alkyl chains present in these materials imparts a degree of flexibility into the final
productaswe | | as | i-misti agkiamy i'nteractions between ¢
the solubility of these samples. The solution is a result of a less extensive crosslinked network

owed to the shorter reaction time and different catalyst. GPC analysis of the solution (P2)

revealed a molecular weight (Mw) of 16 kDa with a PDI of 1.2, much higher than that reported

for SCMP-1 yet less than PIM-1. Film formation was not reported for this material so it is

unknown if this material would form a mechanically stable film, though a separate report in

2016 did show film formation, though on a support.}*® Both the solution and nanoparticles

could be obtained in the form of powders through reprecipitation into cold methanol with both

capable of re-dispersion into THF, DMF and chlorinated solvents.

The surface areas of the materials varied radically despite being comprised of the same
monomers. The insoluble powder had a BET surface area of 405 m?/g yet the solution and
nanoparticles were much lower, 39 m?/g and 143 m?/g respectively. This is perhaps expected
given that solubility is owed to a less crosslinked network, especially for the solution, hence
this would result in a lower surface area. Furthermore, gas sorption analysis also reveals a
huge drop in micropore volume compared to P1 (0.14 cm?/g) lowering to 0.037 cm®/g for P3
and 0.0068 cm®/g for P2. Despite its lower surface area, P3 actually demonstrated a much
larger total pore volume of 0.93 cm®/g compared to P1 (0.68 cm?®/g) which may be a result of
condensation between spherical particles due to the packing arrangement in the solid state.

Though this work is a great example of a soluble microporous polymer the surface area of the
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final materials is poor, with virtually no micropores present, and the reaction involved three
synthetic steps to synthesise the monomer prior to polymerisation which employs expensive

metal catalysts.

” TPDC-BZ e W

Solution processable porous polymer Hydrogen uptake
White light emission

NPs Thin film

Solution

Figure 1.20 Structure of TPDC-BZ and a schematic illustrating its various forms and applications

A year later, in 2016, the same group reported the synthesis of a structurally similar soluble
CMP, synthesised via a As +B; type Suzukii Miyaura polycondensation reaction, which could
in turn be used to fabricate thin films, gels and nanoparticles.® This material, named
TPDC-BZ was exploited for its yellow fluorescence and mixed with organic fluorophores to
generate white-light (Figure 1.20). TPDC-BZ, has a specific BET surface area of 610 m?/g with
micropore and external surface area determined to be 330 m?/g and 280 m?/g respectively by
the t-plot method. This material was found to be ultramicroporous (< 0.7 nm) which gave rise
to prominent hydrogen uptake of 6.4 mmol/g (1 bar and 77 K), comparable to insoluble porous

polymers’892.93.96.151 and some PIMs!%,

In the same year, Wood and co-workers reported the synthesis of solution-processable HCPs,
named SHCPs.'®2 In this work, conventional hypercrosslinking chemistry was carried out on
linear poly(styrene) but at very high dilutions in order to introduce intramolecular crosslinks
within individual chains as opposed to intermolecular crosslinks between different chains
(Figure 1.21). This is similar in nature to the work carried out by Davankov who synthesised
poly(styrene) and crosslinked it high dilution using monochlorodimethyl ether.*>3 This resulted
in soluble and porous materials with the most porous material, SHCP-5 having a BET surface
area of 724 m?/g. However, after centrifugation and filtration of the solution the BET surface

area of the 1puroelwass alcurdipd | nga t5e3r0i a |
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Figure 1.21 Synthetic approach towards SHCPs152

Though this method proved effective in synthesising soluble porous materials the high
dilutions (0.005 mol of poly(styrene)/450 mL of DCE) coupled with the fact that the FDA had
to be continuously added limits scalability and significantly raises costs. When the FDA was
added at once in a batch process the resulting material was found to be brittle and insoluble.
Film formation was attempted using SHCP-4 and though this material did form a film, it was
too fragile to be handled and had to remain on the support. Finally, these porous materials
were also applied towards uptake of different gases and achieved uptakes of between
1.23 mmol/g to 1.84 mmol/g for CO, at 1 bar, 273 K. H, and CH4 uptake was also tested for
these materials with uptakes of 0.69 to 1.01 wt. % (1 bar, 77 K) and 0.08 to 0.14 wt. %

respectively.

In 2015, Matyjaszewski and co-workers reported the synthesis of water-dispersible
microporous polymeric nanospheres.®* Unlike the conventional soluble materials discussed
in this section, this work reports the synthesis of hypercrosslinked particles, which are
dispersible in solvent media through the presence of long hydrophilic polymer chains. First,
divinylbenzene-co-vinylbenzyl chloride nanoparticles are formed before hypercrosslinking
these particles to yield porous insoluble spherical particles. Afterwards, Si-ATRP is used to
graft l ong hydrophilic polymer chains ont
polymeric nanospheres which are solvent dispersible (Figure 1.22). Though these materials
are not typically soluble, they are solution-processable.

....... Surfactant-Free
<5 Emulsion

Polymcnzanon Hyper-cross- lmkmg
HaCl

Figure 1.22 Synthesis of hairy microporous polymeric nanospheres>*
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This work was the first reported case of synthesising porous and solution-processable porous
materials through the union of controlled radical polymerisation and conventional
hypercrosslinking chemistry. The synthesis exploits that fact that methyl chloride groups
survive the hypercrosslinking procedure and can be used as an initiation site to grow
hydrophilic polymers via ATRP. Prior to hypercrosslinking the DVB-co-VBC emulsion droplets
were essentially non-porous (11 m?/g). Upon hypercrosslinking the surface area increased
dramatically to 1323 m?/g as would be expected due to the extensive crosslinking. Finally,
grafting of the hydrophilic polymer, poly(2-dimethylaminoethyl methacrylate) (PDMAEMA)
reduced the surface area to 562 m?/g though it is worth mentioning this did not affect the

diameter of the micropores which remained at around 1.3 nm.

The hydrophilicity introduced into the material was aptly demonstrated by both dispersing in
water and water contact angle measurements compared to the hypercrosslinked precursor.
The highly porous and insoluble HCP emulsion droplets had a water contact angle of 142 °
which highlighted the inherent hydrophobicity of the sample. Though, upon grafting of the
hydrophilic polymer the water contcat angle dropped to <5 ° which demonstrates good mixing
with the solvent. The inherent hydrophilicity of this material allows for superior removal of the
water soluble organic dye alizarin red. After 20 h the dispersible porous polymer was able to
adsorb 1.03 mg/m? compared to the 0.28 mg/m? which is attributed to the better mixing of the
material in solution resulting in better access to the porous core for the dye. The total capacity

of the material was found to be 580 mg/g.

Finally these material were also found to be both pH and temperature responsive and could
change their size upon modifying these conditions. For example, at pH 10 and 25 °C the
diameter of the material, as measured by DLS, was 837 nm yet upon heating to 50 °C this
lowered to 661 nm, a result of the LCST of the polymer chain. The size could be increased by
lowering the pH and this was a result of protonating the polymer chains caused swelling of the
chains (pH 2, 50 °C = 1237 nm). This work demonstrated an alternative synthesis route
towards solution-processable porous materials which, though not conventionally soluble, can
be synthesised quicker and cheaper than the other materials discussed in this section. The
main drawback of this approach is that it is not generic and as such cannot be applied towards
a variety of different monomer. Furthermore, numerous synthetic steps and the use of metal

catalysts increases costs and is environmentally harmful.

28



The
University
Of

Sheffield.

Chapter 1. Introduction

1.6 Porous Polymers for Sustainability

In recent years there have been a number of reports on the use of MOPs for sustainable
applications such as wastewater treatment and gas capture and storage. MOPs are ideal
materials for these applications as they combine a low density frameworks with ease of
functionality and the ability to fine tune physical properties such as pore volume and surface
area. Furthermore, they are often much cheaper and more stable than alternative porous

materials such as zeolites and MOFs.

1.6.1 Hydrogen Storage

The need to reduce air pollution and keep up with the energy demands of the modern world
have led to hydrogen being considered as an alternative fuel. Hydrogen gas produces clean
energy with the only by-product produced being water which makes it a clean source of energy.
However, to be considered a realistic fuel source it is imperative that it is stored in both a safe
and efficient way. As such, MOPs have been explored as materials towards the storage of

hydrogen gas.

COFs can be designed to be highly microporous and as such give rise to very large surface
area which aids hydrogen uptake. For example, COF-102 and COF-103 both possess BET
surface areas exceeding 3000 m?/g and demonstrate hydrogen uptake at 77 K of over 7 wt. %,
double that of COF-8 (3.50 wt. %) which has a BET surface area of 1350 m?/g thereby
demonstrating the impact of surface area on uptake.'® Though surface area is an important
factor when designing porous materials for gas uptake so is chemical functionality. This was
demonstrated in the design of CMPs for hydrogen storage by Deng et al. who showed that the
addition of a small amount of Li ions (0.5 wt. %) dramatically increase the hydrogen uptake of
CMP-0 from 1.6 wt. % to 6.1 wt. %.5” Though these numbers seem promising they are skewed
somewhat by the fact that the uptakes were recorded at 77 K, which is not a viable operating
temperature for commerical application. In 2009 Smit et al. designed Li decorated COFs which
showed high hydrogen uptake of nearly 7 wt. % at 298 K and 100 bar which surpasses the
US depertment of energy targets of 6 wt. % under the same conditions.%®

1.6.2 Carbon Dioxide Storage

The capture of CO, has become an intensively researched area over the last decade owed
much to the issues of global warming and climate change resulting from the release of CO-
into the atmosphere from anthropogenic point sources. As such CO; capture and storage from
these large point sources is now considered the most viable medium term solution to mitigate
further irreversible changes to the climate. MOPs represent a class of materials well suited

towards the capture of CO, from these sources. In the same way MOPs can be tailored
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towards hydrogen uptake so too can they be designed in such a way to maximise CO- capture.
This was shown by Dawson and co-workers in 2011 when designing functionalised CMP
networks to maximise CO. sorption capacity.’®” It was found that networks containing
functionality showed a much greater affinity towards CO> and therefore demonstrated much
higher uptake than non-functional materials with much higher surface areas (Figure 1.23).
This shows how judicious choice of starting material can lead to enhanced performance

capabilities even when the surface area is lower than non-functional analogues.
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Figure 1.23 Structure of different functional CMP networks alongside their CO2 uptake abilities

To be considered a viable candidate for CO, capture it is also imperative that the material can
be synthesised in high yields and at low costs. These factors mean that materials such as
COFs and CMPs are not suitable candidates given the cost of their synthesis. One class of
MOP which do meet these requirements are HCPs. HCPs can be synthsised on larger scales
than other types of MOPs at low costs and can incorporate different chemical functionality into
the final material. For example it is possible to apply the knitting method and crosslink
functional monomers together using an external crosslinker. This was done successfully by
Jiang et al. who synthesised a 1,1,2,2-tetraphenylethane-1,2-diol (TPD) co-polymer network
which demonstrated CO, uptake exceeding 4 mmol/g at 273 K.%" Likewise, it is also possible
to apply crosslinkable monomers to yield HCPs. This has been demonstrated by Martin and
co-workers who designed HCPs using BCMBP which showed uptake exceeding 13 mmol/g
at 30 bar thereby demonstrating the excellent stability and applications of these materials.%®
As such there have been numerous more reports on the use of HCPs as candidates for CO

uptake, 111159
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Figure 1.24 Design of HCP using waste poly(styrene) foam as shown by Liu et alt®0

One particular advantage of HCP synthesis is the versatility of the crosslinking reaction in that
it is compatible with a wide range of different starting materials. These starting materials are
predominantly either pre-crosslinked resins or simple aromatic monomers. However, in 2017
Liu and co-workers demonstrated that it is even possible to apply a waste material towards
HCP synthesis when they successfully hypercrosslinked waste expanded poly(styrene) foam
(Figure 1.24).1%° |n this work, poly(styrene) foam, commonly seen in packaging, was dissolved
in DCE which was applied as both the solvent and crosslinker for the reaction. This resulted
in porous materials with BET surface areas ranging from 179 i 573 m?/g and CO- uptake of
between 0.9 i 2 mmol/g. In 2019, the same authors applied the same approach but used
different crosslinkers which led to enhanced CO; uptake of over 2.5 mmol/g.15! Though this
uptake is lower than most, this work represents a way in which a plentiful and
non-decomposable waste material can be applied towards a sustainable application.
Furthermore, many papers which report CO, uptake capacity do so using single component
gases at unrealistic temperature. These conditions are unrepresentative of actual conditions
and as such provides no real evidence that said material would make a viable candidate when

applied to real world conditions.

1.6.3 Wastewater Treatment

In addition to gas uptake, porous materials can also be applied to other sustainable
applications such as the treatment of wastewater. The high surface areas, chemical stability
and tuneable functionality most MOPs possess make them desirable candidates for the
removal of pollutants from wastewater. As with gas capture, MOPs can be tailored specifically
towards the capture of certain pollutants. For example, He et al. designed a sulphur-rich HCP

network by hypercrosslinking the monomer 2,4,6-trithiophen-1,3,5-triazine using an external
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crosslinker.'%? This material had a BET surface area of 255 m?/g and was capable of removing
Cu(Il) from aqueous solution with a maximum adsorption capacity of 98.33 mg/g. Likewise, in
2018 Fu et al. reported another sulphur-rich HCP, named NOP-28, which was capable of both
selectively detecting and removing mercury ions from water.'®® In this work the fluorescence
emission of the material is quenched when in the presence of Hg(ll) ions with an exceptional
limit of detection of 12 ppb (Figure 1.25). The uptake of Hg(ll) ions is very high showing a
maximum adsorption capacity of 658 mg/g from aqueous solution despite a modest BET
surface area of 144 m?/g.

wo_ @@ O
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Figure 1.25 Chemosensing ability of NOP-28 towards Hg(ll) ions163

In addition to metal ions, it is also possible to design MOP networks to remove organic
pollutants. In particular, when applied towards the removal of aromatic and aliphatic
compounds from aqueous solutions the hydrophobicity of the polymer network is very
beneficial. In 2014, Yang et al. reported the synthesis of a triphenylamine-based HCP network
by applying BCMBP as the crosslinking monomer. Both powders and monoliths were
synthesised depending on the nature of the reaction. The powder, PBP-N-25 had a surface
area of 1362 m?/g and showed benzene and cyclohexane vapour uptakes of 94.1 wt. % and
95.3 wt. % respectively. These values far outperformed that of water (1.7 wt. %) thereby
highlighting the hydrophobic nature of the material and how this would be beneficial for
removal of these pollutants in aqueous solution. The monolith, M-PBP-N-25, had a surface
area of 551 m?/g yet, due to its structure, could be applied towards the removal of cyclohexane
from solution where it was found the material was capable of removing 348 wt. % after 10

minutes.

In 2011 Li et al. demonstrated how HCMP-1 and HCMP-2 can be used to coat a sponge which
can then be applied towards the removal of a variety of chemical contaminants such as organic
solvents and oils. The HCMP-1 treated sponge was found to show exceptional uptake abilities
towards octane and nitrobenzene, 2300 wt. % and 3300 wt. % respectively. In 2015 Yang et al.

synthesised a superhydrophobic material by employing fluorinated monomers to vyield
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PFCMP-0.2%* This material was capable of simultaneously adsorbing an organic pollutant
(toluene), a dye (congo red) and lead ions all in the same solution. For all three pollutants, the
material was capable of removing over 99 % from solution and was the first material capable

of this simultaneous removal.
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1.7 Thesis Aims

This thesis is presented in two parts, which describe the work carried out on designing porous
polymers for applications in solution (Part A) and for applications in sustainability (Part B). As

such, it is necessary to lay out these aims accordingly by each section.
Part A

The aim of this thesis is to investigate microporous polymers and their applications using both
traditional insoluble materials and novel solution-processable materials which could lead to
applications in the solution phase. The majority of microporous materials are completely
insoluble in all common organic solvents, a feature that limits both their applications and
processability. As such, these materials are often used as the insoluble powders they form

during synthesis.

The main objectives of Part A are to:

- Design a versatile synthetic route towards the design of microporous polymers which
can be applied to a range of different monomers

- Fully characterise the new materials both as solids and in the solution phase

- Apply the synthesised materials towards new applications in the solution phase

Part B

Part B of this thesis describes work carried out on the design of more traditional porous
polymers towards applications in sustainability. Namely, these materials were designed
specifically to have applications that try to mitigate the environmental issues the planet is
currently facing. This includes a chapter on the removal of contaminants from aqueous
solution and a chapter on the capture and storage of CO,. These chapters appear in paper
format and have either been published or submitted.

The main objectives of Part B are to:

- Design functional porous materials which can be applied to sustainable applications

- Test these materials in a way which mimics the working conditions of their potential
applications

- Try to mitigate or even eliminate any environmentally harmful or unsustainable synthetic

methods and only use harsh chemicals if necessary
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2.1. Experimental techniques

2.1.1. Infra-Red Spectroscopy
Infra-red spectra were collected using a Perkin-Elmer 100 spectrometer. All samples were
prepared by grinding with a 20x excess of pure KBr dried overnight in a vacuum oven at 80 °C.

The sample was pelletized at high pressure (10 tons) and analysed as a thin transparent disc.

2.1.2. Gas Sorption

Nitrogen gas sorption isotherms were collected at 77 K using approximately 100 mg of sample
on an ASAP 2020 micromeritics volumetric adsorption analyser. Prior to analysis all samples
were degassed for at least 16 hours at 120 °C under a vacuum of at least 10 bar. BET
surface areas were calculated over a relative pressure range (P/Pg) of between 0.01 7 0.15.
Pore size distributions and pore volumes were calculated from the adsorption isotherms and
modelled using the nonlocal density functional theory model (NL-DFT) for N> on carbon slit

pores found within the micromeritics ASAP software.

2.1.3. Solid State NMR

Solid-State NMR samples were packed into 4 mm zirconia rotors and transferred to a Bruker
Avance lll HD spectrometer. 1D 1H-13C cross-polarisation magic angle spinning (CP/MAS)
NMR experiments were measured at 125.76 MHz (500.13 MHz 1H) at a MAS rate of 10.0 kHz.
The 1H “~/ 2 pul se Jpudseph8se mhoduasion (TRRMY detoupling was used
during the acquisition. The Hartmann-Hahn condition was set using hexamethylbenzene. The
spectra were measured using a contact time of 2.0 ms. The relaxation delay D1 for each
sample was individually determined from the proton T1 measurement (D1 =5 x T1). Samples
were collected until sufficient signal to noise was observed, typically greater than 256 scans.

The values of the chemical shifts are referred to that of TMS.

2.1.4. Solution NMR
'H-NMR spectra were recorded at 400 MHz using a Bruker Avance Il HD spectrometer taking
around 16 scans per spectrum. 3C-NMR spectra were recorded on the same instrument

taking 1024 scans on average per spectrum.

2.1.5. Gel Permeation Chromatography (GPC)

Molecular weights (M,) and polydispersity indices (PDI) were measured by gel permeation
chromatography (GPC). THF was used as the eluent with a flow rate of 1 mL min-1 at 25 °C
using polystyrene as the calibration standard. Universal calibration was applied employing

Erma ERC-7512 refractive index detectors using Cirrus GPC-online software for analysis.
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2.1.6. Dynamic Light Scattering (DLS)
Dynamic light scattering (DLS) of the polymer solutions were carried out using a Malvern
Zetasizer nanoZS instrument via the Stokes-Einstein equation which assumes perfectly

monodisperse, non-interacting spheres.

DLS is able to give insight into particle size by relating the speed at which a patrticle is travelling
in solution, due to Brownian motion, referred to as the translational diffusion coefficient. This
is measured by shining a laser through the sample and measuring the scattering angle which
can be related back to particle size through the Stokes-Einstein equation, shown in the
equation below:

o —

Where D is the translational diffusion coefficient (m?/s), ks is the Boltzmann constant
(m?/kg/Ks?) T is the t eimphe samplauviseosity (Ry/s) and Ru is the
hydrodynamic radius (m).

2.1.7. Small Angle X-ray Scattering (SAXS)
Small-angle X-ray scattering (SAXS). SAXS data were collected using a laboratory SAXS
instrument (Xeuss 2.0, Xenocs, France) equipped with a liquid gallium MetalJet X-ray source

(Excillum, Sweden, wavelength & = 0.134 nm),

collimation and a Dectris Pilatus 1M pixel detector (sample-to-detector distance 6.335 m).
SAXS patterns were collected over a q range of 0.011 nm-1 < q < 1.0 nm-1 , where g
=(4 " sind)/ a is the 1 ength of-haff of ¢the scatteringt aaglei
Glass capillaries of 2 mm diameter were used as a sample holder and 6 data sets were
collected over 10 min for each sample (empty capillary, methanol and 5% w/w polymer sample
in methanol). Data were reduced (normalization and integration) using the Foxtrot software
package supplied with the instrument and further analysed (background subtraction and data

modelling) using Irena SAS macros for Igor Pro.!

