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Abstract

Methacrylate adhesives provide a strong bond between a varied range of substrates with no pre- or post-
treatment required and rapid room temperature cures. Despite this, they suffer from a high degree of

shrinkage as well as a low onset temperature of thermal degradation which limits their applications.

Norbornene-based polymers can be polymerised through ring-opening metathesis polymerisation (ROMP) to
produce unsaturated, elastomeric polymers with high thermal stability. Norbornene monomers functionalised
with methacrylate groups were synthesised and polymerised into macromonomers for poly(methacrylate)
adhesives. It was found that even addition of 10 weight percentage (wt%) of a poly(norbornene) could
significantly improve the thermal stabilities and reduce the shrinkage upon cure of the adhesives although this
reduced the adhesive strength. More polar norbornene-methacrylate monomers were synthesised to increase
the surface energy. Additionally, an adhesion promoter in the form of methacrylic acid was tested which

resulted in a stronger adhesive.

Dicyclopentadiene (DCPD) is a monomer which can polymerise by ROMP through a norbornene group to form
crosslinked polymers with high strength and thermal stabilities and has applications in composite materials.
On its own, DCPD has a low surface energy which would make it a weak adhesive so more polar copolymers
were added. The methacrylate functionalised norbornene monomer was polymerised through controlled
radical polymerisation and introduced into the monomer DCPD before cure. Whilst the adhesive strength was
improved, the degradation temperatures were reduced. These polymers had low solubility in DCPD and some
phase separation was observed upon cure so smaller norbornene-based crosslinkers with polar ester linkages
were synthesised. The aim of this work was tp understand if incorporation of these would reduce the
temperature of post-cure of DCPD required to achieve a high glass transition temperature (T;) thermoset,
however only a small improvement was noted. Norbornene-based crosslinkers were found to significantly

improve the adhesive strength of the DCPD structural adhesives.



Polynorbornene synthesised through ruthenium-based Grubbs initiators caused crosslinking through the
methacrylate groups via a radical polymerisation reaction. To overcome this, the polymerisation was carried
out using a photoinitiated metal-free ROMP alternative. The polymerisation was found to be light intensity
dependent and scaling up in batch was challenging so a continuous ‘droplet-flow’ polymerisation method was

developed, and high conversions were achieved in under 10 minutes residence time.
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Chapter 1- Introduction

1.1 Adhesives

1.1.1 Reasons for using adhesives

An adhesive is a substance which can hold two surfaces together through chemical bonds and
interactions; these can be either reactive or non-reactive. Adhesives are a popular choice over
traditional mechanical fastening alternatives which include nuts, bolts, and rivets (Figure 1. 1).
Mechanical fastenings have many advantages such as the ability to be visually inspected and replaced
without dismantling large components. Despite this, they have flaws such as adding weight to a
material, susceptibility to corrosion and weakening of the substrate whilst drilling holes to fit the
fastener. This is especially significant for anisotropic composites where forces are distributed along
particular axes.! Adhesives are lightweight and can be used to bond together dissimilar materials,
including steel and organic polymers. The adhesive layer can be distributed evenly across the adherend

meaning that stresses are not localised and allowing the bond to maintain flexibility.!

Figure 1. 1: Diagrams of composites held together by mechanical fastenings (left) and chemical adhesives

(right)



1.1.2 Types of adhesives

There are three main categories of adhesives: thermoset, thermoplastic and pressure sensitive
adhesives (PSA). The gradient of the curves in the stress-strain graph (Figure 1. 2) represents the
Young’s modulus which is a measure of the stiffness of the polymer. The toughness of the material can
be found by integration of the stress-strain curve, this is the amount of energy that can be absorbed

before the material breaks.

Thermoset

>

Thermoplastic

PSA

Stress (MPa)

>

Strain

Figure 1. 2: Stress-Strain graph of thermoset, thermoplastic and PSA adhesives?