2.1.8. UV-Vis Spectroscopy
UV-Vis absorption spectra were recorded in either quartz or polystyrene cuvettes on a Cary

5000 spectrophotometer using spectroscopic grade solvent.

2.1.9. Steady-State Fluorescence Spectroscopy
All steady-state fluorescence spectra were recorded on a Horiba Jobin Yvon Fluoromax-4

spectrofluorometer in a quartz cuvette using spectroscopic grade solvent.
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2.1.10. Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) images were collected on a Fei Inspect F50 Field
Emission Gun SEM, run in secondary electron mode. Specimens were prepared by mounting
onto carbon tape, supported on aluminium stubs. All SEM images were collected by either Mr.
Thomas Robshaw or Dr. Matt Derry.

2.1.11. Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM) studies were conducted using a Philips CM 100
instrument operating at 100 kV and equipped with a Gatan 1 k CCD camera. A diluted solution
of the polymer material (0.10% w/w) was placed on carbon-coated copper grids, allowed to
dry and then exposed to ruthenium(VIIl) oxide vapour for 7 min at 20 °C prior to analysis. The
ruthenium(VIIl) oxide was prepared as follows: Ruthenium(lV) oxide (0.30 g) was added to
water (50 g) to form a black slurry; addition of sodium periodate (2.0 g) with stirring produced
a yellow solution of ruthenium(VIIl) oxide within 1 min.2 All TEM images were collected by

Dr. Matthew Derry.

2.1.12 Elemental analysis

Elemental analysis was performed through burning an amount of sample in a stream of pure
oxygen. The sample was placed in a tin capsule and introduced into the combustion tube of
the Elementar Vario MICRO Cube CHN/S analyser via a stream of helium. Combustion
products were analysed through first passing the sample through a copper tube to remove
excess oxygen and reduce any NOx to N,. Gases were separated using a Thermal

Programmed Desorption column and detected using a Thermal Conductivity Detector.

2.2. Gas sorption theory

Given that porous polymers are both insoluble and amorphous, characterisation of these
materials is very difficult. One of the most common characterisation methods applied to not
only these materials, but all porous materials is gas sorption. Sorption of gas by a porous
materials yields much insight into the pore size, volume and surface area of the material under
investigation. It is for these reasons why gas sorption is such a key characterisation technique

for both crystalline and amorphous porous materials.

Gases (sorbate) are able to interact with the surface of a solid (sorbent) in a number of different
ways. These interactions can be strong and involve chemical bond formation (chemisorption)
or they can be weak and merely involve Van der Waals interactions (physisorption). In most

instances when we are modelling pore sizes and volumes we are mostly interested in the
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physisorption of an ideal gas onto a porous material at low temperatures. The majority of the

time this is nitrogen gas at 77 K.

There are many different models that can be applied to the adsorption of a sorbate onto a

sorbent and the first of them to be developed was the Langmuir model.

2.2.1 Langmuir Model

In 1916 Irving Langmuir set out his adsorption isotherm which related the adsorption of a gas
molecule onto a solid surface as a function of pressure.® He proposed that a dynamic
equilibrium exists between adsorbed gas molecules and free gas molecules. This can be

expressed as:

Adsorption
kads
A(Q) + B(s) =< = AB
Desorption
kdes

where A(g) is a free gas molecule, B is an unoccupied surface are AB is an adsorbed gas
molecule occupying a surface site. Kagss and Kges represent the respective rates of the
adsorption and desorption processes.

We can use kinetic theory to determine the rate of the two processes and at equilibrium, where

the two rates are equal the overall rate constant is equivalent to:

. 0 00
)] = —
Q 0O O

At equilibrium what this means is that the rate of desorption from occupied sites is equal to

that of adsorption to the occupied sites at a specific pressure. This can be expressed as:

N — Qo0op —
where d is the fractional surface coverage
This equation can be rearnmesutgied to give d
Q0
Be) Q 0

Remembering that K = kags/Kges We get the following:
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This is well knows as the Langmuir adsorption equation. Although acceptable when expressed
in this form, given that we are discussing gas sorption theory it seems appropriate to express
this in terms of volume of gas adsorbed by a sorbent. This gives the following:

w

W
where Va4 is the volume of gas adsorbed and Vmono is the amount of gas adsorbed

corresponding to monolayer coverage.

This equation can then be re-written and arranged to form a linear equation which yields the
following:
0 p

w VW

e 2

If we were to then plot a graph of P/V vs V we will obtain a straight line where the slope would
be equal to 1 / Vimono @and the intercept 1 / KVmono.

Although the Langmuir model is a useful model for gas sorption it is limited in that a number

of assumptions are made when applying this model. Namely, these are:

Dynamic equilibrium exists between adsorbed and free gas molecules

2. The surface of the sorbent is uniform and the enthalpy of adsorption does not vary
with coverage

3. Adsorption is limited to only monolayer coverage i after this no further adsorption is
witnessed

4. There are no significant interactions between adsorbed molecules

These assumptions limit the validity of the Langmuir model when trying to determine the
surface area and pore size of a solid. For example, we know that the surface of most materials
is not homogeneous but often heterogeneous (invalidates assumption 2). It is also known that
surface coverage is not limited to only a single monolayer (invalidates assumption 3) - this is
only really the case at low pressures. Likewise, we know that forces of attraction exist between

molecules of the same type (invalidates assumption 4). It is for these reasons that the
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Langmuir model for gas adsorption can only truly be valid when working under low pressure

conditions, anything more than this, it is necessary to apply a different gas sorption model.

2.2.2 BET Theory

Brunauer-Emmett-Teller (BET) theory, named after the scientists who developed it, was
formulated on the basis that adsorption is not limited to only monolayer formation and can
instead be greater than one layer in thickness.* Under the conditions of higher pressures and
low temperatures thermal energy decreases and there are more gas molecules present
meaning multilayer formation occurs. Much like the Langmuir adsorption model there are

assumptions to BET theory, which are:

1. gas molecules adsorb onto a solid infinitely T one monolayer layer need not be
complete before another begins

2. only considered interaction is that an adsorbed molecule acts as a single adsorption
site for a molecule on the upper layer

3. the molar heat of adsorption for the first layer is higher than that for the succeeding
layers i the first layer is equal to the enthalpy of adsorption whereas the other layers
are equal to the enthalpy of liquification

4. Langmuir adsorption theory can be applied to each adsorbed layer

The overall equation for BET theory, which takes all of these assumptions into account, is
presented as:

QOT0
p 00 p @ pOM

where P is the equilibrium gas pressure, Py is the saturated vapour pressure, P/Pg is the

relative pressure and c is a constant relating to the energy of adsorption:

~
€

H 0 y y ¥

Once more taking into account volume of gas adsorbed the equation can be expressed in

linear form as:

070 P @ p

[] 5 5 IGHE] ] 676
wp LI AN (@)

where V is the volume of adsorbed gas at pressure P and Vy, is the volume of gas required to

form a monolayer
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A plot of the left hand side of the equation against P/Py gives a linear plot over a relative

pressure range of between 0.05 7 0.35 when the BET equation is valid with:
i aéne 0& 0 Qi OO 0

The BET model has been the model most applied to gas adsorption in porous materials as it
accounts for multilayer adsorption onto heterogeneous surfaces. For the most part an inert
gas, usually nitrogen at its boiling point (77 K) has been the adsorbate of choice. When using
N2 for gas sorption experiments onto a solid sorbent one can calculate the surface area of that
material by using the assumed molecular area of a N, molecule which is 1.62 x 101° m2. The
equation shown below can then be used to determine the BET surface area per gram of

sample:

~

vy 0%
(0] Yy 0]

where R is the ideal gas constant (8.31 J mol! K?), T is the temperature, Nai s Avogadr o6s

number and A is the area a N, molecule occupies (1.62 x 101° m?).
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2.2.3 Isotherm Shapes
In 1985 IUPAC divided the shapes of nitrogen gas sorption isotherms into six distinct types®.
These are shown in Figure 2.1.

I o

B

\

m g
©
3
5

S B
(=]
£
3

glx w

Relative pressure —

Figure 2.1 IUPAC isotherm classifications from 1985°

These 6 types are distinct to a certain type of pore structure and are described as such. Type
| isotherms are given by purely microporous materials with little to no external surfaces and
show very large uptake at low pressures. The limiting uptake here is governed by the
accessible micropore volume not the internal surface area. Type Il isotherms are given by
non-porous or macroporous sorbents and represents unrestricted monolayer-multilayer
adsorption. Point B represents the point at which monolayer coverage is complete. Type Il
isotherms are convex in shape with respect to the P/Pg axis and are quite rare. They represent
materials in which the adsorbate-adsorbate cohesive forces are stronger than the adsorbate-
adsorbent adhesive forces. Type IV isotherms are given by mesoporous materials and are
characterised by a hysteresis loop which is associated with capillary condensation taking place
in such mesopores. Initially the isotherm is similar to that of a type | and type Il as monolayer-
multilayer adsorption occurs. Type V isotherms are also quite uncommon and can be thought
of as the inverse of a type Il - though the cohesive forces between the adsorbate-adsorbent

are weak the sorbate is still adsorbed in some pores. Finally a type VI isotherm represents
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stepwise multilayer adsorption on a uniform non-porous surface. The step height represents

the monolayer capacity for each adsorbed layer.

For many years these six isotherm types were, and still are, the expected shapes one looks
for when carrying out gas sorption experiments. However over the past 40+ years, as this field
has continuously evolved more groups have been producing more isotherms on many different
and diverse materials. This lead to a revised version of the isotherm types and in 2015 IUPAC
published an update on the original classifications.® The proposed IUPAC classifications of

isotherm types are represented in Figure 2.2.

I(a) I(b)

it

~

n 1

IV(a) IV(b)

Amount adsorbed —————m—

Relative pressure ——————fm—
Figure 2.2 Revised IUPAC isotherm classifications as of 2015°

The isotherm types have more or less remained the same as the previous 1985 classification
with the two main differences affecting the type | and IV isotherms. The type | isotherm has
now been split into two distinct categories a type I(a) which is given by microporous materials
having mainly narrow pore sizes (widths < 1 nm) and a type I(b) which are given by
microporous materials possessing broader pore size distributions and possibly even some
mesopores (between 17 2.5 nm). The distinct difference in shape is seen over the low relative
pressure region where, for a type I(a) there is much more uptake over a much lower relative
pressure region whereas for a type I(b) the uptake is spread out over a slightly larger relative
pressure region. Like the type | isotherm, the type IV has also been split into two distinct types

named type IV(a) and type IV(b). The differences in these two isotherm types is due to the
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size of the mesopores responsible for the capillary condensation which vyields the classic
hysteresis loop associated with this type. A type IV(a) isotherm has a noticeably large
hysteresis loop and is a result of the presence of mesopores greater than 4 nm being present
in the sample. Adsorbents which have pore widths smaller than this display a type IV(b)
isotherm where the hysteresis is either less prominent or not present at all due to the capillary
condensation being much less profound.

2.2.3 Adsorption Hysteresis

The presence of hysteresis loops in the multilayer physisorption range of the isotherm are
generally associated with capillary condensation.” This form of hysteresis mainly occurs in the
mesopores of the material and is due to either network effects or adsorption metastability. For
example, in an open-ended pore delayed condensation is the result of metastability of the
adsorbed layer. This means that the adsorption branch of the isotherm is not in thermodynamic
equilibrium. Instead, the equilibrium is established on the desorb should the pores be filled
with liquid-like condensate which is why hysteresis is observed.

It has been shown that there is a direct correlation between the observed hysteresis shape
and the textural properties of an adsorbent. This has been classified by IUPAC in 1985 and
updated in 2015. Figure 2.3 shows the six different hysteresis loops witnessed in gas sorption
studies:

H1

b

T

H2(b)

H3

H4

Amount adsorbed =

Relative pressure —— i

Figure 2.3 Observed hysteresis loops as classified by IUPAC

The type H1 loop is typical of materials which exhibit a narrow range of uniform pores but has
also been reported in networks which possess ink-bottle pores where the widths of the neck

is smaller than the cavity. This loop is indicative of delayed condensation on the adsorption
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branch. H2 type loops are the result of complex pore structures where network effects
dominate and are split into two types. A H2(a) loop has a characteristic steep desorption
branch and is the result of pore blocking or cavitation-induced evaporation. The type H2(b)
loop is much less steep on the desorption branch and is attributed to pore blocking but this
time the neck widths of the pores are much larger. H3 loops have two distinctive features
which are; (i) the adsorption branch resembles a type Il isotherm and (ii) the lower limit of the
desorption branch is located at the cavitation-induced P/Po range. A H4 loop is somewhat
similar to a H3 but the adsorption branch is much more like a type | isotherm which is due to
the filling of more micropores. Finally, a H5 loop has a unique form which is the result of the
presence of both open pores and partially blocked mesopores.
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Part AT Towards Applications in Solution

This part of the thesis describes the work carried out on designing porous polymers towards

applications in the solution phase..
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Chapter 3 - Synthesis of
PEG-b-DVB-co-FN Porous Polymeric
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3.1 Introduction

The design and synthesis of solution processable porous materials beyond PIMs has been
limited to very few discreet examples often involving numerous synthetic steps, expensive
reagents and catalysts and cannot be applied towards other reagents. Therefore, it seems
appropriate to design a generic synthetic route, tolerable of many different functionalities which
allows for the synthesis of materials offering the advantages of porosity combined with the

processability obtained from being solution dispersible.

In 2016 Li and co-workers reported the synthesis of microporous polymers by the radical
copolymerisation of divinylbenzene and bismaleimides.! This work was followed a year later
in 2017 when the same group reported the synthesis of another microporous polymeric
network synthesised via the same strategy but instead using fumaronitrile as the comonomer.2
The concept of using radical polymerisation to yield microporous networks offers numerous
advantages over the more conventional methods used to yield HCPs, CMPs, COFs etc.
Namely, the fact that no metal catalysts are required, the reaction produces no by-products
and offers high atom economy, employs less harsh conditions, uses non-toxic/non-corrosive
solvents and offers much scope for modification i the sole requisite being a vinyl monomer
which can be copolymerised alongside divinylbenzene. However, the same drawback that
hinders the processability of all other microporous networks is still very much present in these

materials; the complete lack of solubility in common organic solvents.

There have been a recent number of reports detailing the synthesis of porous polymer
particles using diblock copolymers based on PEO-b-PS synthesised via controlled radial
polymerisation methods such as ATRP. In these reports the diblock first self-assembles
through the judicious choice of solvent. Hypercrosslinking of the resulting material yields
hierarchically structured porous polymers whereby the hypercrosslinked PS forms the shell
and the PEO self-assembles to form a core.®>4 The use of diblock copolymers towards
hierarchically structured porous materials hold much promise due to the ease of synthesis of
the diblocks, the huge scope for variation and the different conceivable structures one could
form in solution (e.g. micelles, vesicles, lamellae, worms). However currently all work in this
area has seen the hydrophilic chain form the core of the structure with the hypercrosslinking
block forming the shell. Thus far, there have been no reports of reversing this structure so as
to have a porous core present with long hydrophilic chains on the outside of the material. In
theory, this would yield a porous polymeric system which could be solution processable due

to the porous insoluble core being suspended in solution by these long free hydrophilic chains.
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Reversible addition-fragmentation chain transfer (RAFT) polymerisation is form of reversible
deactivation radical polymerisation (RDRP) which allows for the design of functional polymers
with targeted molecular masses, narrow polydispersity and defined molecular architecture.
The overlying process of RDRP techniques lies with the partitioning of the propagating radicals
between active and dormant states. In other controlled polymerisation techniques such as
nitroxide mediated polymerisation (NMP)%® and atom transfer radical polymerisation (ATRP)8,
this is achieved through either nitroxide capping (NMP) or a redox process by which the
equilibrium lies heavily with the dormant species (ATRP). The mechanism by which RAFT
polymerisation provides control over polymerisation differs fundamentally from these
aforementioned techniques. The mechanism of RAFT polymerisation proceeds via a
degenerative chain transfer process, as outlined in Scheme 3.1, by which the propagating
species is in equilibrium with the dormant species.®!' The main advantage RAFT
polymerisation has over other RDRP processes is that it is compatible with a wide range of
functional monomers and reaction conditions which allows for the synthesis of polymers with
well-defined molecular architectures. Indeed, the only difference between conventional radical
polymerisation and RAFT polymerisation is the inclusion of a suitable RAFT agent meaning

rates of reaction and conditions do not require further modification.

Dead polymer Dead polymer
P, +Pi—X = ~ P, +P—X
M M
Propagation Dormant Propagation Dormant

Scheme 3.1 Reversible-deactivation radical polymerisation by degenerative chain transfer where Py
and Pm are the propagating chains, M is the monomer being polymerised and Pm-X and Pn-x are the

dormant species??

The formation of nano-objects in solution is often achieved by the synthesis of amphiphilic
block copolymers followed by microphase separation usually driven by the addition of a non-
solvent for one block.?** Though effective, this method involves numerous post-synthetic
purification steps and yields very dilute dispersions (often <1 wt. % solids) which are necessary
for full control over the self-assembly process. Over the past several years and as a result of
the development of different RDRP techniques, considerable attention has driven the
development of an alternative route towards block copolymer nano-objects, namely

polymerisation-induced self-assembly (PISA). Using a PISA methodology nano-objects are
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formed by chain-extending a soluble homopolymer in a solvent which is a good solvent for the
monomer and first block but a poor solvent for the growing second block. Then, as
polymerisation proceeds the growing block becomes gradually insoluble which drives in situ
self-assembly to form block copolymer nano-objects (scheme 3.2).251 This method holds
numerous advantages over conventional self-assembly strategies such as the reaction being
a one-pot synthesis, the ability to be carried out at high concentrations (up to 50% w/w solids)

and allows access to many different morphologies such as micelles!’8, vesicles!®, worms?

and more?''23,

Spheres
P<1/3
_— E—
RAFT PISA 118 <P<12 Worms
Soluble
stabilizer
block v
Increasing Vesicl

Soluble coreDp esicles

diblock

copolymer

AB diblock copolymers
Scheme 3.2 Synthesis of block copolymer nano-objects through a PISA approach

Though in theory it is possible to apply all controlled polymerisation mechanisms to a PISA
process the field has been dominated by the RAFT mechanism. This is predominantly due to
the fact that RAFT is compatible with a wide range of monomers and can be carried out in
many different solvents ranging from water, alcohols, oils and even ionic liquids. During a
RAFT-PISA process a macromolecular chain transfer agent (macro-CTA) is applied as both
the modulator of the reaction as well as the soluble stabiliser block. This in turn allows for

control of the polymerisation process as well as ensuring self-assembly occurs.
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3.2 Chapter Aims

Through the union of RAFT-PISA and polymerising divinylbenzene alongside a suitable co-
monomer it should be possible to design porous nanoassemblies which disperse in solution
as a result of the free hydrophilic chains yet are porous due to the polymerisation of the two
monomers (Scheme 3.3). This chapter reports the design, synthesis and characterisation of
such a system through the application of a PEG-based macro-CTA which is used to mediate

the polymerisation of divinylbenzene and fumaronitrile in an aqueous alcohol solvent system.

£o~"Yo IR g N
40\/7‘0 B cN 1]/ !

s "' Water/Ethanol, K,S,0,

80°C,24h

Self-assembly

Porous core

(insoluble) —_—

Hydrophilic corona
(soluble)

Scheme 3.3 Design principle towards solution stable porous nanoassemblies

A series of microporous polymers are synthesised and characterised which possess a core-
shell structure by which the core is comprised of divinyloenzene and fumaronitrile and the
shell is comprised of long hydrophilic PEG chains. The bifunctional nature of divinylboenzene
ensures the core is porous. However due to the extensive crosslinking in this system the core
is also insoluble hence solution stability of the final material is a result of the PEG chains. The
extent of solution stability is explored in this chapter by making samples with increasing
amounts of monomer which will result in a larger core. This should give rise to materials with

larger surface areas yet may also result in a loss of solution stability.
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3.3 Optimising Reaction Conditions

3.3.1 Divinylbenzene:Fumaronitrile Ratio

The polymerisation of divinylboenzene and fumaronitrile as reported by Li et al.? showed a
variance in surface area dependant on the starting ratio of divinyloenzene and fumaronitrile.
Initially, a fumaronitrile mole ratio of 0.25 is applied which yields a material with a surface area
of 589 m?/g. The surface area of each material gradually increases as the mole ratio of
fumaronitrile increases until a mole ratio of 0.75:1 where a maximum of surface area of
805 m?/g is achieved. After this point further increase of the fumaronitrile mole ratio lowers the
BET surface area of the material until a final value of 443 m?/g is observed for a mole ratio of
2.5:1 (FN:DVB). This work showed that the optimum ratio of FN:DVB which yields the highest
specific surface area is 0.75:1 therefore all materials reported in this chapter use this ratio.

HCPN-0.75 was synthesised in toluene which is a good solvent for both monomers, given that
both monomers are soluble in this solvent. To be able to induce microphase separation during
polymerisation it is vital for the growing chain to chain extend in a solvent in which it is insoluble.
Furthermore, both monomers need to be soluble in the solvent system initially to ensure
RAFT-dispersion polymerisation occurs. Common solvent systems reported in the literature
to induce microphase separation of a hydrophobic polymer chain are typically water, alcohols
and mixtures of these two.>!” This seems like a suitable choice for this work as given that a
hydrophilic polymer (PEG-CTA) is to be chain extended using hydrophobic monomers (DVB

and FN) and as such should drive the in situ self-assembly process.

3.3.2 Varying Solvent Composition

It has been shown that the RAFT-mediated polymerisation of some monomers when using a
pure alcohol system yields nanoassemblies but usually with low conversion (only 60 % after
7 hours). As a result, long reaction times (~24 h) are required to give rise to high monomer
conversion (> 90 %). However, work carried out by Jones et al. shows that the addition of
water to these systems results in a rapid rate increase and yields much higher conversion
after less than 8 hours under identical conditions.?” However, this work also reported that the
addition of water also adversely affected sample morphology with formation of higher order
morphologies such as worms and vesicles being hindered. Indeed, when more water was

added the polymerisation yielded only kinetically trapped spheres.

The polymerisation was carried out in varying solvent mixtures of water and ethanol ranging
from 0% up to 100% ethanol in order to try to yield samples that have both high surface areas

and remarkable solution stability when dispersed in solution. It was thought that the different
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solvent systems would have a serious effect on the characteristics of the final material owed
to a number of reasons such as; the reaction kinetics, miscibility/solubility of the monomer in
the chosen solvent system, solubility of initiator and morphology of the final material.
Divinylbenzene for example is miscible with ethanol but not with water hence any solvent
system that has greater amounts of water than ethanol will result in emulsion droplets of
divinylbenzene, stabilised by the PEG macro-CTA, as opposed to the monomer being free in
solution. This in turn would have an effect on the rate of polymerisation as this is technically
RAFT emulsion polymerisation and not RAFT suspension polymerisation. Likewise, the
solubility of the comonomer, fumaronitrile, would also effect the polymerisation process. In
ethanol, fumaronitrile has a solubility of ~50 mg/mL yet in water it is <1 mg/mL meaning there
will most likely be a much lower degree of polymerisation for this monomer in purely aqueous

systems.

As expected, both the yield and surface area of the materials synthesised by varying the
water:ethanol ratio varied hugely and with little predictability (Table 3.1). In a purely aqueous
solvent system a surface area of 116 m?/g was achieved yet the 100% ethanol system was
much lower at 11 m?/g. The highest surface area was observed for a solvent system
comprising of a 60:40 water:ethanol mix that was found to be 274 m?/g, though the 50:50
system was very similar at 261 m?/g. It is also worth noting that the yields for these two
systems were also the highest of all syntheses explored. This suggests that a solvent system
of 50:50 or 60:40 water ethanol allows for dissolution of both monomers and macro-CTA as
well as giving rise to faster reaction kinetics thereby ensuring high monomer conversion is

achieved.

Table 3.1 Obtained % yield and surface areas for each sample synthesised in this section

H,O:EtOH Ratio % Yield SAget/ (M?/g)
100:0 56 116
90:10 54 113
80:20 45 133
70:30 50 75
60:40 68 274
50:50 60 261
40:60 56 73
30:70 11 96
20:80 47 251
10:90 25 94
0:100 27 11
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As well as surface area, another important factor to consider in the design of these materials
is their solution stability given that we intend to apply them towards solution phase applications.
In order to study their solution 1 mg/mL solutions in methanol were made up before being
sonicated for 30 minutes. After this time, the samples were left undisturbed and observed to
determine the extent of any sedimentation that may occur.

After Sonication

‘ l

24 h undisturbed

100% 50:50 100%
H,O H,O:EtOH EtOH

Figure 3.1 PPD samples after sonication in methanol (above) followed by being left undisturbed for 24
hours (below)

After sonication each sample is present as a milky solution suggesting that the sample is
dispersed in solution (Figure 3.1). After being left undisturbed for 24 hours it is clear that some
samples are more solution stable than others. This is made obvious by the fact that some
samples are now comprised of two distinct phases, a settled out solid and a clear liquid. This
is most obvious in the samples synthesised in solvent systems comprised of more ethanol
than water. The 100% water sample also shows quite prominent settling of the solid sample.
Samples synthesised in solvent systems of between 90:10 to 30:70 water:ethanol all seem to
show good solution stability after 24 hours as these are the samples which remain the most
dispersed by eye. Therefore, these samples are the ones which hold most promise in terms
of yielding a dispersible porous material.

If we consider the samples which remain dispersible after an extended period of time and
consider their surface area it is clear that the best solvent systems are the 60:40 and 50:50
water:ethanol mix. These systems both yield materials with surface areas over 200 m?/g in

good yields (>60 %) and remain solution stable for over 24 hours. Due to the 60:40 solvent
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system, giving a higher yield and surface area this solvent system was chosen to take forward
and apply towards the synthesis of porous nano-objects.

3.3.3 Varying Reaction Concentration

An important advantage RAFT-PISA has over conventional self-assembly of diblock
copolymers is that the reaction can be conducted at relatively high concentrations
(often > 25 % wiw). Therefore, it was expected that the synthesis of the porous polymer
materials reported here could also be carried out in such a way and have no adverse effect
on the outcome of the final material. With this in mind the first synthesis attempt was carried
out at 10 % w/w in a solvent mixture comprised of 60:40 water:ethanol. Unfortunately, this
reaction resulted in precipitation of the product in situ and the final material was completely
insoluble. This is most likely due to the polymerisation of divinylbenzene at such high
concentrations crosslinking before microphase separation occurs. Therefore, instead of
forming crosslinked nanoassemblies, a continuous crosslinked network forms instead, similar

to that of the work published by Li and co-workers.

To try and deter the formation of an extended crosslinked network the reaction was carried
out at a lower concentration of 1 % w/w. This reaction saw no precipitation of the material in
solution and yielded a white solid which, when dispersed in a suitable solvent such as
methanol, was found to remain stable in solution. Although the reaction was successful it is
problematic to have to carry out the reaction at such low concentrations as this requires large
volumes of solvent. Unfortunately when the reaction was attempted at 5 % w/w the system
again precipitated out during the reaction and yielded an insoluble material. In order to ensure
that the final material was dispersible and porous all further reactions were carried out at

1 % w/w which avoided precipitation of the material during the reaction.

3.4 Modifying Core DP

The polymerisation of divinylbenzene and fumaronitrile, in a 1:0.75 mole ratio, via a
RAFT-mediated PISA route using a macro-CTA in a 60:40 water:ethanol solvent system at
1 % w/w yielded a porous material capable of forming stable solutions after sonication. Thus
far, the highest achieved surface area attained for this synthesis was 274 m?/g. Although this
is respectable, it is still somewhat much lower than the free radical polymerisation of DVB and
FN (HCPN-0.75, 805 m?/g). Speculatively, the main reason why the surface area is much
| ower than that of the fAparent material o

the macro-CTA present in the final product. Although this is a pivotal part of the sample, it is
these chains which induce solution stability, it is nonetheless deadweight and results in the

lowering of the surface area of the material.
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Given that it is the polymerisation of divinyloenzene which imparts porosity into the final
product it should be possible to increase the surface area of the final material by increasing
the ratio of monomer:macro-CTA. This would increase the proportion of the material which
imparts porosity into the final sample. Though this could also hinder the dispersibility of the
material given that increasing the monomer content would yield a larger insoluble core which
may not be able to be dispersed in solution by the PEG chains. The original sample
synthesised had a degree of polymerisation (DP) of PEG113-b-DVB3g0-c0-FN225 and was found
to have a surface area of 274 m?/g. By increasing the DP of the core forming block it should
be possible to enhance this further. Likewise, a reduction in the core DP should also result in
a lowering of the surface area. In order to test this a series of new samples were synthesised

which saw the core DP of both monomers modified (Table 3.2).

Table 3.2 Table showing the DPs of each sample synthesised
Sample CoronaDP | CoreDP | % Yield | SAger (m?Q)
PEG113-b-DVBis0-c0-FN113 113 226 65 240
PEG113-b-DVB300-c0-FN225 113 525 68 270
PEG113-b-DVBsoo-c0-FNaso 113 1050 22 409
PEG113-b-DVB1200-c0-FNgoo 113 2100 53 400
PEG113-b-DVB2400-c0-FN1soo 113 4200 55 405
PEG113-b-DVB4sgoo-c0-FN3s00 113 8400 62 243
PEGu113-b-DVBgsoo-C0-FN7200 113 16800 31 217

As expected, variance of the core DP resulted in prominent changes to the specific SAger of
the synthesised material. When the DP of the core forming block was halved the surface area
reduced from 270 m?/g to 244 m?/g yet when the DP was doubled and then increased fourfold
the SAger increased by almost doubled to around 400 m?/g (Table 3.2). After reaching a core
DP of > 1000 the surface area shows no prominent increase indicating that this may be the
highest attainable surface area for this system. Indeed, when even larger samples were
targeted the surface area actually began to decrease. This may be a result of poor monomer
conversion resulting in incomplete polymerisation which would result in lower surface area
samples due to a lower degree of crosslinking in the final product. It may be that targeting

larger cores requires longer reaction times than the 24 hours used for these syntheses.

It is also possible that increasing the core forming block could result in a loss of solution
stability should the core become too large for the PEG chains to stabilise the core. In order to
test this theory each sample was mixed with methanol to make a 1 mg/mL solution and
sonicated for 30 minutes to form a homogeneous suspension. After this time, the samples

were left undisturbed and observed periodically to see if any sedimentation of the sample
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occurred. Should the sample settle out this would show that the sample is not stable in solution
- most likely the result of the core being too big to be dispersed by the PEG chains. This was
found to be the case for the samples with core DPs exceeding 4000 (Figure 3.2). The three
larger samples with core DPs exceeding 4000 were all found to be incapable of remaining in
solution after 24 hours. The first four samples however all showed remarkable solution stability.
Given that the aim of this project was to synthesise and apply solution-processable materials
the larger samples which showed poor solution stability were deemed unfit for further study.
The first four samples in the series however demonstrated good solution stability and all had

notable surface areas and as such were taken forward and studied in more detail.

After Sonication

24 h undisturbed

Figure 3.2 Dispersibility of samples after sonication in methanol and after being left for 24 h

3.5 Solid State Characterisation

The first four samples in the series as shown in Table 3.2 were characterised in the solid state
by the means of Fourier transform infrared spectroscopy, solid state **C NMR, elemental
analysis and N, gas sorption analysis. These techniques allow insight into the chemical
composition of the samples and allow for further probing of the porosity of these samples.
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3.5.1 Infrared Spectroscopy

The PPD samples are comprised of two different monomers and a PEG based macro-CTA all
of which have their own associated FTIR spectrum (Figure 3.3). The PEG macro-CTA has a
signal at ~1100 cm™ associated with the C-O ether stretching frequency of the PEG chains. A
signal in the spectrum of fumaronitrile is found at~2250 cm*,pr esent due t o
moiety. Finally there is a signal in the IR spectrum of divinylboenzene which relates to the

aromatic C=C bending mode.

PEG-CTA

v

Divinylbenzene

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 3.3 FTIR spectra of the PEG-CTA, and divinylbenzene monomers

The IR frequencies highlighted in Figure 3.3 should all be present in the final material meaning
it is possible to use these signal to determine if these three components are present in the
final product. Indeed, when examining the FTIR spectra of the synthesised materials
(Figure 3.4), we see that these signals are present in the final products thereby indicating that
both monomers and CTA have been successfully incorporated. Alongside these signals, there
is also a broad signal at 2850 - 3050 cm™ which looks similar to that present in the initial CTA.
Closer inspection of this region shows there are two signals present with the signal centred at
~2850 cm? resulting from the alkyl C-H stretches present in the CTA and the newly
synthesised polymer backbone. The second signal present at slightly higher wavenumber
(~3050 cm™) is a result of the presence of aromatic C-H stretches present in the aromatic ring
of DVB. Each of the samples also have peaks at ~ 3500 cm™ present in their IR spectrum
which is attributed to the presence of water. This is most likely a result of either the IR collection
method, KBr discs were used and KBr is very hygroscopic, but could also be a result of the

uptake of moisture by the hygroscopic PEG chains present in all networks.
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PEG 43-b-DVB,200-c0-FNoggo \WJ\W

PEG 113-b-DVBigg0-c0-FNs0 W A\
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Figure 3.4 FTIR spectra of PEG113-b-DVB150-c0-FN113, PEG113-b-DVB300-c0-FN225, PEG113-b-DVBeoo-
€0-FNaso and PEGa113-b-DVBi1200-c0-FNgoo

3.5.2 Solid State NMR Spectroscopy

To further evidence the successful formation and relative incorporation of both monomers and
macro-CTA, solid state *C NMR spectroscopy was carried out on each sample. Primarily, a
solution phase *C NMR of each starting material (i.e. the CTA and monomers) was acquired
and used to identify key signals present within each sample (Figure 3.5). These signals, along
with the expected new peaks, can then be used to quantify the success of the reaction as well
as confirm all reagents have been incorporated.

Ether

CHCI,
PEG-CTA ]

Divinylbenzene |

L
Aromatic

160 150 140 130 120 110 100 90 80 70 60 50
o/ppm

Figure 3.5 3C NMR solution phase spectra of PEG-CTA (green), fumaronitrile (orange) and

divinylbenzene (black) monomers in CDCls
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The PEG macro-CTA has a distinct peak at ~70 ppm that corresponds to the CH» groups
present within the PEG chain. Fumaronitrile exhibits a distinct peak at ~116 ppm due to the
presence of the nitrile (CIN) group. Final
in the aromatic region, 120 i 140 ppm, corresponding to the aromatic carbons. There are also
other peaks within the individual spectra such as the peaks at ~113 ppm seen in the spectrum
of divinylbenzene and fumaronitrile which is attributed to the vinyl carbons of the respective

monomers.

PEG113'b'DVB1200'C0'FNgOO

PEG113'b'DVB500'c°'FN450

PEG113'b'DVBaOD'CO'FN225

PEG113'b'DVB150'C0'FN113

160 140 120 100 80 60 40 20 O
slppm

Figure 3.6 13C CP/MAS NMR spectra of PEGu1i3-b-DVBiso-c0-FN113, PEGu113-b-DVB3oo-c0o-FN2zs,
PEGu113-b-DVBeoo-c0-FNaso and PEG113-b-DVB1200-c0-FNooo

Solid state *C CP/MAS (cross-polarisation magic angle spinning) NMR spectroscopy was
carried out (Figure 3.6) on each of the four samples synthesised in this work. The NMR were
compared to that of the 3C solution NMR of the starting materials to evaluate the relative
success of the polymerisation. It is immediately clear to see that the PEG groups from the
CTA have been incorporated into the final product due to the peak centred at ~70 ppm, present
in all four samples. The broad signals present between 1207 140 ppm are due to the aromatic
carbons present from the incorporation of divinylbenzene into the network. To the right of this
peak at~116ppm i s a small peak which is due to
the polymerisation of fumaronitrile. The new signals (20 i 40 ppm) are indicative of a long
alkyl backbone as would be expected from the polymerisation of two vinyl monomer such as
fumaronitrile and divinylbenzene. This confirms that the polymerisation of the two monomers
was successful given that these signals did not appear in any of the solution phase NMR

spectra of the starting material.

A comparison of the ssSNMR of the RAFT-mediated route (PEG113-b-DVB3go-c0-FN225) and that

of HCPN-0.75 provides further evidence that the reaction has proceeded via the
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RAFT-mediated route and not simply free radical polymerisation (Figure 3.7). This figure
clearly shows that the HCPN-0.75 sample, which is the result of the free radical polymerisation
between divinylbenzene and fumaronitrile has no signal at 70 ppm. This is to be expected due
to that signal relating to the PEG chains of the CTA. However there is a clear signal at 70 ppm
in the spectrum of PEG113-b-DVB3g0-c0-FN22s, or indeed any of the four samples synthesised
using the RAFT-mediated PISA method. If the polymerisation process were to be purely free
radical and not controlled then this signal would not be visible, therefore its presence confirms
that the CTA had mediated the polymerisation of these two monomers. Notably, all other

signals which appear in HCPN-0.75 also appear in the spectrum of PEG113-b-DVB3go-c0-FN22s.

HCPN-0.75

PEGy,3-b-DVB;gy-co-FNzs

200 180 160 140 120 100 80 60 40 20 0
8/ppm

Figure 3.7 13C CP/MAS NMR spectra of HCPN-0.75 and PEG113-b-DVB3oo-c0-FN225

3.5.3 Elemental Analysis

Elemental analysis was carried out to give insight into the relative monomer incorporation of
the final product (Table 3.3). All starting materials contain carbon and hydrogen hence this will
not yield much insight into the incorporation of either fumaronitrile or CTA. However given that
fumaronitrile is the only nitrogen containing monomer and the CTA is the only sulphur
containing material these values will give a good indication as to how well these two are

incorporated into the final product.

Table 3.3 Elemental analysis data for each sample

% Carbon % Hydrogen % Nitrogen % Sulfur

Sample

Theoretical Found Theoretical Found Theoretical Found Theoretical Found

PEG13-b-DVBi5p-co-FNyq3 78.01 80.74 5.66 6.88 14.68 7.31 0.08 0.79

PEG13-b-DVB3pp-CO-FNzys 78.55 82.22 5.58 6.75 15.03 7.64 0.04 0.37

PEG13-b-DVBgps-c0-FN4so 78.84 85.18 553 7.11 15.20 4.95 0.02 0.26

PEG113-b-DVB1200-€0-FNggp 78.98 83.82 5.51 6.87 15.29 6.83 0.01 0.45
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All values were found deviate from the theoretical values, which assume full conversion of
both monomers. The deviation in expected and found values could be due to a number of
different reasons such as an idealised final structure, incomplete polymerisation of the
monomers or the presence of water obscuring the results. What is most prominent from these
results is that the nitrogen content of all samples is much lower than expected. Furthermore,
all samples show a higher than expected carbon content. This may hint at the final material
containing more divinyloenzene than fumaronitrile possibly due to the reactivity of
divinylbenzene being greater than fumaronitrile i this monomer does after all have two sites
from which polymerisation can occur. This point is further echoed by the hydrogen content
being higher than expected for all samples synthesised. In particular, if we consider the
PEGa113-b-DVBeoo-C0-FNaso Sample we see that this has by far the lowest nitrogen content but

equally also by far the highest carbon and hydrogen content.

The sulphur content found in all the samples is much higher than expected. Given that each
sample synthesised has twice the amount of monomer present the sulphur content should half
each time assuming 100% conversion is reached. Therefore, we can assume that if the
sulphur content is higher than expected than there is less monomer conversion during
polymerisation. The yields of each synthesis (Table 3.2) are much less that 100 % so it is
known that the reactions have not reached full conversion. Therefore, a higher sulphur content
than calculated is to be expected for each sample. The fact that there is sulphur in the final
material does however confirm that the polymerisation was mediated by the RAFT-agent and

that the CTA has been successfully incorporated into the final material.

3.6 Surface Area and Porosity

The porosity of each sample was studied by nitrogen gas sorption isotherms at 77 K
(Figure 3.8). All samples display uptake over the low pressure range (< 0.1 P/Po) which is
indicative of uptake into the micropores of the sample. Indeed, this is consistent with the
nitrogen gas sorption isotherm of HCPN-0.75 as reported by Li et al.? thereby proving that the
polymerisation of divinyloenzene and fumaronitrile has resulted in the generation of a
microporous network. All four samples also show very large uptake over a high relative
pressure range (>0.9 P/Pg), something which was not previously seen in the isotherm of
HCPN-0.75. This uptake is usually attributed to gas adsorption into large pores, often
macropores, present within a sample. However, it is unlikely that the polymerisation of
divinylbenzene and fumaronitrile would result in a macroporous material. It has been
previously reported that the hypercrosslinking of block copolymers results in an aggregated

network which allows for condensation of nitrogen gas between particles.®>? Instead, this large
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uptake of gas is attributed to the condensation of nitrogen gas between the particles formed
during the RAFT PISA process. This is further explored in section 3.8 of this chapter.