PSAs are non-reactive adhesives which bind to their adherends without undergoing any chemical
reactions.! Their adhesive ability is due to strong non-covalent van der Waal’s and dipole-dipole
interactions. When shear is applied, they have low viscosity, allowing them to flow into crevices in the
substrate surface and cover a large surface area. When the shear is withdrawn the viscosity increases
and the PSA is able to withhold the stress applied.? Since no cure is involved, PSAs can form instant
adhesion.” > They are highly elastomeric so can achieve high strain with very little stress however, do

break at the lowest levels of stress in comparison to thermosetting and thermoplastic adhesives



(Figure 1. 2).2 Despite being known as ‘pressure-sensitive’ there is very little correlation between the

amount of pressure applied and the bond strength.®

Thermoplastic adhesives also do not undergo a chemical reaction during the cure. They are typically
applied as a ‘hot melt’ in liquid form and harden as they cool to form a solid that adheres to the
substrate. They are not crosslinked so have a melting point and can be removed to leave the substrate
in the original condition. A limitation is that these adhesives cannot be used for high temperature
applications as they lose their mechanical properties. Additionally, the melting temperature (T.) of the
substrate must be higher than the adhesive.” As the stress applied to a thermoplastic adhesive is
increased, it initially undergoes elastic deformation where the stress is instantaneous, and the polymer
is able to return to its original shape as soon as the stress is removed. Above the ‘maximum vyield
strength’ the polymer undergoes viscous deformation which is irreversible and lasts until the

‘maximum tensile strength’ is reached, at which point the polymer breaks (Figure 1. 2).2

Thermosetting adhesives undergo an irreversible chemical reaction during their cure from a liquid to
a solid.® They contain bifunctional (or multifunctional) monomers, which form crosslinks within the
material giving them improved strength, chemical resistance and mechanical properties over
thermoplastics. This makes them suitable for applications within aerospace, electronics, and
construction.®  The greater the degree of crosslinks the higher the Young’s modulus, making the
polymers more brittle (Figure 1. 2). The problem with thermosetting polymers is that they are typically
non-degradable which renders any composites that they adhere unrecyclable, although alternative

methods to reuse these materials such as shredding are possible.® 1°



1.1.3 Adhesive Applications

PSAs are used in a wide range of applications where it is desirable to hold two substrates together
whilst being able to easily separate on demand.!! These include resealable food packaging and labels,

bandages and electronics.}> 3

Thermoplastics are used in applications where a greater strength is required. When using thermally
resistant substrates these can be applied in the form of a hot-melt or within a solvent such as ethyl
acetate or water. These can be found within cars to adhere textiles, sealed food packaging and

electronics. Examples of common thermoplastic adhesives are cyanoacrylates and poly(vinyl acetates).

Thermosetting adhesives are used when a high tensile strength is required or when the bond needs to
be able to withstand high temperatures. A common application is in airplane wings where a structural
adhesive is used to adhere the wing ‘skin” which is the outer layer. This area of a plane is prone to
‘buckling’” due to the air resistance. A lightweight adhesive covering the entire bonded area is
advantageous to rivets which only join the materials in specific spots, leaving unbonded regions
between.? Similarly, for anisotropic composite materials containing glass or carbon fibres, when
mechanical fastenings are used the directional structure gets disrupted and this leads to weaknesses

where breakage is more likely to occur under impact or stress.'®

1.1.4 Adhesive Testing

There are many industry standard tests used to measure the strength of a chemical adhesive, with
many being a variation on the four shown in Figure 1. 3. Single lap shear joints (Figure 1. 3 a), are made
from two adherends overlapping with a set area. To test the strength of the joints, the ends are

clamped into a tensometer and force applied in opposite directions, pulling the adhesive layer until it



breaks. Typically, lap shears are prepared in a jig so that the overlap is consistent between samples and
glass beads can be added to ensure an even bond thickness.> 117 A peel test measures the strength
of the adhesive-adherend interface where two substrates are adhered together with an upwards force
applied at 90 ° (Figure 1. 3 b).1® The adhesive either peels away from the substrate or forms a crack
which propagates from the tip through the adhesive layer.® In compressive lap shears the force is
applied directly onto the lap shear until the adhesive breaks (Figure 1. 3).2° The tensile strength of
adhesives are found by moulding the adhesive into a ‘dog-bone’ shape. The tensometer is clamped to
the wider ends and a force is applied, stretching the adhesive until it reaches a maximum elongation

where it breaks.?



(a)

(b)

(c)
(d)

——
=
Dmng-

Figure 1. 3: Schematic of different adhesive tests where the dark blue shows the adhesive layer. (a) Lap shears,

(b) T-peel tests, (c) Compressive shear and (d) Tensile tests



1.1.5 Adhesive Failures

Adhesive Failure

Adhesive failure is where the adhesive peels
from one of the substrates due to a weak
adhesive-substrate bond.