The surface area of each sample was calculated over the relative pressure range of 0.01 1
0.15 P/P, (Table 3.4). The surface area of each sample increases as the core DP increases
which is to be expected given the core of the material induces porosity. The sample with the
lowest monomer content, PEG113-b-DVBi1s0-c0-FN113, has a specific surface are of 244 m?/g.
Each sample increases in surface area until a maximum of 409 m?/g was reached for the
PEG113-b-DVBeoo-c0-FN4so Sample. After this, further increasing the core DP had no prominent
effect on the surface area - PEG113-b-DVB1200-c0-FNgoo has a surface area of around 400 m?/g.
This demonstrates that the surface area of the material can be tuned through varying the ratio
of core monomer to macro-CTA. Indeed, the phenomenon of increasing the size of the
crosslinking or porosity inducing block has been observed before in the work of Matyjaszewski
et al. who demonstrated that increasing the DP of the PS block, which could be

hypercrosslinked, resulted in materials with larger surface areas.®

3000

2800 gy 4
& 26004 ,, .ﬂpl*"
© 2400 .
92200 o-0-0-3""g
- _o-0~ -
E 2000 ] o ol F
~— 18004 4° PEG 13-b-DVB 59-c0-FN, 3
@ 1600 4 PEG3-b-DVB 309-c0-FNyz5
2 44001 @ PEG13-b-DVBgogc0-FNgo
0 1200 4 PEG;3-b-DVB300-C0-FNgygp

0.0 0.2 0.4 0.6 0.8 1.0
Relative Pressure (P/P;)

Figure 3.8 Nitrogen adsorption (filled) and desorption (open) isotherms at 77 K of PEG113-b-DVB1so-co-
FN113, PEG113-b-DVBz0o-c0-FN225, PEG113-b-DVBe0o-C0-FN4so and PEG113-b-DVB1200-c0-FNooo (each
offset by 200 cm?/g). Insert shows the low relative pressure region.

The pore size distribution of each sample was calculated from the adsorption branches of the
isotherm using the non-local density functional theory (NLDFT) model (Figure 3.9a). This
model confirmed the presence of micropores within all four samples with a pore size
distribution centred around 1.8 nm. This analysis also revealed the presence of meso- and
macropores within each sample. The plot of cumulative surface area vs pore width

(Figure 3.9b) confirms that as the core DP increases the surface area attributed to
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microporosity also increases. Between 30 to 42 % of the total surface area of each sample is
attributed to the micropores present in each sample.
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Figure 3.9 (a) NL-DFT differential pore size distribution and (b) cumulative surface area vs pore width
of PEGi13-b-DVBi50-c0-FN113, PEG113-b-DVB300-c0-FN225, PEG113-b-DVBes0o-c0-FNaso and PEG113-b-
DVB1200-c0-FNooo

Although not plentiful, there are some discreet examples of porous, solution-processable
materials reported in the literature (Section 1.4). The materials reported in this thesis and
resulting publication?® compare favourably with those other materials reported in the literature
in (Table 3.4). As would be expected, the
the analogous insoluble samples and it is this trade-off that will be vital when designing

solution-processable materials.

Table 3.4 Reported BET surface areas of other solution processable porous polymers published

Sample SAger (M?/g) Ref
PEGu113-b-DVB150-c0-FN113 244 This work
PEGu113-b-DVB300-c0-FN225 270 This work
PEG113-b-DVBeoo-c0-FNaso 409 This work
PEG113-b-DVB1200-c0-FNgoo 400 This work

SHCP-3 158 30

SHCP-4 355 30

SHCP-5 530 30

SCMP-1 505 31

TPDC-BZ 610 32
PHCPN 133 33
CzBDP 180 34

Poly(DCDM)-395 646 35
XPCMS-g-PDMAEMA 562 36
XPCMS-g-PNIPAM 596 36
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3.7 Dispersibility and Solution Stability

Solid state characterisation confirmed that porous materials have been synthesised which
incorporate both monomers and the CTA. Therefore, the next step is to characterise the

behaviour of these porous materials in the solution phase.

3.7.1 Solution Stability

Thus far,theonlyway of identifying the solution s-tabi

eyeo (Figure 3.2). While this provides a
into the solution stability it is purely qualitative. Therefore, it is imperative to develop a more
insightful analysis technique to better study the solution stability of the dispersions. Most ideal
would be a method that allows for the quantitative determination of the degree of
sedimentation that occurs in each sample over a defined period of time.

All the samples synthesised are UV active and show peaks in the UV region due to the
presence of divinylbenzene (Figure 3.10). As such, it may be possible to use UV-Vis
spectroscopy to determine the stability of the dispersions. If a known quantity of sample is
dispersed in a chosen solvent and the UV-Vis spectrum of that sample is recorded immediately
the absorbance of that amount of sample is known. Should the sample then be left undisturbed
for a period before recording another UV-Vis spectrum any change in the intensity will be a
result of the sedimentation within the sample. This change in intensity can then be related to
the amount of samples that has fallen out of solution given that the Beer-Lambert law
associates absorbance with concentration. This method provides a very simple and

convenient way of determining the solutions stability of each dispersion.

All four samples were made up to 0.1 mg/mL solutions and sonicated for 30 minutes to form
stable colloidal dispersion. A UV-Vis spectrum of each dispersion was recorded before each
sample was left undisturbed for 1 week in a sealed cuvette to ensure the solvent level
remained consistent. After this period, another UV-Vis spectrum was recorded and the
maxima of the two spectra were used to determine the degree of sedimentation (Figure 3.10).

79

crude



Chapter3. PPDs from FN and DVB

0.0

After Sonication
1 week Undisturbed

220 240 260 280 300 320 340 360 380 400

Wavelength (nm)

After Sonication

Absorbance
- - N
= I o
L

e
[
L

0.0

After Sonication
1 week Undisturbed

220 240 260 280 300 320 340 360 380 400

Wavelength (nm)

PEG113'b—DVB1200—CO—FN900

After Sonication

The

4@ University
» Of

" Sheffield.

o
o

1 week Undisturbed

1 week Undisturbed

Absorbance
- - N
=) n o
h

Absorbance
- a
o »

.

e
]
1
b
n
L

0.0 T T T T T T T T
220 240 260 280 300 320 340 360 380 400
Wavelength (nm)

0.0 T T T T T — T
220 240 260 280 300 320 340 360 380 400
Wavelength (nm)

Figure 3.10 UV-Vis spectra of each sample after sonication (black) and after 1 week undisturbed (red).

The peak at ~265 nm was used to determine the degree of sedimentation over this time period.

All samples demonstrated good solution stability with very little difference in the UV-Vis
spectrum observable after 1 week, which is in agreement with what was visually observed. If
the maximum of the one week spectrum is subtracted from the one recorded initially the
solution stability of each dispersions can be quantified and the dispersed and sedimented
fractions reported. The two samples with the smallest core DP showed the best solution
stability with > 99 % of the samples remaining dispersed after one week (Table 3.5). The
solution stability seems to be in good agreement with the core DP in that the largest sample
shows the worst solution stability, though even this is greater than 90 %. This experiment
logically suggests that as the core DP increases the samples becomes less solution stable.
This experiment proved simple to carry out, allows for a simple way to determine solution
stability and is a great example of the ways in which these samples can be analysed in solution,

something much more difficult to do for insoluble porous polymers.

Table 3.5 Solution stability of each sample analysed via UV-Vis spectroscopy

Sample Dispersed fraction Sedimented fraction
PEG113-b-DVB150-c0-FN113 >99 % <1%
PEG113-b-DVB300-C0-FN225 >99 % <1%
PEG113-b-DVBsoo-c0-FNaso 97 % 3%
PEG113-b-DVB1200-c0-FNgoo 91 % 9 %
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3.7.2 Dynamic Light Scattering

Given that stable colloidal dispersions can be formed after sonication in methanol, it seems
appropriate to try and characterise the particles present in these colloidal suspensions. The
simplest technique used to characterise polymeric dispersions is dynamic light scattering
(DLS). Much like the UV-Vis study, 0.1 mg/mL solutions in methanol were made up and
sonicated for 30 minutes, before immediate analysis of the resulting solution. The DLS of the
four samples showed patrticles existed in solution ranging from 229 nm to 942 nm (Table 3.6).
These sizes are much larger than compared to more conventional polymer nanopatrticles with
similar DPs. For example Zhang et al. synthesised PEG113-b-PS20s nhanoassemblies which
were found to be only 31 nm in size.'” Likewise even ultrahigh molecular weight poly(styrene)
particles synthesised by Davis et al. were only around 170 nm in diameter and that was with
a poly(styrene) M, exceeding 1 000 000 g/mol (DP > 9600).%’

Table 3.6 Hydrodynamic radii of each sample after different sonication times

Samole Hydrodynamic radii (hm)?

P 30 mins sonication 3 h sonication 72 h undisturbed
PEG113-b-DVB150-c0-FN113 241 (0.11) 176 (0.10) 204 (0.10)
PEG113-b-DVB300-c0-FN225 229 (0.08) 216 (0.07) 219 (0.08)
PEG113-b-DVBeoo-c0o-FNaso 435 (0.19) 233 (0.11) 230 (0.10)
PEG113-b-DVB1200-c0-FNagoo 942 (0.24) 205 (0.21) 262 (0.24)

apLS carried out at 25 °C, PDI of each sample in parentheses. PDLS carried out after leaving sample undisturbed
for 72 hours and then carrying out the measurement.

Given that the sample size in solution was much larger than initially expected it was decided
that the samples should be sonicated for a longer period of time. It is possible that the
nanoassemblies in solution could be aggregating together and a larger period of sonication
should succeed in breaking up these aggregates. Therefore, each sample was sonicated for
3 hours before being immediately analysed. The longer sonication time resulted in a dramatic
reduction of the observable hydrodynamic radius (Table 3.6). The resulting sizes are more
similar to other bodies of work which report spherical nanoassemblies of amphiphilic diblock
copolymers of similar DPs.1%3738 After allowing the solutions to stand for 72 hours undisturbed
it was found that there was minimal change in the size of the particles in solution. This

suggests that the particles are not aggregating back together (Figure 3.11).
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Figure 3.11 DLS curves of PEG113-b-DVBi150-c0-FN113, PEG113-b-DVB300-c0-FN225, PEG113-b-DVBeoo-

c0-FN4so and PEG113-b-DVB1200-c0-FNooo after different sonication times (left & middle) and after being
left for 72 hours (right)

Though DLS is a quick and simple technique it is not without its flaws, which most notably is
the assumption that all samples being analysed have a spherical morphology. Therefore, any
deviations from this would lead to inaccurate results. This is quite obvious to spot through
observing the PDI of each sample under investigation. Generally, a PDI of around 0.2 or less
is seen as acceptable and confirms that the sample is both stable (i.e. no sedimentation is
occurring) and is adopting a spherical morphology. Samples with PDIs of larger than 0.4 are
to be treated with some caution given that these samples are either showing a wide size
distribution. The samples analysed in this work all gave quite narrow PDIs (below 0.25) which
is considered acceptable. However, given that DLS does assume a spherical morphology and
thus far the morphology of these samples are still unknown it is imperative to carry out more

detailed analysis of the samples so as to probe in more depth the size and morphology.
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3.8 Small Angle X-Ray Scattering (SAXS) Studies

Small Angle X-Ray Scattering (SAXS) is a powerful and versatile analytical technique for the
structural characterisation of nanomaterials in either solution or the solid state. SAXS gives
information relating to the morphology and size of the sample under investigation in the range
of one to a few hundred nanometres. As such, it seems a suitable technique to further probe

the sample morphology and size of the porous polymer dispersions reported in this work.

SAXS, in a similar way to x-ray crystallography, works on the principle of scattering x-rays,
measuring the scatter pattern and finally relating this back to the sample under investigation.
However, unlike x-ray crystallography, the sample need not be crystalline which allows for the
study of amorphous systems such as proteins, emulsions and nanopatrticles. The reason much
larger structures can be analysed is due to the scattering intensity being measured at angles

of 2d close to OAi@@)ypically between 0.1

The setup of a SAXS experiment sees a solution of the sample under investigation placed in
a suitable sample holder and illuminated by a beam of monochromatic x-rays (Figure 3.12).
As the x-rays pass through the sample they are elastically scattered and this scattering is
recorded by a detector. The resulting scattering pattern allows the morphology and size of the
sample to be determined. The solvent system is also recorded and subtracted from the SAXS
pattern obtained from the sample leaving only the SAXS pattern obtained from the particles

under analysis.

X-ray
detector

Xray (| _ _ _FPrimary xray beam
source

Figure 3.12 Schematic representation of a SAXS experimental setup

SAXS studies were carried out on the stable dispersions formed for each sample in methanol
to probe the morphology adopted by the samples in solution. 5% w/w dispersions in methanol
were used to probe the structure of each sample (Figure 3.13a). To simplify the analysis it was
necessary to model the data based on the particles being treated as homogeneous solid

spheroids. In this instance the scattering intensity of such spheroids can be expressed as:
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— R  0°Y [ . Q Y $OfY sQY  Equation 3.2

where 0 is the number of scatterers, Y 1 is the hard-sphere interaction structure factor

based on the Percus-Yevick approximation,® "Q 'Y is their Gaussian size distribution
function and "ON’Y s the particle form factor. Specifically, "Q 'Y is expressed as:

Q Y M_'Q Equation 3.3
where Y is the mean radius of the particles and, is the standard deviation of the size

distribution. The particle form factor,"OR’Y , is expressed as:
o™ — N —n Equation 3.4
where ¥, is the X-ray scattering contrast.

Initial inspection of the background-subtracted SAXS pattern for a 5% w/w dispersion of each
sample in methanol indicated that a complex morphology consisting of two populations was
present: one of small particles (h=1 in Eqg. 3.2 1 3.4) and the other of larger particles (n=2 in
Eq.3.27 3.4).

o™ — N — Equation 3.5

This two-population approximation provided a satisfactory fit over the entire g-range and
indicated that primary nanoparticles of between 24 nm and 29 nm in diameter (D1) existed
within larger aggregates whose diameter ranged from 138 nm to 188 nm (D2) (Figure 3.14b).
The Percus-Yevick hard-sphere mean interaction distance between interacting primary

particles (O ) ranged between 31 nm and 42 nm, and that between larger aggregates (O )

was found to be between 239 nm and 279 nm.
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Figure 3.13 (a) Small angle x-ray scattering of samples PEG113-b-DVB1s0-c0-FN113, PEG113-b-DVBgzoo-
€0-FN225, PEGu113-b-DVBes00-C0-FNaso and PEGa113-b-DVBi200-co-FNgoo. (b) Representation of particle
morphology where D1 and D2 are the mean diameter of the primary particles and aggregates and Dev1

and Dry2 are the mean interacting distances between the primary particles and aggregates respectively

SAXS analysis revealed important structural features about the sample morphology DLS
studies were not able to. Namely, these are that the samples are not simply individual micelles
comprised of a porous core made dispersible by outer hydrophilic PEG corona but instead
show a much more complex aggregated morphology. TEM images of each sample were
collected to confirm that the SAXS data was correct and the samples did indeed adopt this
aggregated morphology. TEM imaging confirms that each sample consists of primary smaller
particles which aggregate together to form much larger assemblies as indicated through SAXS
analysis (Figure 3.14).

Figure 3.14 TEM images of PEG113-b-DVB1s0-C0-FN113, PEG113-b-DVBa30o-C0-FN225, PEG113-b-DVBeoo-
c0-FNaso and PEG113-b-DVB1200-c0-FNeoo showing the aggregated morphology deduced by SAXS

The presence of this aggregated morphology, as confirmed by SAXS studies and TEM
imaging, explains why a dramatic size reduction was observed in the DLS upon further
sonication. Furthermore, after 3 hours of sonication the samples do not seem to get any bigger
when left undisturbed. This may suggest that the aggregation in these samples is driven by
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two or more different reasons and that one can be overcome through sonication but the other
is much harder to overcome. As a result larger mass fractals, which are collections of
aggregates, can be broken down into aggregates which are then not able to be further broken
down into the individual particles first hypothesised at the advent of this project. The next
section of this chapter investigates further this aggregate formation.

3.9 Hypothesis of Aggregate Formation

It was proposed in the introduction and chapter aims that the RAFT-mediated PISA of
divinyloenzene alongside a co-monomer would yield discreet porous nano-objects.
Preliminary DLS studies seemed to support this hypothesis but more comprehensive SAXS
and TEM analysis observations revealed that a more complex and aggregated morphology
was instead adopted. Though interesting, it is not yet clear why these samples adopt this
morphology hence it is imperative to carry out studies to further elucidate the mechanism of

formation.

3.9.1 Synthesis of Analogous Poly(styrene) Samples

It is thought that the main reason the samples adopt an aggregated morphology is due to the
polymerisation of the bifunctional divinylboenzene monomer. It is the bifunctional nature of this
monomer to which we accredit the porosity of each sample hence it is imperative that we use
this monomer in the synthesis of these materials. However, what could be the case is that the
monomer is polymerising before the onset of microphase separation. Therefore, when phase
separation occurs and the core of the sample begins to form it could be that some particles
become linked together due to this early polymerisation of the DVB monomer. Should this be
the case then it is conceivable to imagine that some particles would become linked together
resulting in aggregate formation as observed by SAXS and TEM. Analogous samples were
prepared by substituting the DVB monomer and replacing it with styrene whilst keeping all

other variables constant and the two series were compared.

This synthesis was attempted and the products were analysed via DLS and TEM to determine
the size and morphology. Ideally the reaction would yield spherical particles which show no
aggregation if it were the DVB which was solely responsible for the observed aggregate
formation. Figure 3.15 shows the TEM images of the PEG-b-PS-co-FN analogues along with
their sizes as determined by DLS. It is clear that the samples synthesised using styrene were
not at all aggregated and yielded monodisperse spherical nanoparticles. Given that the only
difference in synthesis was the replacement of divinylbenzene for the chemically and
structurally similar styrene monomer it is a fair conclusion to draw that the polymerisation of

divinylbenzene is responsible for the aggregation present in the DVB samples.
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Figure 3.15 (above) TEM images of styrene analogues of the DVB samples and (below) the DLS data

for each sample

To gain better insight into how fast this aggregation commences a DLS study was carried out
on the synthesis of the PEG113-b-DVB1200-C0-FNgoo Sample. At a certain time an aliquot of the
reaction mixture was taken and analysed by DLS with the idea being that the onset of
aggregation could be determined when there was a significant increase in the observable
samples size. This information would be useful because it would give insight into whether
aggregation occurs immediately or after a certain amount of time. There was a particular focus
on collecting time points early on in the reaction so as not to miss this onset should it occur
rapidly.

Small aggregates
Y ..

1000 1500

0 500
Time (minutes)

Figure 3.16 (Left) Evolution of particle size over time for the synthesis of PEG113-b-DVB1200-c0-FNgoo

and (right) hypothesised mechanism for the generation of porous polymeric aggregates
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After less than one hour a particle size of around 80 nm was recorded suggesting that
crosslinking of smaller particles occurs very early on before subsequent aggregation. After
this period there was a general trend showing the size increase from around 80 nm up to an
eventual size of around 260 nm which was initially observed for this sample after extensive
sonication. Interestingly this sample showed the same size as the sample did after sonication
for 3 hours. This may prove that these are the largest achievable aggregates relating to the
polymerisation process and any other further size increase is a result of these aggregates
packing together. This could be significant as it may indicate that once PISA occurs further
polymerisation of the DVB only takes place in the cores which gives rise to the porosity within
the core of the material and is why the samples are able to form solution-stable dispersions.
A hypothesised synthesis mechanism is shown in Figure 3.16 alongside the DLS results

obtained by monitoring the synthesis of PEG113-b-DVB1200-C0-FNggo.

3.10 Swelling of Sample in Various Solvents

Thus far all experiments in solution have been carried out in methanol for consistency and the
materials had not been dispersed in any other solvent. The samples are comprised of insoluble
porous cores made dispersible by the presence of long hydrophilic PEG chains hence the
solution stability is predominantly driven by the solubility of the PEG chains in a chosen solvent.
Should the solvent of choice be an anti-solvent for PEG, i.e. hexane or petroleum ether, then
the samples would not disperse in solution.

Another factor which may govern the solution stability and indeed size of the nano-objects in
solution is the swelling of the porous insoluble core which is made up of divinylbenzene and
fumaronitrile. It is a well-known phenomenon that porous polymers, particularly
hypercrosslinked polymers and resins based on divinylbenzene, are able to swell when placed
in certain solvents.“®'%2 In the case of the insoluble material this effect may even be beneficial
such as allowing for enhanced uptake of gas and pollutants. Wilson et al.*° even speculated
this phenomena could be exploited for medicinal applications and applied to the uptake of
wound exudate. However, in the PPD samples, this swelling effect could be detrimental to the
solution stability given that another governing factor of solution stability will be the size of the
insoluble material which is being dispersed. Should the insoluble core become too big the
PEG groups would not be able to stabilise it and the result would be sedimentation of the

sample.

To test this theory and explore whether particle size could be tuned through varying the
dispersant each solid sample was dispersed in a different solvent and sonicated for 30 minutes.

Once again, 0.1 mg/mL solutions were made and analysed via DLS to examine the change in
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particle size. Though it has been shown DLS is not ideal to probe the morphology it is reliable
to compare data between samples in the same series. Six different solvents were chosen
(chloroform, dichloromethane, toluene, tetrahydrofuran, acetone and acetonitrile) all of which
are capable of dissolving fumaronitrile but only some could dissolve poly(styrene), the closest
soluble linear polymer to a divinylboenzene polymer. It is expected that the divinylbenzene
would dominate the swelling characteristics of the core given there is much more of it present
and it is the monomer which crosslinks the material. It would be expected that the solvents
capable of dissolving poly(styrene) should also be able to swell the core of the material and
hence larger particle sizes should be observed for these samples which may lead to solution
instability and settling. Likewise samples which do not dissolve poly(styrene) should not be

able to significantly swell the samples and no significant size increase would be expected.

Applying this a priori approach, the different hydrodynamic radii recorded for each sample as
a function of the dispersant was measured via DLS (Figure 3.17). The solvents used can be
split into two categories, those which form stable dispersions and those which induce
sedimentation of the sample. As expected solvents which are able to dissolve poly(styrene)
guite readily are found to be the solvents which yield the largest hydrodynamic radii and also
result in the most prominent sedimentation. Namely, these solvents are chloroform,
dichloromethane and toluene. Indeed when these samples were analysed by DLS the results
were so broad that accurate data acquisition proved most difficult. This is in most part down

to the fact the samples began to fall out of solution almost immediately after sonication.

The other solvents; tetrahydrofuran, acetone and acetonitrile, all proved to be much better
dispersants and allowed for much better data acquisition. Of these solvents, THF and acetone
yielded particles with the largest hydrodynamic radius which seems logical given their ability
to dissolve poly(styrene). Acetonitrile and methanol, two solvents which cannot dissolve
poly(styrene) gave rise to the smallest particle sizes. These results prove that the
divinylboenzene component is most responsible for the swelling of the core and as such
manipulation of this through judicious choice of dispersant can be used to modify the size of

the material in solution.
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Figure 3.17 Hydrodynamic radii of each sample when dispersed in different solvent

This study also allowed for the determination as to the upper limit of the core size before the
sample becomes too | arge and falls out of
sedimentation yet are all solvents which can solubilise PEG. Therefore the main driving force
for sample sedimentation in this instance is the core swelling effect. If this is the case then it
may also be true to say that the limit of solution stability is the size at which the sample begins
to fall out of solution. The largest sample that remained in solution was found to be PEG13-b-
DVBi1200-c0-FNggo in THF (568 nm). Conversely, the smallest sample that showed a loss of
solution stability was the same sample in toluene which had a size of 978 nm. This suggests
that the limit of solution stability is somewhere between 568 i 978 nm though this is assuming
the sample behaves in the same way in different solvents and that solution stability is

dependant only on core size.

3.11 Luminescent Properties

It was found that each sample exhibited luminescent properties when exposed to UV light
(Figure 3.18), a surprising observation given the lack of any extended conjugation. As such,
this behaviour was investigated to determine both the cause and any potential
benefits/applications that could arise from this luminescent behaviour. This section discusses
the luminescent properties of the materials. Chapter 5 further discussed this behaviour and

how it can be applied to selective chemosensing of different compounds
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Figure 3.18 Observed luminescence of each sample when irradiated by UV light (8max = 365 nm)

3.11.1 UV-Vis Spectroscopy

A UV-Vis spectrum of each sample was recorded to identify any bands present in the sample
that could be causing the luminescent behaviour. All samples exhibit an absorption maxima
in the middle-UV region (Figure 3.19) centred around 260 nm though it is not clear what the
cause of these signals are. Therefore, in order to gain better insight into the luminescence UV-
Vis studies on the monomers were carried out. The UV-Vis spectra of the monomers shows
that both fumaronitrile and divinylboenzene have an absorption maxima at around 218 and
237 nm respectively. However, in the case of fumaronitrile there is just one sharp peak yet for
divinylbenzene there is a broad absorption signal ranging between 213 7 300 nm. Given that
this monomer better covers the region of absorption for the polymer samples and that there is
more of this monomer present in the sample it is most likely that the luminescent behaviour
for these samples is most dominated by the divinylbenzene units present within the core and

not the fumaronitrile.
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Figure 3.19 UV-Vis spectra of (a) fumaronitrile and divinylbenzene monomers and (b) PEGuii3-b-
DVBi150-c0-FN113, PEG113-b-DVB300-c0-FN225, PEG113-b-DVBe0o-c0-FNsso and PEG113-b-DVBi200-CO-

FNgoo in methanol
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3.11.2 Fluorescence Spectroscopy

Fluorescence emission spectroscopy allows for the probing of the transition from the excited
state back to the ground state after the material has been excited by UV light. The fluorescence
emission spectrum of both the monomers and polymers were recorded to better understand
the mechanism in play (Figure 3.20).
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Figure 3.20 Normalised fluorescence emission spectra obtained for (a) fumaronitrile and
divinylbenzene monomers and (b) PEGi13-b-DVBu1s0-c0-FN113, PEG113-b-DVB3z00-c0-FN225, PEGu113-b-
DVBe0o-c0-FNaso and PEG113-b-DVB1200-c0-FNooo in methanol

The most striking observation from the emission profiles of the monomers is the lack of
emission from the fumaronitrile monomer. This is in stark contrast to that of divinylbenzene
which shows a broad emission peak centred around ~330 nm. The emission spectrum of the
divinyloenzene monomer seems to closely resemble that of the polymer materials which
further corroborates the UV-Vis spectrum and hints that the divinylbenzene may be the primary

cause for the observed luminescence.

It is hypothesised that the cause of the emission is due to the high concentration of aromatic
rings present in the core of the polymer sample which are close enough to interact with one
another and give rise to fluorescence emission when irradiated. This is very similar to the
behaviour of the divinylbenzene monomer in solution because when in solution the monomer
units are known to p- p stack and form clusters.*® This is why the monomer gives such an
emission spectra when irradiated by UV light. Given that when DVB is polymerised via the
RAFT-PISA methodology applied in this thesis the result is a core of aromatic rings not too

dissimilar from the p- p stacking observed in solution of pure monomer.
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3.12 Varying Crosslinking Monomer

Much of this chapter discusses the synthesis of porous polymeric dispersions based on DVB
and FN. However, given that the synthesis is purposefully generic it should be possible to
replace DVB with another suitable crosslinking monomer to polymerise alongside FN. This
section investigates the effect of swapping crosslinking monomer has on the porosity,

morphology and characteristics of the final material.

It has been the overarching aim of this work to design a generic, cheap and versatile synthetic
approach towards porous polymers in solution. The work described thus far meets these
criteria in that all monomers and solvents used are readily available and cheap, the RAFT-
agent is cheap to make on multigram scales and the synthesis itself is quick. Hence, when
selecting new monomers to replace DVB with it was imperative that the monomers are cheap
and commercially available so as to agree to the initial design principle. Chemically, it is vital
for the monomers to polymerise alongside FN and more importantly do so in a controlled
manner via the CTA. As such, three potential crosslinking monomers were found and
purchased from Merck for less than £1 per 1g. The chosen monomers were;
1,3,5-Triacryloylhexahydro-1,3,5-triazine (THT), ethylene glycol dimethacrylate (EGD) and
bis-acrylamide (BAM) (Figure 3.21).

o F

N
THT
Figure 3.21 Structures of new crosslinkers

3.12.1 Free Radical Polymerisation

To test if each monomer would polymerise alongside FN insoluble materials were synthesised
via free radical polymerisation in a method analogous to HCPN-0.75. All samples were
synthesised using AIBN as the thermal initiator, carried out in toluene at 80 °C and used the
same monomer ratios (0.75:1, FN:Crosslinker). All materials gave white powders in yields
ranging between 631 93 % after re-precipitation in methanol. The samples were analysed via
FTIR, elemental analysis, NMR and gas sorption studies to determine monomer incorporation

and surface area.
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Figure 3.22 FTIR of insoluble samples

FTIR confirms that both the crosslinking monomer and fumaronitrile has been incorporated
into the final product. The signal at 2250 cm™, present in all samples, is a result of the inclusion
of the nitrile groups from successful polymerisation of fumaronitrile. Signals at between 1650
i 1730 cm™ are a result of a carbonyl stretching frequency present in all crosslinkers. The
THT and BAM monomers are more chemically similar than EGD, the carbonyl is adjacent to
a nitrogen atom, and as such, these signals are much closer. The carbonyl signal from the
EGD monomer comes at a slightly higher wavenumber, which is due to a slightly different
chemical environment. There is also a broad signal between 29307 2950 cm, a result of

the polymerisation of both monomers forming an alkyl backbone.

Table 3.7 Elemental analysis for each network synthesised

% Carbon % Hydrogen % Nitrogen
Sample
Expected Found Expected Found Expected Found
FN/BAM 57.55 50.41 4.80 6.34 25.80 15.31
FN/EGD 61.01 56.39 5.13 6.53 15.44 3.78
FN/THT 59.43 53.33 4.54 5.92 25.05 14.96
Pure FN 61.55 - 2.56 - 35.89 -

Elemental analysis of each sample validates the FTIR results and confirms incorporation of
both monomers into the final network (Table 3.7). All samples have a % N content which, for
the EGD system, shows that FN is present in the final material given that EGD contains no
nitrogen. For the other two systems nitrogen is expected in any case given all monomers
contain nitrogen. However the values hint that both monomers have been incorporated given

that the values are lower for that of a pure FN polymer. In this case, pure FN would be
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expected to have a nitrogen content of around 36 % and none of the samples are close to that
value thereby indicating some degree of co-polymerisation has occurred.

FN/THT

FN/EGD A-

FN/BAM

250 225 200 175 150 125 100 75 50 25
& /ppm

o

Figure 3.23 13C solid state NMR spectra of (above) FN/THT, (middle) FN/EGD and (below) FN/BAM

Solid-state 13C CP/MAS NMR was also carried out on the three insoluble samples to determine
the success of the reaction (Figure 3.23). The orange highlighted peak at ~124 ppm, present
in all three sampl es, is a combination of
inclusion of fumaronitrile into the final sample and unreacted vinyl groups present on the
crosslinking monomers. The peak at ~170 ppm highlighted in blue and present again in all
three samples is a result of the carbonyl carbon present in all three crosslinking monomers
which shows these monomers have successfully polymerised alongside fumaronitrile. The
shoulder at ~ 160 ppm, highlighted in green, is due to the carbonyl carbon adjacent to
unreacted vinyl groups. The FN/THT system shows peaks at 25 ppm and 47 ppm which are
associated with the 1 CHi and i CH2i carbons of this monomer when polymerised. The two
peak at 35 ppm and the shoulder at 25 ppm present in the FN/BAM system are a result of the
T CHi and 1 CH2i carbons respectively. Both the FN/THT and FN/BAM materials show small
peaks at 85 and 87 ppm respectively are a result of the carbon atoms adjacent to nitrogen
atoms. In the FN/EGD system peaks at 12 ppm, 38 ppm and 55 ppm are due to the methyl
group, -CH>- alkyl carbons and quaternary carbons present as a result of polymerisation of
this monomer respectively. The spectra, alongside the IR and elemental do however highlight

that both monomers have been incorporated into the final product to some degree.
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3.12.2 RAFT-PISA of FN and crosslinker

BET surface areas for each sample were determined using the 5 point method over a patrtial
pressure range of between 0.01 7 0.35 P/Py using nitrogen gas at 77 K. Surface areas were
found to range between 54 to 227 m?/g with the EGD system showing the lowest surface area
and THT giving the highest surface area (Appendix, Table Al.1). It is thought that EGD gives
rise to the lowest surface area due to the monomer being quite flexible due to the ethylene
glycol chain present within the structure. This would also explain why THT, being the most
rigid monomer, yields the highest surface area and BAM lies somewhat in-between at
140 m?/g. All samples are much lower in surface area than HCPN-0.75 (805 m?/g), which uses
DVB and is the most rigid.

Given that all monomers can be polymerised alongside FN the RAFT-PISA approach, using
the macro-CTA was applied to each synthesis in an analogous method to that of FN/DVB. Al
samples were run at 1 % wt. using KPS as the initiator in a water:ethanol solvent mix and run
for 24 hours. The ratio of monomer:CTA used mimicked that which gave the highest surface
area for the DVB/FN system (hence CTA:Mon was 1:1050). Both the EGD and THT monomers
gave white powders as the product of the reaction in yields of 45 % and 26 % respectively.
Unfortunately, the BAM synthesis gave no solid product. This may be due to this monomer
being soluble in the solvent system meaning there is no drive towards self-assembly. Another
reason could be due to the monomer being incompatible with the CTA meaning only

fumaronitrile polymerised and BAM remained in solution unreacted.

A combination of FTIR, solid-state *C NMR and elemental analysis were used to characterise
the synthesised materials. The FTIR of the PISA samples look very similar to that of the
insoluble analogues as would be expected (Appendix, Figure A3.4). Unfortunately, it is difficult
to use FTIR to elude to the incorporation of the PEG-based macro-CTA due to the signals of
the material appearing in the same place to the ether stretch (~1050 cm™?). In the EGD sample,
the monomer itself has ether linkages meaning this signal is present in the initial sample.
Whereas in the THT sample there is a signal in the same region as the ether stretch so
identifying the ether stretch in this sample is very difficult.
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Figure 3.24 13C ssNMR spectra of PEG113-b-EGDeco-c0-FN4so and PEG113-b-THTeoo-co-FNaso

Solid state *C NMR gives some qualitative insight into the sample composition (Figure 3.24).
The spectra appear to be very similar in appearance to that of the insoluble samples as shown
in Figure 3.23 hence the same peak labelling is applied here as is shown in those spectra.
The key difference in Figure 3.24 is that the PEG-b-THT-co-FN system now has a peak at
~70 ppm which is attributed to the presence of the long PEG chains due to the incorporation
of the CTA into the final material. This peak was previously not present in the insoluble version
of this material. Unfortunately, due to the EGD monomer containing a PEG chain within its
structure it is not possible to accurately know if this peak is a result of the CTA being

incorporated into the final product or the peak being an artefact of the monomer itself or both.

Table 3.8 Elemental analysis results of both samples synthesised via RAFT-PISA approach

Sample % Carbon % Hydrogen % Nitrogen % Sulfur
Expected | Found | Expected | Found | Expected | Found | Expected | Found

EGD/FN 59.21 58.06 5.69 6.77 8.35 3.32 0.07 o*

THT/FN 61.13 53.53 5.72 6.66 16.89 15.61 0.06 o*

* LoD for sulfur analysis is 0.3 %

Elemental analysis provides further insight into the success of the polymerisation (Table 3.8).
The presence of nitrogen in the EGD sample confirms that the FN has been co-polymerised
alongside EGD though the lower than expected value may indicate it has done so to a lesser
extent than expected. The THT sample seems to be in much closer agreement meaning that
these two monomers may polymerise at similar rates. The higher than expected carbon and
hydrogen values would also corroborate a larger proportion of crosslinking monomer being
incorporated than the FN. Expected sulphur values are very low due to the large DPs which

were targeted and as such no sulphur was detected owed to the LoD being < 0.3 %.
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Both samples were investigated through nitrogen gas sorption isotherms at 77 K to determine
the surface area and porosity present within each sample (Figure 3.25). It was found that the
EGD sample displayed a type IV(b) isotherm, which is indicative of a mesoporous material.
Pore size analysis confirms the presence of mesopores within the sample with pore widths
predominantly ranging from 27 10 nm. The THT sample quite conversely was found to uptake
little to no nitrogen gas and was considered to be essentially non-porous. The BET surface
area of both materials, calculated over a relative pressure region of 0.017 0.15 P/Pywas found
to be 210 m?/g and 4 m?/g for the EGD and THT samples respectively.
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Figure 3.25 Nitrogen gas sorption isotherms of PEG113-b-EGDeoo-c0-FNaso and PEG113-b-THTeoo-CO-

FNaso. Inset shows the pore size distribution

3.12.3 Solution-Phase Characterisation

Much like the DVB/FN materials, these samples were found to disperse in different solvents
and as such could be characterised using solution-phase techniques. The white powders were
mixed with methanol (0.1 mg/mL) and sonicated for 30 minutes to form a stable dispersion,
before being analysed via DLS, UV-Vis and fluorescence spectroscopy. Both samples form a
stable dispersion upon sonication in MeOH which shown no signs of settling out of solution
after 24 hours (Figure 3.26). Due to the good solution stability, DLS was recoded for both of

these samples in methanol.
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Figure 3.26 (left) PEG113-b-EGDeoo-c0-FNaso and (right) PEG113-b-THTeoo-c0-FN4so samples after

sonication for 30 mins and then being left undisturbed for 24 hours

Dynamic light scattering was carried out on both samples for 30 minutes and 3 hours in
methanol solvent using samples at a concentration of 0.1 mg/mL (Figure 3.27). Much like in
the FN/DVB systems the hydrodynamic radius of the particles in solution were found to be
larger than those measured after 30 minutes. PEGi13-b-EGDego-c0-FNasp was found to be
425 nm in size with PEGi113-b-THTs0-CO-FNaso being 195 nm. After an extended period of
sonication (3 hours) the hydrodynamic radius of both samples were found to reduce in size,
being measured as 282nm and 100nm for PEGi13-b-EGDeggo-c0-FN4so and
PEGa113-b-THTe00-CO-FNuso respectively. This lowering in size after extended sonication is
indicative of aggregation within the sample and the further sonication is able to break these
aggregates up. Indeed, TEM imaging (appendix, Figure A3.5) of the PEG113-b-EGDego-CO-
FNaso system confirms that the sample has an aggregated morphology similar to that observed
when using DVB as the crosslinker. This is perhaps to be expected given that the synthesis

remained the same and the DVB was merely exchanged for another crosslinking monomer.
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Figure 3.27 DLS of PEG113-b-EGDsoo-c0-FN4so and PEGu113-b-THTso0-c0O-FNaso after sonication for
(left) 30 minutes and (right) 3 hours
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The UV-Vis and fluorescence emission spectra of each sample was recorded in methanol and
compared against the DVB/FN samples. Previously, the broad peak ranging between 220 i
300 nm in the UV-Vis of the FN/DVB samples was attributed to the presence of the aromatic
rings. Therefore, both the EGD and THT samples should not have a peak in this region owing
to the fact that there are no aromatic rings present within these samples. A UV-Vis spectrum
for each sample was recoded and indeed confirmed that this peak was not present in either
of these samples (Figure 3.27). The only peak present in these samples is once centred at
around 205 nm. Given that this peak is in the same place as that of the FN monomer
(Figure 3.19) and is present in both sample this peak is most likely a result of the incorporation

of the FN monomer.
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Figure 3.27 UV-Vis spectra of PEG113-b-EGDsoo-c0-FNaso and PEGu113-b-THTe00-c0-FNaso

The FN/DVB samples all displayed fluorescence emission when excited at the wavelength
identified using in the UV-Vis spectrum. The luminescence of these samples was attributed to
the excitation and relaxation of the aromatic rings present within these samples. Therefore, it
is expected that the EGD and THT samples should show no luminescence when excited.
Indeed, this is found to be the case and when a dispersion of each material is excited at
205 nm there is no observable fluorescence emanating from the sample (Figure 3.28).
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Figure 3.28 Fluorescence emission spectra of PEG113-b-EGDsoo-c0-FNaso and PEGu113-b-THTeoo-CO-
FNaso (blue) ( &= 205 nm)

3.13 Conclusion

A novel synthetic approach was applied towards the synthesis of solution-dispersible
microporous materials synthesised through polymerising crosslinkable monomers via
controlled radical polymerisation using a hydrophilic macro-CTA. Fine-tuning of this synthetic
approach resulted in a series of microporous materials in which the surface area could be
tuned based on the DP of the core-forming block. Upon sonication these materials formed
solution stable dispersions which showed little sign of solution instability even after one week.
A combination of SAXS and TEM imaging revealed that these samples adopt an aggregated
morphology which is most likely the result of the polymerisation of DVB ensuring that a degree
of crosslinking between particles occurs before the onset of microphase separation. The
versatility of this approach was demonstrated by swapping the DVB monomer out and
replacing it with other commercially available and cheap crosslinking monomers. These
materials were lower in surface area yet still resulted in porous and solution-processable

materials which again adopt an aggregated morphology.