Cohesive Failure

Cohesive failure is where there is a fracture
within the adhesive layer that propagates
through, leaving adhesive on both substrate
surfaces.

Substrate Failure

When the adhesive layer is stronger than the
material being held together, in this case,
the substrate either cracks or becomes
disfigured.

Figure 1. 4: Three common modes of adhesive failure

1.1.6 Common structural adhesives

Two of the most common structural adhesives used are methacrylates and epoxies. These have very

different properties and are chosen depending on the desired requirements for the application (Table

1.1).



Table 1. 1: Comparisons of the properties of methacrylate and epoxy adhesives??

Methacrylates Epoxies
Slow (minutes to hours for
sufficient cure and days
for full cure)

Speed of cure Fast (10-60 minutes)

RT (and a post cure heat

T t RT
Cure Temperature for optimal performance)

Temperature resistance

Low (100-120°C

depending on cure)?®

depending on cure

High (up to 200 °C
)24

Shrinkage High (~20% v/v) Low (~6% v/v)?®
Pre-treatment needed No* Sometimes
Compatible with composites V. Good Good
Compatible with polymers V. Good Poor
Compatible with metal Good V. Good (pre-treatment)

Epoxy monomers contain two or more functional groups and are cured by a ring-opening reaction with
an equivalent moles of ‘hardener’. These are typically bifunctional amines, although diols can also be
used.?®  Commonly, aromatic epoxies are used in adhesives since they have upper service
temperatures of around 200 °C, whilst aliphatic epoxies only have upper service temperatures of

around 100 °C.? Bisphenol A diglycidyl ether (DGEBA) is the most common epoxy used in adhesives.!

Epoxies are able to polymerise through either step-growth or chain growth polymerisation.?® Shrinkage
during this process is negligible due to the opening of the epoxy ring. Epoxies are able to form highly
crosslinked networks by reacting through hydroxyl and secondary amine groups that form during the
polymerisation (Scheme 1. 1). At low conversion the adhesive has a low viscosity so that the
propagating polymer chains can flow easily, however, at higher conversion the movement becomes
restricted so there are a lot of unreacted chain ends. Increasing the temperature increases the

flexibility of the polymer and gives the tangled chains more mobility to react. Typically, whilst curing

8



epoxies, the temperature is increased gradually to prevent the loss of volatile monomers, oligomers,
and initiators. This has an effect of increasing the performance of the adhesive.? Additionally, when
exposed to higher temperatures further crosslinking such as etherification and dehydration can occur

between the -OH groups.3% 3!

~~NH O — » ™N
S e

W, O N
, N H-O
H

Scheme 1. 1: Step-growth polymerisation of epoxies and crosslinking through secondary amines and

etherification from the hydroxyl group3!

Epoxies have very poor adhesion with composites and polymers since there are no reactive groups at
the surface. Metals such as aluminium make better adherends however, pre-treatment is required to

increase adhesion by depositing an clean oxide layer to the surface of aluminium substrates.3?

1.1.7 Methacrylates

Poly(methyl methacrylate) (PMMA) is optically transparent with high impact strength and low density.
It is used for an array of applications such as within medicines, dentistry and as a shatter-resistant
alternative to glass. The ester linkages within the methacrylate monomer give the polymer high
polarity, making it a good adhesive with high surface wetting to polar substates. In methacrylate

adhesives, the adhesive itself acts as a solvent which makes it more tolerant to surface contaminants



than epoxies.”? PMMA is regularly cross-linked with di-functional methacrylate monomers, e.g.
ethylene glycol dimethacrylate (EGDMA) in order to increase the T, and improve mechanical
properties.®® The conversion of bifunctional monomer reaches a critical point where they become a

‘gel’ and are infinitely three-dimensional so no longer soluble.?*
O
R e —_— n
O
070
R
Scheme 1. 2: polymerisation of a methacrylate monomer to a poly(methacrylate)