This work reports the first generic and facile approach towards solution-processable
microporous materials which is tolerable of many monomers allowing for the design of a range
of novel microporous materials. These materials could have interesting solutiond phase

applications owed to the stability of these samples in solution.
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3.14 Experimental

3.14.1 Materials

Poly(ethylene glycol) monomethyl ether (PEG, M, 5000, PDI 1.09), anhydrous trimethylamine
(TEA), 2-bromoisobutyryl bromide, dodecane thiol, potassium phosphate tribasic (KsPO4),
Fumaroni tril e -AzBOS(2- netBylprépionitrile (ABBNj 98 %) and potassium
persulfate (> 99.99 %, KPS) were all used as received. Divinylbenzene (DVB, technical grade
80 %) was passed through an alumina column in order to remove the inhibitor before use.
N,NéMethylenebis(acrylamide) (BAM, > 99 %), ethylene glycol dimethacrylate (EGD, 98 %)
and 1,3,5-triacrylhexanhydro-1,3,5-triazine (THT, 98 %) were used as recieved. All chemicals
mentioned were purchased from Sigma-Aldrich. Dry toluene was obtained in a method
analogous to the one outlined by Grubbs.?* Magnesium sulfate and carbon disulphide were
purchased from Fisher and used as received. All other chemicals were used without any
further purification.

Macro-CTA O
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Scheme 3.4 Schematic showing the synthesis of PEG113-Br and Macro-CTA. (i) is described in section
3.13.2, (ii) is described in section 3.13.3.

3.14.2 Synthesis of PEG113-Br

PEG113-Br was prepared in a method similar to that reported by Chen et al.> Poly(ethylene
glycol) monomethyl ether (8 g, 1.6 mmol, 1 eq.) was dissolved in anhydrous toluene (100 mL)
in a two-neck round bottom flask. TEA (0.32 mL, 2.3 mmol, 1.4 eq.) was added and the solution
was cooled to 0 °C. 2-bromoisobutyryl bromide (0.26 mL, 2.1 mmol, 1.3 eq.) was added
dropwise over the course of 1 h before being left to stir overnight at room temperature. The
solvent was reduced before being precipitated into an excess of cold diethyl ether (200 mL).
The crude product was dried under vacuum, dissolved in water before being extracted with
DCM. The organic layers were collected, combined and dried over MgSO. before the solvent
was removed under reduced pressure to afford the PEG113-Br product which was stored in a
5 °C fridge. (Yield = 87%. Found C: 53.78%, H: 9.07%, Expected C: 53.96%, H: 8.97%).

3.14.3 Synthesis of PEG-based macro-chain transfer agent (CTA)
The PEG-based macro-CTA was synthesised using a method adapted from a paper published
by OO0 Rei iwbrkers.d batlecane thiol (0.60 mL, 2.5 mmol, 1 eq.) was added to a stirred
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suspension of KzPO4 (0.53 g, 2.5 mmol, 1 eq.) in acetone (50 mL) and stirred for 10 minutes.
Carbon disulphide (0.36 mL, 6 mmol, 2.5 eq.) was added to the suspension and left to stir for
a further 10 minutes. PEG113-Br (10 g, 2 mmol, 0.8 eq.) in acetone (30 mL) was added to the
suspension which was left to stir overnight at room temperature. The solvent was removed by
rotary evaporation precipitated into an excess of n-hexane twice and once into diethyl ether to
further purity. The sample was dried in the vacuum oven overnight at 40 °C to afford the RAFT
macro-CTA (Yield = 88%. Found C: 54.51%, H: 9.05%, S: 1.84%, Expected C: 54.52%, H:
9.13%, S: 1.80%).

3.14.4 Synthesis of HCPN-0.75

The insoluble porous polymer of FN/DVB was synthesised in an identical method to that
reported by Li and co-workers.?2 DVB (0.26 g, 2 mmol, 1 eq.), FN (0.117 g, 1.5 mmol, 0.75 eq.)
and toluene (10 mL) were all added to a 2-neck round bottom flask under nitrogen. The flask
was heated to 80 °C and polymerisation was initiated through the addition of AIBN (3.8 mg,
0.023 mmol, 0.01 eq.). After 24 h the polymerisation was quenched and the solution poured
into methanol to precipitate the polymer. The solid was washed with methanol and Soxhlet

extracted with THF for 16 h. The final product was collected and dried under vacuum at 60 °C.

3.14.5 PEG113-b-DVB30o-c0o-FN225 (RAFT only) via RAFT polymerisation

A RAFT-mediated polymerisation route was employed utilising the PEG-based macro. The
PEG-based macro CTA (0.13 g, 0.02 mmol, 1 eq.) and FN (0.35 g, 4.5 mmol, 225 eq.) were
added to a 2-necked round bottom flask. The flask was evacuated and back-filled with nitrogen
3 times. Toluene (30 mL) and DVB (0.85 mL, 6 mmol, 300 eq.) were added to the flask to
create a 5 % wt. solution. The solution was bubbled through with nitrogen gas to ensure the
system was devoid of air before heating to 70 °C. Polymerisation was initiated through the
addition of AIBN (0.66 mg, 0.004 mmol, 0.2 eq) and held at 70 °C for 24 h. The solid was
washed with methanol and tetrahydrofuran (THF) and extracted from THF in Soxhlet
apparatus for 16 h. The final product was collected and dried under vacuum at 60 °C.

3.14.5 PEGu113-b-DVB1s0-c0-FN113 via RAFT mediated PISA

The PEG-based macro CTA (0.13 g, 0.02 mmol, 1 eq.) and FN (0.175 g, 2.25 mmol, 113 eq.)
were added to a 2-necked round bottom flask. The flask was evacuated and back-filled with
nitrogen 3 times. Water and ethanol in a 60:40 ratio along with DVB (0.425 ml, 3 mmol, 150
eg.) were added to the flask to create a 1 % wt. solution. The solution was bubbled through
with nitrogen gas to ensure the system was devoid of air before heating to 70 °C.

Polymerisation was initiated through the addition of potassium persulfate (KPS, 1.08 mg,
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0.004 mmol, 0.2 eq.) and held at 70 °C for 24 h. The product was isolated as a white solid
through reprecipitation into diethyl ether before drying in vacuo at 40 °C for 16 h.

3.14.6 PEG113-b-DVB30o-c0-FN225 via RAFT mediated PISA

The PEG-based macro CTA (0.13 g, 0.02 mmol, 1 eq.) and FN (0.35 g, 4.5 mmol, 225 eq.)
were added to a 2-necked round bottom flask. The flask was evacuated and back-filled with
nitrogen 3 times. Water and ethanol in a 60:40 ratio along with DVB (0.85 ml, 6 mmol, 300 eq.)
were added to the flask to create a 1 % wt. solution. The solution was bubbled through with
nitrogen gas to ensure the system was devoid of air before heating to 70 °C. Polymerisation
was initiated through the addition of potassium persulfate (KPS, 1.08 mg, 0.004 mmol, 0.2 eq.)
and held at 70 °C for 24 h. The product was isolated as a white solid through reprecipitation
into diethyl ether before drying in vacuo at 40 °C for 16 h.

3.14.7 PEG113-b-DVBsoo-c0-FNaso via RAFT mediated PISA

The PEG-based macro CTA (0.13 g, 0.02 mmol, 1 eq.) and FN (0.70 g, 9 mmol, 450 eq.) were
added to a 2-necked round bottom flask. The flask was evacuated and back-filled with nitrogen
3 times. Water and ethanol in a 60:40 ratio along with DVB (1.70 ml, 12 mmol, 600 eq.) were
added to the flask to create a 1 % wt. solution. The solution was bubbled through with nitrogen
gas to ensure the system was devoid of air before heating to 70 °C. Polymerisation was
initiated through the addition of potassium persulfate (KPS, 1.08 mg, 0.004 mmol, 0.2 eq.) and
held at 70 °C for 24 h. The product was isolated as a white solid through reprecipitation into

diethyl ether before drying in vacuo at 40 °C for 16 h.

3.14.8 PEG113-b-DVB1200-c0-FNgoo via RAFT mediated PISA

The PEG-based macro CTA (0.13 g, 0.02 mmol, 1 eq.) and FN (1.40 g, 18 mmol, 900 eq.)
were added to a 2-necked round bottom flask. The flask was evacuated and back-filled with
nitrogen 3 times. Water and ethanol in a 60:40 ratio along with DVB (3.40 ml, 24 mmol,
1200 eq.) were added to the flask to create a 1 % wt. solution. The solution was bubbled
through with nitrogen gas to ensure the system was devoid of air before heating to 70 °C.
Polymerisation was initiated through the addition of potassium persulfate (KPS, 1.08 mg,
0.004 mmol, 0.2 eq.) and held at 70 °C for 24 h. The product was isolated as a white solid
through reprecipitation into diethyl ether before drying in vacuo at 40 °C for 16 h.

3.14.9 Synthesis of insoluble FN/EGD Polymer via Free Radical Polymerisation
In a method analogous to the synthesis of HCPN-0.75; EGD (0.40 g, 2 mmol, 1 eq.), FN (0.117
g, 1.5 mmol, 0.75 eq.) and toluene (10 mL) were all added to a 2-neck round bottom flask

under nitrogen. The flask was heated to 80 °C and polymerisation was initiated through the
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addition of AIBN (3.8 mg, 0.023 mmol, 0.01 eq.). After 24 h the polymerisation was quenched
and the solution poured into methanol to precipitate the polymer. The solid was washed with
methanol and Soxhlet extracted with THF for 16 h. The final product was collected and dried

under vacuum at 60 °C.

3.14.10 Synthesis of insoluble FN/THT Polymer via Free Radical Polymerisation

In a method analogous to the synthesis of HCPN-0.75; EGD (0.50 g, 2 mmol, 1 eq.), FN
(0.117 g, 1.5 mmol, 0.75 eq.) and toluene (10 mL) were all added to a 2-neck round bottom
flask under nitrogen. The flask was heated to 80 °C and polymerisation was initiated through
the addition of AIBN (3.8 mg, 0.023 mmol, 0.01 eq.). After 24 h the polymerisation was
guenched and the solution poured into methanol to precipitate the polymer. The solid was
washed with methanol and Soxhlet extracted with THF for 16 h. The final product was

collected and dried under vacuum at 60 °C.

3.14.11 Synthesis of PEG113-b-EGDeoo-c0-FNaso via RAFT mediated PISA

In an identical method to that used to synthesise PEG-b-DVB-co-FN samples, the PEG-based
macro CTA (0.065 g, 0.01 mmol, 1 eq.) and FN (0.35 g, 4.5 mmol, 450 eq.) were added to a
2-necked round bottom flask. The flask was evacuated and back-filled with nitrogen 3 times.
Water and ethanol in a 60:40 ratio along with EGD (1.20 g, 6 mmol, 600 eq.) were added to
the flask to create a 1 % wt. solution. The solution was bubbled through with nitrogen gas to
ensure the system was devoid of air before heating to 70 °C. Polymerisation was initiated
through the addition of potassium persulfate (KPS, 1.08 mg, 0.004 mmol, 0.2 eq.) and held at
70 °C for 24 h. The product was isolated as a white solid through reprecipitation into diethyl
ether before drying in vacuo at 40 °C for 16 h. Yield 45 %

3.14.12 Synthesis of PEG113-b-THTe00-co-FNaso via RAFT mediated PISA

In an identical method to that used to synthesise PEG-b-DVB-co-FN samples, the PEG-based
macro CTA (0.065 g, 0.01 mmol, 1 eq.) and FN (0.35 g, 4.5 mmol, 450 eq.) were added to a
2-necked round bottom flask. The flask was evacuated and back-filled with nitrogen 3 times.
Water and ethanol in a 60:40 ratio along with THT (1.50 g, 6 mmol, 600 eq.) were added to
the flask to create a 1 % wt. solution. The solution was bubbled through with nitrogen gas to
ensure the system was devoid of air before heating to 70 °C. Polymerisation was initiated
through the addition of potassium persulfate (KPS, 1.08 mg, 0.004 mmol, 0.2 eq.) and held at
70 °C for 24 h. The product was isolated as a white solid through reprecipitation into diethyl
ether before drying in vacuo at 40 °C for 16 h. Yield: 26 %
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3.15 Appendix

mPEG-OH
M,= 5608
M,./M,=1.06

Macro-CTA
M,=7301
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Figure A3.1 GPC chromatograms of mPEG-OH, mPEG-Br and PEG-CTA run against a PS standard

detected by refractive index.
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"
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Figure A3.2 FTIR spectra of PEG-Br and PEG-CTA
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Figure A3.3 *H-NMR of PEG-Br (top) and PEG-CTA (bottom) in CDCl3

Table Al.1 Yields and surface area of samples synthesised using alternate crosslinkers

Sample % Yield SAset (M?/g)
FN/BAM 63 140
FN/EGD 93 54
FN/THT 83 227
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PEG-b-THT-co-FN

THT/FN
PEG-b-EGD-co-FN

EGD/FN
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Figure A3.4 FTIR of (left) insoluble analogues and (right) dispersible samples synthesised via the
RAFT-PISA route

Figure A3.5 TEM images of PEG113-b-EGDeoo-c0-FN4so
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4.1 Chapter Aims

In this chapter, potential applications for the dispersible porous polymer materials synthesised
in Chapter 3 are explored and discussed.

In the first section of this chapter, the dispersible porous polymer materials are applied towards
the chemosensing of harmful nitroaromatic compounds in solution. The combination of a
porous core alongside solution stability makes these materials ideal candidates for the uptake
of organic compounds from solution. Furthermore, the fluorescent properties of the porous
polymer particles arising from the electron rich core can be exploited to form a donor-acceptor
interaction with the electron-poor nitroaromatic compounds which quenches the fluorescence

of the dispersion thereby acting as a solution phase chemosensor.

In the second section, the uptake of gas by the materials is explored for a range of different
gases (N2, CH4 and CO.in order to determine the selectivity and capacity. Further comparison
between samples will reveal if enhancing the size of the core results in increased uptake and

whether this uptake is selective towards one gas.
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4.2 Chemosensing of Nitroaromatics

The core of each material is comprised of electron rich aromatic rings which were shown to
be able to interact with one another and give rise to fluorescence emission under UV irradiation.
Given that the core of the material is porous, hydrophobic and electron rich it is possible to
encapsulate small organic molecules which are also hydrophobic. Should these molecules be
electron deficient then they may be able to interact with the electron rich core and affect the

luminescent properties.

Nitroaromatic compounds such as picric acid (PA) and trinitrotoluene (TNT) are small organic
molecules which are well known for their explosive nature as well as being a hazard to the
environment.! As well as being a threat to national security, owing to their explosive potential,
nitroaromatic compounds are also a major health issue due to their toxicity, mutagenesis and
carcinogenesis. Their abundance in the environment is mainly due to their excessive use as
pesticides but they also find their uses in the chemical industry, often produced during different
chemical syntheses.? Therefore there is a need to be able to detect these contaminants in the

natural environment and then remove them to mitigate damage to natural life.

Nitroaromatic compounds are electron deficient due to the presence of one or more nitro
groups (-NO2) substituted on the aromatic ring and are therefore electron acceptors. There
are a number of reports on the use of porous polymers (mostly COFs®** or CMPs®>®) which
contain electron rich units to detect nitroaromatic compounds in solution via a fluorescence
guenching mechanism. The interaction of these porous materials with the nitroaromatic
compound is able to quench the fluorescence of the material resulting in an observable change.
Given that the materials published in this work are all fluorescent and electron rich it seems
conceivable that they may also be able to detect these compounds in solution. Hence, the

detection capabilities of the materials towards nitroaromatic compounds were investigated.
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Picric acid Nitrobenzene 2-Nitrotoluene
PA NB 2-NT
OH NO,
OZN\©/N02 i NO,
NO,
4-Nitrotoluene 2,4-Dinitrotoluene 2,Nitrophenol
4-NT 2,4-DNT 2-NP

OH
i E?/Noz NO,
NO, NO,

Figure 4.1 Structures of nitroaromatic compounds investigated

Initially, the nitroaromatic compounds (Figure 4.1), picric acid (PA), nitrobenzene (NB),
2-nitrotoluene (2-NT), 4-nitrotoluene (4-NT), 2,4-dinitrotoluene (2,4-DNT) and 2-nitrophenol

(2-NP) were all tested to determine if and how efficiently they are able to quench the

fluorescence of each polymer dispersion (see experimental section 4.4 for details).

PEGa113-b-DVBs300-C0-FN225 was used as a representative sample given that it has a surface

area which sits in the middle of the series and it was shown by UV-Vis to be one of the most

solvent stable samples. The quenching efficiency was calculated using the equation:

POd6¢1 Qib®QEEIO— wp T

where | is the emission of the polymer without any quencher present and | is emission after

addition of quencher.

Figure 4.2 Observed fluorescence quenching of a dispersion of PEGui13-b-DVB3oo-c0-FN225 when

exposed to 38 ppm of picric acid in MeOH
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All nitroaromatic compounds tested were able to quench the fluorescence of the sample upon
a small addition of each nitroaromatic to the polymer dispersion (Figure 4.2). It was found that
NB, PA and 2-NT were the most effective at quenching the emission with < 40 ppm being
required to fully quench the emission. The general trend of quenching efficiency follows the
order: NB > PA > 2-NT > 4-NT > 2-NP > 2,4-DNT (Figure 4.3). It may be expected that, given
the quenching mechanism is a result of the interaction between an electron rich core and an
electron deficient compounds, the efficiency should relate to the number of substitutions on
the benzene ring. However, given that the polymer samples are dispersed, there are a number
of other factors to consider such as the size of the pores and how easy it is for the
nitroaromatics to diffuse into the pores. This diffusion could also be affected by the number of
nitroaromatic groups substituted onto the ring which may alter the chemical properties of the
compound meaning it may be more energetically favourable to remain in solution rather than
diffuse into the core of the sample. For example, adding more nitro groups may lead to
repulsion when confined in the core of the porous sample which would lead to leaching of the
analyte back into solution. What is clear though is that the polymer sample demonstrates a
clear quenching effect as a direct result of the interaction between itself and the nitroaromatic

compounds.
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Figure 4.3 Fluorescence emission spectra obtained for PEGi13-b-DVBaoo-c0-FN225 upon addition of;
(a) PA, (b) NB, (c) 2-NT, (d) 4-NT, (e) 2,4-DNT and (f) 2-NP in methanol

As well as being sensitive any good sensor also needs to show preferential selectivity for that
which it is detecting over other compounds present in solution. Therefore, to gain insight into
five chemically similar tested on

the selectivity of species were

PEG113-b-DVBa30o-c0-FN225 to see whether they would elicit the same fluorescent quenching

the sample
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effect. The compounds used for the test were benzene (Ph), chlorobenzene (CIPh), toluene
(MePh), nitromethane (NO:Me) and dimethylformamide (DMF). It was found that none of the
five chemically similar analytes were able to significantly quench the fluorescence of the
sample to the same degree as the nitroaromatics. A quenching efficiency of 23 % was the
best reported for nitromethane upon addition of 200 ppm of this analyte yet was still far below
that of > 99 % reported for all the nitroaromatics studied (Figure 4.4). This proves that there is
an element of selectivity in the nature of the quenching given that only the nitroaromatic

compounds were able to fully quench the emission.
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Figure 4.4 Quenching efficiencies of PEG113-b-DVBzo0o-c0-FN225 when using nitroaromatic compounds

and chemically similar compounds upon addition of 200 ppm of analyte to 2.5 mg of polymer sample

Of all the nitroaromatics studied, the most dangerous to human health and of most concern to
national security is picric acid. Therefore, all the samples synthesised were exposed to picric
acid and their quenching efficiencies were determined (Figure 4.5) The addition of 38 ppm of
picric acid to 2.5 mg of polymer dispersion sees the fluorescence emission of each sample
guenched by over 99 %, once more highlighting the remarkable sensitivity of these materials
towards this contaminant.
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Figure 4.5 Observed fluorescence quenching of each sample when exposed to 38 ppm of picric acid

in methanol

To further probe the sensitivity of each sample to picric acid the limit of detection for each
polymer dispersion was calculated by exposing the sample to increasing amounts of a picric
acid solution. The normalised emission maxima were plotted against picric acid concentration

and the limit of detection (LoD) was calculated using the following equation:
0 ¢ 00w,
where s is the standard deviation and K is the slope of the graph.

The linear plots obtained from carrying out the above-described procedure are shown in

Figure 4.6 with each sample giving a straight line, as would be expected for this experiment.