1.1.8 Free Radical Polymerisation

Methacrylate monomers can be polymerised through free radical polymerisation (FRP). This is a
technique where monomers containing an unsaturated carbon-to-carbon bond are converted to a
polymer with a saturated carbon backbone through addition of radicals. Initiation begins with
generation of a radical by homolysis of the initiator. These typically contain either a peroxide (R-O-0O-
R) or azo (R-N=N-R) group which is broken by an applied stimulus such as light, heat or through a redox
reaction. The free radical is then able to attack the m-bond on the monomer, causing it to break by

homolytic fission.®

Propagation continues on a millisecond scale with the radical on the terminal carbon of the growing
chain attacking a m-bond from a monomer. The addition typically occurs with head-to-tail addition
where the R groups are evenly spaced with a -CH, between each unit, however head-to-head addition

can also occur and causes weak points within the backbone.3®

The two most common methods of termination are disproportionation and combination.
Disproportionation is where the radical on the terminal carbon of a propagating chain abstracts a
hydrogen from another propagating chain (Scheme 1. 3). The chain which has lost a hydrogen then has

10



two free radicals which join to form a new m-bond so that both chains have been terminated with one

having an unsaturated end group and one having a saturated end group.3® %’

/\HH
2 H
: { v
I LN — A
0”0 07 o Q OQ 0] 0 CI)O 0 o 0o
I | |
R R R R R R R

R

Scheme 1. 3: Disproportionation termination mechanism in FRP

The second common termination mechanism is combination. This is where the free radicals on two
terminal carbons on propagating chains react with each other rather than an unsaturated monomer
end group (Scheme 1. 4). For methacrylates, the most common termination mechanism is

disproportionation whereas for acrylates and vinyl monomers combination can be more favoured.>®

R R
Oy 0 Oy O
WW y
v X
X + y
)
070 07 o (? OCI) O © (IIR) Q
R R R R R

Scheme 1. 4: Combination FRP termination mechanism

During the bulk polymerisation of a methacrylate, the initial propagation stage occurs at a relatively
steady rate before undergoing a short period of rapid auto-acceleration known as the Trommsdorff
effect. Initially, the viscosity is very low, so it is easy for propagating chains to diffuse through the
monomer.®° During this time the rate of termination from combination of radicals is almost at an equal
rate to initiation. Above a critical concentration of polymer, the propagating chains become so
entangled that their movement is restricted. This leads to an inefficient heat transfer from the
exothermic reaction which increases the rate of diffusion of the relatively small monomer molecules
and the rate of polymerisation accelerates and continues until there is no more monomer available.3®

4043 The rate of termination by combination is also restricted. Factors such as temperature, solvents

11



and initiator choice and concentration affect the onset of the Trommsdorff effect.** In adhesives this
dictates the ‘working time’ of the adhesive since at high viscosities the polymer is not able to flow into

crevices into the substrate and has reduced surface wetting leading to a weaker bond.

Controlled radical polymerisations such as reversible addition-fragmentation chain-transfer (RAFT),
atom transfer radical polymerisation (ATRP) and nitroxide mediated polymerisation (NMP) have been
developed. These are living polymerisation techniques since they protect the radical by keeping it in a

state of equilibrium and limiting the opportunities for termination.*>*’

1.1.9 Curing PMMA based adhesives

PMMA adhesives are cured in bulk by radical polymerisation using the monomer as the solvent and
are available in one-part or two-part formulations. In one-part adhesive formulations, the initiator and
monomers are stored together. There are usually a small number of radical inhibitors present to
prevent any premature polymerisations. To cure the adhesive a stimulus is usually applied such as heat
or UV light. The problem with thermally initiated systems is that it is often difficult to evenly heat the
surface of a substrate to initiate the polymerisation without damaging the surface. UV or blue light
curing adhesives are commonly used in dental applications with recent research into the development

of less toxic, amine-free initiators.*®

Two-part adhesive formulations commonly use redox initiation systems. This is where half of the
monomer mixture and an initiator are stored separately from the other half of the monomer mixture
and an activator. There is a mixing tube attached to the applicator where the two-parts can be

combined, beginning the initiation process.