117



The

4 University
(S)lflefﬁeld
Chapter 4. Applications of PEG-b-DVB-co-FN ' ’

1.05 1.05
100] o PEG,;3-b-DVB,5-c0o-FN,,; 100] o PEG,3-b-DVB;-c0-FN,,;
20951 20951
£ 0.90 4 £ 0.90
2
£ 0.85 £ 0.85 -
o T©
1) (]
0 0.80- 1 0.80 4
] =
E 0.751 E 0.75 1
[=] o
Z 0.70 - — Z0.70
Standarddeviation | 0.112 Standarddeviation | 0.121
0.65 1 Slope -0.455 0.65 1 Slope -0.488 .
0.60 +— . T . T T . T 0.60 4— T . T . T T T
00 01 02 03 04 05 06 07 00 01 02 03 04 05 06 07
[Picric acid] (uM) [Picric acid] (uM)
1.05 1.05
1.00] o PEG,3-b-DVBgy-c0-FN,5, 1.00] PEG,3-b-DVB,509-c0-FNgp,
20951 > 0.95
£ 0.90 1 £ 0.90
2 2
= 0.854 Z0.85
® B
0 0.80 - 0 0.80 4
s T
E 0.75 . E 0.754
Q [=]
Z 0.70 < 0.70
Standard deviation | 0.121 Standarddeviation | 0.121
0.65 Slope .0.483 . 0.65 4 Slope -0.490
0.60 ~— T T T T T T T 0.60 +— T T T T T T T
00 01 02 03 04 05 06 07 00 01 02 03 04 05 06 0.7
[Picric acid] (nM) [Picric acid] (uM)

Figure 4.6 Plots of picric acid concentration vs normalised intensity used to calculate the limit of
detection for each polymer sample

Table 4.1 LoD values for each sample studied in this work

Sample LoD (ppb)
PEGu113-b-DVB150-c0-FN113 170
PEGu113-b-DVB300-c0-FN225 169
PEG113-b-DVBeoo-c0-FNaso 172
PEGu113-b-DVB1200-c0-FNgoo 170

All samples display very similar LoD values at around 170 ppb and are within error of one
another (Table 4.1). It may be expected that, due to the quenching mechanism being the result
of the interaction between the picric acid and electron rich core, samples with larger core DPs
would give better detection limits. But it may be the case that the limit of detection is more
driven by diffusion into the core and due to all samples having similar pore sizes and similar
solution stability, it is perhaps unsurprising that we see little variance in these values. The limit
of detection values reported here are comparable to other porous polymers reported to detect

nitroaromatic compounds in solution.”?8
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It has been shown that the porous materials reported in Chapter 3 can be applied towards the
chemosensing of environmentally harmful and potentially explosive materials in solution
through exploiting the porosity and solution stability of the material. The materials were found
to be selective towards only nitroaromatic compounds and when other chemically similar
compounds were tested they were not able to quench the fluorescence emission of the
material. The ability to detect picric acid is particularly useful given its explosive nature and
widespread use in agricultural pesticides. Therefore the LoD for each porous polymer was
studied using this compounds. It was found that the LoD for each material was around 170 ppb
which is comparable to that of other porous materials. Overall this study highlights the potential
new applications to which these solution stable porous materials can be applied.
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4.3 Gas Uptake and Selectivity

The ability to uptake gas is a feature that has been extensively explored for many microporous
organic polymer materials over the last decade and has been accelerated somewhat due to
the current climate crisis the world is facing. The ability to capture CO., specifically from
anthropogenic sources is regarded as one of the best medium term solutions to mitigate
climate change before ultimately moving away from non-renewable and carbon emitting
energy sources. As such, there have been many reports on the use of MOPs for applications

in the selective capture of CO,.%'13

Microporous polymers have numerous advantages over other porous materials such as MOFs
and zeolites when being applied towards the uptake of different gases. These include; a low
density framework which allows for high uptakes per gram of material to be achieved, ease of
functionality which allows for selective uptake towards certain gases and high thermal and
chemical stability which allows for applications in real-world systems. Therefore, the FN/DVB
materials synthesised in chapter 3 were tested for their uptake potential of CO,, CH4s and N2
to determine the capacity and selectivity of these gases. Of particular interest in this work is
to examine whether the increase of porosity by targeting larger cores gives rise to enhanced
uptake capabilities and whether this uptake is selective. The effect of the PEG chains on the
total uptake will also be studied given that they contain heteroatoms and, when in the solid
state, may pack around the core of the material and give rise to a mixed-porous system similar
to work reported by Matyjaszewski et al.'* I n t hi s wor k it i dipoleit
guadrupole interaction between the COz-philic ethylene oxide (EO) units and the CO:
moleculesd | eads t o icaptare medosn@amte abdso it will be interesting to see if
such an effect in exhibited in these samples and whether this diminished as we increase the

monomer:CTA ratio.

4.3.1 Carbon Dioxide Uptake and Selectivity

CO, uptake was measured volumetrically for each material at both 298 and 273 K (Figure 4.7).
At 298 K uptake varied from between 0.4 7 0.7 mmol/g whereas at 273 K this increased and
was found to range between 0.7 i 1.1 mmol/g. Interestingly, there was found to be no trend
between porosity and overall uptake capacity. PEG113DVB300FN22s displayed the highest CO»
uptake despite having one of the lowest surface areas of all four samples. However, this
sample did contain one of the largest proportions of CTA meaning that the interaction between
the ethylene oxide units and the CO, may have increased the uptake for this material. The
lowest uptake was reported for the highest surface area sample, PEG113DVBsooFNaso, Which

should have the lowest one of the lowest proportions of CTA and hence may further back up
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the hypothesis reported by Matyjaszewski et al.* Unfortunately, the actual DP and thus

monomer inclusion for each sample cannot be quantitatively determined due to the insolubility

of the core.
0.8 1.2

PEG3-b-DVB55-c0-FN, PEG;-b-DVB55-co-FN; .
0.7 1 PEG,13-b-DVByy-cO-FNys5 o £ 4.0 ] PEGs-b-DVBiog-co-FNys .,.—':::,
o o -
= 0.6 PEGHb-DVBu-co-Fo e o | PEGurb-DVBLco-FNg ‘,«".’.
£ PEG 13-b-DVB1304-c0-FNggg ./’- ,.’. £ 0.8 ] PEGi13-b-DVB,z00-co-FNgyg /././.’.,.’:"/'
£ 0.5+ el E o’ :::.,«
< o - Ry
.0 0.4 - - A © 0.6 - et
E=1 -
i o ,.'::0’
2 %37 2 0.4 /
E T
g S
O 01 o 0.2 4

298 K 273 K
0'0 T L] T T L] L] T 0'0 T L] T T T T L]
0 100 200 300 400 500 600 700 800 0 100 200 300 400 500 600 700 800
Pressure (mmHg) Pressure (mmHg)

Figure 4.7 CO2 uptake for all samples at (left) 298 K and (right) 273 K

The uptake measured by these materials is lower than those reported for other porous polymer
materials which range from 21 5 mmol/g at 273 K.** However, those reported in the literature
are all insoluble and specifically designed towards the end application of selective CO; uptake.
The materials synthesised in this work are designed specifically to be solution processable
and as such, less emphasis was placed upon gas uptake performance. A better comparison
would be to compare these materials with other soluble porous materials such as PIMs or the
SHCPs synthesised by Wood et al in 2016 (see introduction section 1.5). In 2011, Guiver at
al reported the uptake capacity of PIM-1 to be ~2 mmol/g, which is not too dissimilar from the
results obtained in this work especially if the higher surface area of PIM-1 compared to these
materials is taken into consideration.!® Likewise, Wood et al. reported the CO, uptake of SHCP
to vary between 1.23 1 1.84 mmol/g with increasing surface area which again is not much

higher than the results found for the FN/DVB materials.*®

The overall CO; uptake follows the trend PEG113-b-DVB300-C0-FN225 > PEG113-b-DVBi200-CO-
FNgoo > PEG113-b-DVBi150-c0-FN113 > PEG113-b-DVBe0o-C0-FNaso Which is not consistent with
the surface area of the materials. However, on closer inspection the trend does seem to follow
that of the ratio between micropore: total pore volume. Samples containing a larger proportion
of micropores have higher uptake than those boasting more mesopore volume (Table 4.2). It
has been well reported in the literature that gas sorption is preferential into smaller pores at
atmospheric pressure.l’” Therefore, it is not too surprising to see the uptake vary as a function
of increasing microporosity present within each sample. The reason that PEG113DVB300FN225

shows better uptake than PEG113DVB1200FNgoo may be a synergistic effect between the large
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domains of microporosity combined with the higher ratio of CTA: monomer which is increasing
the CO; affinity of the material. Indeed, a similar trend is observed when studying the isoteric
heats of adsorption of each material (Figure 4.8). It is found that PEG113-b-DVB1200-C0-FNggo,
which has the largest proportion of micropores has by far the highest isoteric heat of
adsorption yet PEG113-b-DVBeoo-c0-FNaso, Which contains the lowest proportion of micropores

has the lowest isoteric heat of adsorption.

Table 4.2 Pore volumes and CO:2 uptakes for each sample

Total pore Micropore Micropore/total CO2 uptake®

Sample volume? (cm3/g) | volumeP (cm3/g) pore volume (mmol/g)
PEGu113-b-DVBu1s0-c0-FN113 0.48 0.09 0.19 0.90 (0.49)
PEG113-b-DVB300-c0-FN225 0.45 0.10 0.20 1.11 (0.68)
PEG113-b-DVBs0o-c0-FNaso 0.79 0.14 0.18 0.83 (0.47)
PEG113-b-DVB1200-c0-FNgoo 0.67 0.14 0.21 1.02 (0.56)

aCalculated at 0.99 P/Po, PCalculated at 0.1 P/Po, °CO2 uptake at 273 K (298 K)
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Figure 4.8 Isoteric heats of adsorption of each material as a function of CO2 uptake

Uptake capacity is an important characteristic to consider for any potential sorbent. However,
what is of equal importance is the selectivity of said uptake. Should a material have
outstanding storage capacity but do so in a non-selective manner that uptake is essentially
useless, particularly when the uptake of gas in industrial processes is always applied to mixed
gas streams and never pure streams of gas. With this in mind, the selective uptake of CO>
over N> was determined through measuring the uptake capacity of N, for each sample and
comparing this to that of CO, at 273 K. CO; and N2 mixes are the most commonly studied
given that this is the mixture produced when burning fossil fuels to generate power. Flue gas,
the stream of gas produced in fossil fuel power plants, in its most simplistic form, can be
thought of as a humid 2:1 mixture of N2:CO:.. In reality, there are many other components such

as toxic NOy, CO and SO, though these vary depending on the type of fuel burnt.*®
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Figure 4.9 CO: (circles) and Nz (triangles) uptake for each PEG-b-FN-co-DVB sample at 273 K

Nitrogen uptake at 273 K was recorded (Figure 4.9) and found to be much lower than the CO;
uptake, ranging between 0.01 i 0.045 mmol/g. Rather interestingly, the samples showing the
highest and lowest uptake varies from the CO, experiment. In the nitrogen experiments, the
largest sample (PEG113DVBi1200FNgoo) shows the highest uptake whereas the second largest
sample (PEG113DVBeooFNaso) shows the lowest uptake. In the CO, experiment, the highest
uptake was found for PEG113DVB300FN225 with PEG113DVBsooFNaso showing the lowest uptake.

TheCO2;N;s el ectivity can be determined using two met
selectivity. Henryods Law sel ectimmHg) gndielesonal cul a
the fact that at low pressures the uptake of gas increases linearly with pressure. Therefore, it
is possible to plot this data and fit it to a straight line before taking a ratio of each uptake and
expressing this as selectivity. Ideal uptake is calculated at 1 bar and is determined by taking
a ratio of the uptake of each gas at this pressure. Both ways of expressing selectivity are
equally valid and as such were calculated for each sample at 273 K, though realistically ideal

selectivity is more representative of real world processes (Table 4.3).

Table 4.3 CO2:N2 selectivity values calculated for each sample

Sample Henryés Law S Ideal Selectivity
PEGu113-b-DVB150-c0-FN113 38 28
PEGu113-b-DVBz300-c0-FN225 49 41
PEG113-b-DVBeoo-c0-FNaso 63 48
PEG113-b-DVB1200-c0-FNgoo 38 28

Despite displaying the lowest uptake of all materials, PEG113DVBeooFNaso actually
demonstrates the best selectivity at 63:1 and 48:1 at low pressure and atmospheric pressure
respectively. Conversely, PEG113DVB1200FNgoo Shows the poorest selectivity at 38:1 and 28:1
again at low and high pressure respectively. The overall trend in selectivity follows the pattern:
PEG113DVBe0oFNaso > PEG113DVB300FN225 > PEG113DVB150FN113 > PEG113DVB1200FNg00. The
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calculated selectivity values are much higher than that of SCMP-1 which has a CO2:N:

selectivity of around 8:1 at 273 K.1°

4.3.2 Methane Uptake

In addition to CO,, methane is also a very concerning greenhouse gas given that its impact
on climate change is around 34 times more severe than that of CO, over a hundred year
period.??! Most of the methane produced anthropogenically is tied to fossil fuel production
such as the processing of natural gas. However, large proportions of methane are also
released as a result of the agriculture industry, namely livestock, as well as landfills which emit
methane as rubbish decomposes.?? The problem methane poses to the climate will intensify
as the global temperature rises due to the higher temperatures resulting in microorganisms
releasing even more methane into the atmosphere.?*?* Due to the potency of methane as a
greenhouse gas, the uptake potential of methane using these materials was investigated.

0.25
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Figure 4.10 CH4 uptake for each PEG-b-FN-co-DVB sample at 273 K

Usually, methane uptake is measured at high pressures (> 50 bar) as this is representative
of storage and transportation conditions when applying methane as a fuel. However, during
steam reformation processes, when methane is reacted with water to produce hydrogen gas
in the presence of a catalyst, the methane is present at much lower pressures. Given that the
material discussed here are porous and therefore could act as supports for catalysts methane
uptake at atmospheric pressure was recorded as this may give an insight into how penetrable
the materials are to the gas and as such, if they would be suitable supports. CH4 uptake was
measured volumetrically for each sample at 273 K (Figure 4.10). CH, capacity was found to
vary between 0.14 i 0.22 mmol/g with PEG113-b-DVB1200-C0-FNgoo displaying the highest
uptake and PEGi13-b-DVBis0-c0-FN113 showing the lowest uptake. This uptake is higher than
that recorded for N under the same conditions though is much lower than the uptake recorded

for CO,. However the CH, uptake is 5 fold higher than that reported for the SHCP materials
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reported by Wood et al in 2016.1° This experiment confirmed that the core of the sample is
clearly able to interact with the gas and as such it could be expected that any catalyst
embedded within the core of the material would also be able to interact with the gas. Given
that these samples are both chemically and thermally stable, tolerant to water vapour and their
synthesis can be up-scaled there is every possibility that these materials would make a

suitable catalytic support for this process.

The steam reformation process converts CH4 to Hz and produces CO; as a by-product hence
it may be interesting to know the relative selectivity these materials have towards these gases.
Therefore, the selectivity values were calculated based on the uptakes of these two gases
(Table 4.4). It was found that CO; is preferentially adsorbed over CH,4 with selectivity values
ranging between 5:1 to 6:1, at 1 bar. Selectivity was found to decrease as surface area
increased which may be of the lower PEG content in the samples Lowering the PEG content
by increasing the core DP would result in less interactions thereby making the uptake less
selective. This may also suggest that, unlike CO», CH4 does not interact with the ether groups
of the CTA.

Table 4.4 CO2:CHjs selectivity values calculated for each sample

Sample Henryds Ltawity S Ideal Selectivity
PEGu113-b-DVB150-c0-FN113 10 6
PEG113-b-DVB300-c0o-FN225 15 6
PEG113-b-DVBeoo-c0-FNaiso 13 5
PEG113-b-DVB1200-c0-FNgoo 10 5
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4.4 Conclusion

In the first part of this chapter it was shown how the materials could act as chemosensors
towards nitroaromatic compounds in solution through a fluorescence quenching mechanism.
The addition of less than 60 ppm of nitroaromatic compound was able to quench the
fluorescence emission of a dispersion of PEG113-b-DVBzoo-c0-FN225 with over 99 % efficiency
highlighting the potential applications of these materials. This sensing was found to be
selective against other chemically similar compounds such as benzene and nitromethane with
neither compound capable of eliciting the same response. The limit of detection for each
material towards picric acid was tested and it was found to be 170 ppb which is comparable

to other porous materials.

The materials synthesised in Chapter 3 were also applied towards the uptake of different
gases such as CO,, CHs and N2. The CO; uptake of each material varied between 0.8 i
1.1 mmol/g which was found to be comparable to other soluble porous polymers. The CO2:N2
selectivity of each material was also calculated and ranged between 38:1 to 63:1 at low
pressure and between 28:1 to 48:1 atmospheric pressure. This was found to be better than
other soluble porous polymers such as SCMP-1. The CH,4 uptake was also measured and was
found to be lower than the CO; uptake though still higher than the N uptake and 5 fold higher
than that of SHCP materials.
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4.5 Experimental

4.5.1 Materials

Nitrobenzene (NB, 99 %) was purchased from Alfa Aesar. 2-nitrotoluene (2-NT, > 99 %),
4-nitrotoluene (4-NT, 99 %), 2,4-dinitrotoluene (2,4-DNT, 97 %), 2-nitrophenol (2-NP, 98 %)
and picric acid (PA, moistened with water > 98 %) were all purchased from Sigma-Aldrich. All

chemicals were used as received without any further purification.

4.5.2 Fluorescence Quenching Studies

10 mmol stock solutions of each nitroaromatic were made up in methanol. A 1 mg/mL stock
solution of the polymer dispersion was made up through sonicating the white powder for
30 minutes. A 2.5 cm? aliquot of the polymer dispersion was taken and placed into a quartz
cuvette. The fluorescence intensity of this solution was measured initially and then after
sequential additions of an aliquot of the nitroaromatic stock solution. The fluorescence
intensity was normalised against the initial intensity and the quenching ability was determined

using equation 4.1.
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5.1 Chapter Aims

In Chapter 3 the synthesis of solution-processable porous polymers using DVB and FN was
reported. The main advantage of this synthesis technique is the potential for synthetic diversity
using a variety of different outer and inner block monomers. In this chapter the same synthesis
technique will be applied but acrylic acid will be used in place of fumaronitrile and polymerised
alongside divinylbenzene to form the core of the material via the same RAFT-PISA
methodology using the same PEG-based CTA.

This chapter will also explore the post-synthetic modification of the resulting material. The
acrylic acid monomer contains a carboxylic acid chemical motif which has much scope for
modification via a reduction to form an alcohol, reaction with an alcohol to form a an ester or
even a reaction with a second carboxylic acid to synthesis an anhydride. The introduction of
metal ions into the material is also possible due to the chelating nature of this group as is the
reaction with an amine to yield an amide. Given that it is possible to carry out these reactions
on the monomer it should, theoretically, be equally as viable to carry out the reaction on the

final product.

The porous polymer synthesised in this chapter, post-synthetically modified with
9-anthracenemethanol will embed anthracene moieties into the core of the material. Under
UV irradiation, anthracene demonstrates blue fluorescence emission in the visible region of
light which can be used to give insight into the success of the post-synthetic modification.
Furthermore, this feature can also be exploited to produce a white-light emitting solution when
mixed with another organic fluorophore. Here, the final material plays a dual role in both
encapsulating the second fluorophore and emitting blue light. Upon tuning of the
concentrations of both the polymer dispersion and encapsulated dye the white-light emission

of the dispersion was evaluated based on the CIE coordinates, CRI and CCT values.
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5.2 Radical Polymerisation of DVB and AA

Much like the DVB/FN system the first reaction carried out was the free radical polymerisation
of DVB and AA to see whether these two monomers would co-polymerise to yield an insoluble
porous network. A series of samples were targeted by varying the ratio of DVB:AA starting at
50:50 and rising to 90:10. The DVB mol ratio used was at least 50 % given that anything less
would most likely result in a non-porous product. Table 5.1 shows the yields and surface areas
obtained upon free radical polymerisation of DVB and AA. Samples were labelled as IP-X/Y

in which X denotes the mole fraction of DVB and Y the mole fraction of acrylic acid.

Table 5.1 Obtained yields and surface areas of each DVB/AA network synthesised

Sample % Yield SAger (m?/g)?
IP-50/50 45% 23
IP-60/40 49% 19
IP-70/30 66% 370
IP-80/20 76% 457
IP-90/10 89% 592

aBET surface areas were determined over the partial pressure range of 0.051 0.35 P/Po

As expected there is a clear trend in surface area and ratio of DVB used in the reaction.
Increasing quantities of DVB leads to an increase in surface area due to the polymerisation of
this monomer creating pores within the network. Samples with less than 70% DVB are
essentially non-porous but samples comprised of greater than 70% DVB give notable BET
surface areas. The yields of each network were also found to increase as the ratio of DVB
was increased suggesting that AA may not be polymerising at the same rate as the DVB

monomer.

To prove that both monomers had been successfully incorporated into the final product FTIR
spectra were collected for each of the synthesised networks (Figure 5.1). The main indicator
which shows successful incorporation of the AA monomer into the network is the sharp peak
at ~ 1750 cm™ which is the carbonyl stretching frequency of this monomer. This signal is found
to become less intense as the mole fraction of this monomer decreases suggesting some
control over the final product ratio has been obtained. All samples also show a signal at
~2900 cm?, attributed to the presence of the polymer backbone, which hints at successful

polymerisation of both monomers.
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Figure 5.1 FTIR spectra obtained for each sample synthesised
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To further investigate the relative monomer incorporation of each network elemental analysis

was conducted on each sample. Table 4.2 shows the expected and obtained values for each

network.
Table 5.2 Elemental analysis values determined for each sample
sample % Carbon % Hydrogen % Oxygen
Expected Found Expected Found Expected Found?
IP-50/50 71.16 69.85 6.60 7.01 22.25 -
IP-60/40 75.39 73.51 6.81 7.55 17.80 -
IP-70/30 79.62 76.03 7.03 7.17 13.35 -
IP-80/20 83.85 79.84 7.25 7.43 8.90 -
IP-90/10 88.08 83.55 7.47 7.57 5.45 -

a0xygen values could not be determined due to the sample being combusted in a stream of pure oxygen

All samples broadly agree with the expected amounts calculated assuming 100 %

incorporation of both monomers into the final network. However the % carbon values found

seem to be lower than expected and the % hydrogen seem to be a little higher than expected.

This could be a result of incomplete polymerisation during the reaction, a hypothesis that

would seem to agree with the reported yields of these syntheses
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Figure 5.2 Solid state 13C NMR of IP-80/20

13C CP/MAS ssNMR of IP-80/20 was measured in order to elucidate the structure of the final
product and thereby determine the success of the polymerisation (Figure 5.2). The peaks
centred at 16 and 41 ppm are due to the alkyl carbons present as a result of the polymerisation
of the two monomers. Peaks at 128 and 138 ppm are present due to the aromatic carbons
present due to the successful polymerisation of DVB. The peak at 145 ppm is attributed to the
carboxylic acid carbon present as a result of the incorporation of the AA monomer into the
final network. Finally, the peak at around 115 ppm is a result of the vinyl carbons present due
to incomplete polymerisation of the divinylbenzene indicating that full conversion has not been
reached. The solid state NMR, IR and elemental analysis combined with the gas sorption
analysis suggests that the polymerisation resulted in a porous material incorporating both

monomers into the final network.
5.3 RAFT-PISA of DVB and AA

5.3.1 Synthesis of Dispersible Porous Polymers

The insoluble polymers synthesised and described in section 5.2 show that only those with a
DVB mole ratio of at least 70 % result in a porous final material. In Chapter 3 it was shown
that the PISA synthesis results in a decrease in the BET surface area of the sample compared
to the insoluble networks synthesised using the same monomer ratio. Most likely, this is due
to the introduction of the non-porous yet important hydrophilic PEG chains which stabilise the
polymeric networks in solution. Due to the relatively low surface areas produced from the
polymerisation of DVB:AA in ratios of 50:50 and 60:40 it was decided not to attempt the
synthesis of dispersible porous polymers using these ratios. More promising are the three
samples with higher DVB ratios which gave surface areas > 350 m?/g. Therefore, the

synthesis was conducted using the ratios which yielded the most porous insoluble analogues.
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5.3.2 Solid State Characterisation

The polymerisation of DVB and AA via the RAFT-mediated polymerisation route using the
same PEG-based CTA as the previous chapter resulted in the generation of white powdery
solids in yields ranging between 30 i 40 %, similar to the values obtained when synthesising
the FN analogues. Solid-state characterisation in the form of FTIR, elemental analysis and
solid state NMR was carried out on the synthesised samples to elucidate the final structure
and relative incorporation of both monomers and CTA.

The FTIR spectrum of each sample (Figure 5.3) has signals at ~1117 cm™ and ~3650 cm?
which are a result of the ether stretch of the PEG-based CTA and the i OH group of the acrylic
acid respectively. The broad signal ranging between 2900 i 3000 cm™ is present due to the
polymerisation of the two monomers resulting in the formation of a polymer backbone
containing T CHi and 7 CHzi alkyl groups. The signal at ~1750 cm™ is present due to the
carbonyl group which arises from the successful polymerisation of acrylic acid.

PEG 13--DVBgg-c0-AA g0

PEG ;5-b-DVBgge-c0-AA g,

PEG 3-b-DVB;e-C0-AAs0,

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 5.3 FTIR spectrum of the three PPD samples synthesised in this chapter

The chemical composition of the synthesised materials was calculated using elemental
analysis (Table 5.3). Both the carbon and hydrogen vary from what is expected though this
has been seen before in other porous polymers and is often due to incomplete combustion of
the use of an idealised structure.''* However, another possibility for these deviations could be
due to lower conversion of the acrylic acid monomer into the polymer network as shown from
the yields of the reaction (appendix, Table S5.2). Less acrylic acid and more divinylbenzene
would increase the carbon and hydrogen content from what is expected due to the oxygen
content being lowered as a result of this. However, both elemental analysis and FTIR data,

does show that some degree of polymerisation has taken place involving both monomers.
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Table 5.3 Elemental analysis values obtained for all PPD samples synthesised

sample % Carbon % Hydrogen % Sulfur
Expected | Found Expected Found Expected Found2
PEGu113-b-DVBy700-c0-AA300 86.55 90.31 5.78 7.85 0.06 <0.3
PEGu113-b-DVBsgoo-c0-AAz200 87.88 90.73 6.39 7.77 0.06 <0.3
PEG113-b-DVBgoo-co-AA100 89.30 91.77 7.04 7.89 0.06 <0.3

aLimit of detection of sulphur analysis is 0.3 %

Solid-state *C NMR was carried out to further elucidate the structure of the final material and
validate the FTIR and elemental analysis findings (Figure 5.4), spinning side bands are
marked with an asterisk. The peaks at 31 and 40 ppm are present as a result of the T CHai
and i CHi alkyl carbons which are the result of the polymerisation between the two monomers.
The resonance at 137 ppm is attributed to the aromatic carbon bonded to an alkyl carbon and
the peak at 128 ppm to aromatic C-Har carbons. The peak at 145 ppm is assigned to the
carboxylic acid carbon present due to the successful incorporation of the acrylic acid monomer
into the final material. There is a small peak at 70 ppm present in both samples, which is a
result of the PEG chain present on the CTA and highlights the successful inclusion of the CTA
into the final product. The peak at 113 ppm is due to unreacted vinyl groups most likely present
as a result of incomplete polymerisation of divinylbenzene.

PEG 11 3'b'DVBg[}0'CO'AA200 PEGﬁ 3'b'DVBgoo'CO'AA1 00

* % * * %

*

2:10 250 260 1;30 160 1;10 150 160 8I0 6I0 4I0 2I0 0 2210 250 260 1;30 1(;‘0 1:10 12IU 1(I)0 8I0 GIO 4I0 2I0 0
S/ppm S/ppm
Figure 5.4 13C solid state NMR of (left) PEG113-b-DVBsoo-c0o-AAz200 and (right) PEG113-b-DVBgoo-co-

AAio.Ast eri skbs denote spinning side bands
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5.3.3 Nitrogen Gas Sorption isotherms

The porosity and surface area of each sample was evaluated using nitrogen gas sorption
isotherms at 77 K (Figure 5.5). Much like the FN/DVB materials described in Chapter 3, all
samples show prominent uptake in the high relative pressure region (> 0.9 P/Po) which is
attributed to the condensation of nitrogen between particles. In contrast to the FN/DVB system
there is however no significant uptake in the microporous region of the isotherm (< 0.1 P/Po)
which suggests that the sample contains few to no micropores. The pore size distribution for
each sample agrees with this observation with each sample containing predominantly
mesopores. The most prominent pore size in all three samples is centred around 3 nm which
lies at the smaller end of the mesopore region. There are however other mesopores present
ranging from 37 10 nm. After this point it seems that the samples with a lower DVB content
possess more larger pores which is most likely a result of the higher AA content resulting in
less extensive crosslinking of the network. This, in turn, would lead to the presence of larger
pores.
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Figure 5.5 Nitrogen adsorption (filled) and desorption (empty) isotherms at 77 K for the three samples

(each offset by 50 cm3/g), inset shows the pore size distribution

The surface area of each sample, calculated over the relative pressure range of 0.01 i1
0.15 P/Po, was found to range between 108 i 201 m?/g (Table 5.4). PEG113-b-DVB700-c0-AAsq0
gave the lowest surface area while PEG113-b-DVBgoo-C0-AA200 Was shown to possess the
highest surface area. Conversely, PEG113-b-DVBgoo-c0-AA1go gave the highest micropore:total
pore ratio (Vo1/Vir) suggesting that the higher DVB content results in more extensive

crosslinking and therefore formation of smaller pores. Likewise, PEG113-b-DVB700-C0-AAszoo
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had the lowest micropore ratio which further evidences the link between pore size and DVB

content in each sample.

Table 5.4 Surface area and pore volume data for each PPD sample

Sample SAgeT (M?/g) Vror? Vo.1P Vo.1/Viot
PEG113-b-DVB700-c0-AAs00 108 0.17 0.04 0.24
PEG113-b-DVBsoo-c0-AAz200 201 0.25 0.07 0.28
PEG113-b-DVBgoo-c0-AA100 168 0.19 0.06 0.32

aTotal pore volume, calculated at 0.99 P/Po. PMicropore volume, calculated at 0.1 P/Po

5.3.4 Dynamic Light Scattering

As in Chapter 3, the solid samples were dispersed in a chosen solvent and sonicated to form
a stable dispersion of the porous polymer in solution. When dispersed in methanol the samples
did not prove to be as stable as the FN system and unfortunately settled out after around 24
hours. This is most likely due to the swelling of the core by the methanol solvent given that
acrylic acid is soluble in methanol and thus will result in an increase in the core size to such
an extent that the samples are too big to be stabilised by the PEG chains. This is similar to
what was observed when the FN/DVB samples were dispersed in solvents such as chloroform

and toluene.

Despite this swelling and subsequent instability of the samples it was possible to determine
the sizes of the particles by using DLS. The samples were dispersed in two solvents, methanol
and THF, as these solvents will cause swelling of the two different monomers. Methanol will
solvate the acrylic acid but not the divinylbenzene whereas THF will do the opposite and swell
the divinylbenzene but not the acrylic acid. The DLS curves obtained for these experiments

are shown in Figure 5.6.
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Figure 5.6 DLS curves obtained for PPD samples in (left) MeOH and (right) THF

139




The
University
Of

Sheffield.

Chapter 5. White-Light Emission

In methanol the PEGi13-b-DVBggo-C0-AA1g0 Sample is the smallest with a hydrodynamic
diameter of around 540 nm with the PEG113-b-DVBgoo-c0-AA200 Sample being much larger with
a diameter of around 910 nm. This order is perhaps expected given that the PEG113-b-DVBsgo-
co-AA20 sample contains more acrylic acid and therefore is expected to swell more than the
other samples containing less acrylic acid. When dispersed in THF the samples are a little
larger with hydrodynamic diameters of 680 nm and 1312 nm for PEG113-b-DVBsgo-C0-AA200
and PEG113-b-DVBggo-c0-AA1go respectively. It would be expected that the samples are larger
in THF given that the THF will swell the divinylbenzene and not the acrylic acid and there is
more of the former than the latter. This is also the reason as to why the PEG113-b-DVBggo-CO-
AAio sample is much larger than the PEGi13-b-DVBsgoo-C0-AA200 sample. Much like in
methanol the samples also settle out overnight in THF solvent indicating a lack of long term
stability which is in contrast to the FN/DVB samples.

5.4 Post-Synthetic Modification of DVB/AA PPDs

Post-synthetic modification of the PPDs was carried out in order to incorporate anthracene
moieties into the core of the sample. This involved exploiting the carboxylic acid groups,
present due to the polymerisation of acrylic acid, and carrying out an esterification reaction
using 9-anthracenemethanol, similar to one reported by Pazicni et al.# This reaction scheme

is presented in scheme 5.1 (see section 5.7.5 for full synthetic procedure).

o S TR

\N/

OH
+ AN

|
SOOI

Scheme 5.1 Overall synthetic procedure towards anthracene functionalised porous materials

Before being attempted on the porous polymer the esterification was first carried out on the
acrylic acid monomer to test its efficacy. The esterification reaction of acrylic acid and 9-
anthracenemethanol afforded the 9-anthracene methacrylate as the product in a 73 % vyield.
This proves that the reaction was possible using this monomer and hence should be
reproducible when using the acrylic acid containing PPD material. *H NMR was used to

determine the purity of the target compound and compared well to previously published work®
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(Figure S5.1). Unfortunately, it was not possible to use this anthracene containing monomer

as the co-monomer in the RAFT-PISA synthesis due to its insolubility in the solvent system.

When synthesising the anthracene acrylate monomer it was possible to determine the purity
through solution phase *H-NMR, a standard in most synthetic organic procedures. However,
when post-synthetically modifying the PPD samples this is not possible given the fact that the
sample, especially the core, is not soluble but instead dispersible. Therefore, it is necessary
to find another way to quantify the success of the reaction. Given the fact that the sample is
dispersible we can separate out the product from the reagents through centrifugation. After
the reaction, each sample was centrifuged and washed to remove any unreacted reagents
and by-products. However, this does not tell us if the reaction was successful especially given
that the final product did not differ much visually from the original material (white powder to

white/faint yellow powder).

Given that anthracene is being incorporated into the material for its luminescent properties it
should be possible to exploit both UV-Vis and fluorescence spectroscopy to give insight into
the success of the esterification reaction. Indeed, it is known that the PPD materials exhibit
both UV-Vis and fluorescence spectra as a result of the DVB within the sample but should
anthracene be present there should be new peaks in both of these spectra. Figure 5.7 shows
the UV-Vis and fluorescence spectra of the PPD samples before and after the esterification

reaction with 9-anthracenemethanol.
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Figure 5.7 UV-Vis spectra of sample pre- (left) and post- (right) synthetic modification

The UV-Vis spectra (Figure 5.7) of the samples before and after anthracene incorporation
show little variance which is most likely due to the very low loading of anthracene into the final
sample. Anthracene gives a distinct peak at 350 nm in the UV-Vis spectrum but this is not
visible in the samples supposedly containing it, either due to it not being present or to it being

present but in very small concentrations. One other issue that hinders these peaks being
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visible is the fact that these samples, being dispersions and not solutions, do not give a flat
baseline. Instead, we see this raised baseline, which is a result of scattering of light that
hinders the visibility of some peaks. Fluorescence emission spectroscopy of each sample was

carried out to further probe the anthracene loading content within each sample (Figure 5.8).
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Figure 5.8 Fluorescence emission spectra of PPDs (left) and An-PPDs (right). Inset shows the
samples irradiated under UV light (& = 365 nm)

Somewhat in contrast to the UV-Vis spectra there is now a noticeable difference in the
emission spectra of the PPDs and An-PPDs. The introduction of the anthracene groups into
the sample yields new emission peaks at between 400 i 430 nm as well as maintaining the
peak at ~350 nm which is an artefact of the PPD samples. These new peaks are due to the
presence of anthracene within the sample given that they appear in the same place as pure
anthracene (see appendix Figure S5.2). Further to this, the pictures of the solutions (inset
Figure 5.8) also show the slight difference in appearance when irradiated under UV light. The

An-PPDs appear to be much brighter and a deeper blue compared to the PPD analogues.

An (PEG 1 3-b-DVngo-CO-AA100)

An (PEG113-b-DVBgoo-CO-AA200)

4000 3500 3000 2500 2000 1500 1000 500
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Figure 5.9 FTIR spectrum of both porous polymer samples after post-synthetic modifcation
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The FTIR spectra of each An-PPD sample (Figure 5.9) remains largely unchanged as
expected, yet there are some key differences which indicate a chemical change has occurred.
As expected, the signal at 1117 cm?, present as a result of the ether stretch of the PEG-based
CTA, remains present as does the broad stretching frequency between 2900 i 3000 cm™?
which is a result of the alkyl backbone. However, the broad peak at ~3650 cm, present due
as a result of the 7 OH stretch of the acrylic acid, has now diminished quite significantly. This
is a result of the esterification reaction meaning that the carboxylic acid has been converted
into an ester group and the anthracene has been successfully incorporated chemically into
the final structure and not simply adsorbed into the pores of the material.

An (PEG 113-b-DVBSQQ-CO-AA200) An (PEG 11 3-b-DVBgoo-CO-AA100)

** 4 K % %

*

240 220 200 180 160 140 120100 80 60 40 20 O 240 220 200 180 160 140 120 100 80 60 40 20 0
8/ppm 8/ppm
Figure 5.10 3C solid-state NMR of (left) An(PEGu113-b-DVBsoo-c0-AA200) and (right) An(PEGu113-b-

DVBooo-co-AAio) (ast er i skés denote spinning side bands) .

Much like the FTIR, the solid-state **C NMR of the anthracene incorporated samples remain
mainly unchanged when compared to the original samples. Hence, peaks at 16 and 40 ppm
are caused by the polymer backbone. The peaks at 128 and 137 ppm are present due to the
aromatic carbons and these now represent both the divinylbenzene and incorporated
anthracene units. The peak at 145 ppm is present due to the carbonyl carbon with the peak
at 113 ppm being a result of unreacted vinyl groups.

Nitrogen gas sorption analysis at 77 K (Figure 5.11) gives insight into the effect the post-
synthetic maodification had on the porosity of each sample. Incorporation of the anthracene
moiety lowered the surface area from 201 m?/g to 188 m?/g for An(PEG113-b-DVBgoo-C0-AA200)
and 168 m?/g to 152 m?/g for An(PEG113-b-DVBgoo-c0-AA100). This is due to the incorporation
of bulky aromatic groups filling some of the pores of the sample. The changes to the surface
are minimal though this is to be expected given the small amounts of acrylic acid groups

present within the sample available to be modified. Likewise, there was also a small reduction
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in the total pore and micropore volume after post-synthetic modification (see appendix, table
S5.3) which further hints at incorporation of a bulky chemical moiety filling the pores of the

sample.

e
=)
o

An(PEG1 13'b'DVngg'CO'AA1 gg)

An(PEG;3-b-DVBggo-co-AAzq0) ©

2

e
=}
@

e
<}
R

e
(=4
=y

e
=}
=]

Differential pore volume (cm3lg)

150 4 1 10 100

0.0 0.2 0.4 0.6 0.8 1.0
Relative Pressure (P/P,)

Figure 5.11 Nitrogen adsorption (filled) and desorption (empty) isotherms at 77 K for both samples after

post-synthetic modification (offset by 50 cm?3/g), inset shows the pore size distribution

TEM images of the samples before and after incorporation of the anthracene units seem to
show a slight change in morphology. Initially, each sample was present as the mass
aggregates, much like those reported in Chapter 3 for the FN/DVB analogues. However, upon
incorporation of the anthracene, the samples seem to show the presence of larger spherical
domains, particularly for the An(PEG113-b-DVBggo-c0-AA100) Sample. It is unknown as to what
has caused these larger spheres to form though the aggregated morphology as seen for the
PPD samples is still present within all four samples. This shows that the material is able to be
post-synthetically modified and still retain its initial aggregated structure which demonstrates
the stability of the sample. This may also show how the aggregated morphology is a function

of extensive crosslinking which cannot be broken during the reaction.
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Figure 5.12 TEM images of PEGuii3-b-DVBsgoo-c0-AA200, PEG113-b-DVBooo-c0-AA100, AN(PEG113-b-
DVBsoo-c0-AAz200) and An(PEG113-b-DVBgoo-c0-AA100)

5.5 White Light Emission

White light can be generated from organic materials by the combination of a blue emitting
material and a yellow emitting material. The combined emission of these two fluorophores
allows for complete coverage over the visible region of light which result in white light emission.
Recently, there have been a few examples reported in the literature using porous polymers to
produce white light.%"® The result of this white light emission stems from the synthesis of a
conjugated porous polymer which emits a specific wavelength of light when irradiated by UV
light. The porous material can then either encapsulate another fluorophore or undergo further
post-synthetic modification which results in dual emission covering the entire visible spectrum
of light thereby emitting white light. For example, Patra et al.® succeeded in synthesising a
soluble CMP which emitted in the yellow region of light and could produce white light when
mixed with a blue organic dye. Likewise Wang et al.” synthesised hyperbranched polymer
particles which were post-synthetically modified to give nanoscale-CMPs that, when mixed

with a red emitting dye, emit white light.
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