12



One of the most common redox initiation systems is between dibenzoyl peroxide (BPO) and a tertiary
amine. These two components are typically kept in a stoichiometric ratio. During the redox initiation,
the lone pair on the nitrogen of the amine can attack one of oxygens in the peroxide bond, causing the
bond to break and abstract a proton from the amine (Scheme 1. 5). The resulting products include a
benzoyloxy radical, a N-methylene radical and benzoic acid. Both radicals are able to initiate

polymerisation.3® 4

; i 0
T\ +/,
N rg - @Nfo)@ . ‘o)b

o)

0 0 HN 9 9
Ok Py O

Scheme 1. 5: Reaction scheme to show the redox reaction between BPO and a tertiary amine to generate a

free-radical.”®

1.1.10 Shrinkage

Shrinkage of adhesives is due to the reduction of volume of a material during cure as the longer van
der Waals, hydrogen bonding and dipole interactions move closer together to form shorter covalent
bonds (Figure 1. 5). Methacrylates have been found to have a volume shrinkage of up to 20 volume %

(v/v %).5
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Figure 1. 5: Figure to show the increase in density during the cure

The problem with shrinkage is that it can lead to areas of localised stress and weaken the bond
between the adhesive layer and the adherend and can lead to voids within the adhesive layer. The
shrinkage of a material can be decreased by reducing the density difference between the liquid and
the solid material. Using a methacrylate with a larger side chain increases the volume of the monomer
and therefore decreases the % shrinkage.” A common method is to start with partially polymerised
material as the larger the macromonomer, the fewer covalent bonds would need to form.>2 This is
especially true for methacrylate monomers where there is no ring-opening to balance out the

shrinkage.

It has been shown that the rate of cure has an effect on the shrinkage stress of methacrylate adhesives.
Stansbury and co-workers used thiol a chain-transfer agent (CTA), to delay the onset of gelation of the
methacrylates so that the adhesive could flow over the substrate for longer. This showed reduced
stress however for a commercial product an odourless, less harmful alternative would need to be
discovered.”® Y. Kinomoto et al. found that having an increased porosity in the substrate reduced the
stress of the cured adhesive due to the presence of oxygen during the polymerisation which inhibited

the reaction, reducing the rate of cure.>

14




1.1.11 Thermal degradation of PMMA

The degradation mechanism of poly(methyl methacrylate) (PMMA) has been extensively studied and
it is known that it proceeds through an ‘unzipping’ process, resulting in the regeneration of monomer
(Figure 1. 6). This process can begin between 180-230 °C, as the unsaturated chain ends begin to
undergo radical depropagation accounting for around 10-20 % of weight loss.>> *® The next step,
around 300 °C is where random chain scission occurs, generating radicals that can depropagate down

the chain, accounting for 80-90 % of weight loss.>> 578

Kashiwagi et al. were able to prove that the lower temperature degradation step comes from the
weaker ‘head-to-head’ linkages formed from recombination and the unsaturated chain ends.>® This
was shown by TGA, where PMMA synthesised through radical combination was found to have much
lower thermal degradation temperatures than when synthesised through anionic polymerisation

where recombination does not occur.

Addition of crosslinkers increases the thermal degradation temperatures of PMMA. As the molecular
weight between crosslinks (M.) decreases, the amount of depolymerised material from one random
chain scission decreases.”” Polymerising PMMA in the absence of oxygen also increases the thermal
degradation temperatures since there is no oxygen inhibition creating a greater number of chain

ends.?
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Figure 1. 6: Diagram to show random chain scission leading to ‘unzipping’ depolymerisation of PMMA

Another method that has been used to increase the degradation temperatures of PMMA is to
introduce inorganic nanoparticles such as silica dioxide (SiO;) and magnesium dihydroxide Mg(OH),

which are able to reduce heat transfer within the material.?% ©*

1.2 Ring-opening metathesis polymerisation

1.2.1 Background to alkene metathesis

Alkene metathesis was first reported in the 1960s, with one of the first papers published by Calderon
et al. in 1967.52 Since then it has become one of the most widely researched, versatile and popular
methods of carbon-carbon bond formation. Alkene metathesis involves the rearrangement of C=C
double bonds and incudes ring-opening metathesis polymerisation (ROMP), ring-closing metathesis
(RCM), ring-opening metathesis (ROM), cross-metathesis (CM) and acyclic diene metathesis

(ADMET).5365
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It was originally suggested by Chauvin that a “pairwise mechanism” opperated.®® This involved 2
alkenes coordinating to a metal catalyst centre and exchanging alkylidene groups through a
‘quasimetallocyclobutane’ intermediate, also known as alkylidentation (Scheme 1. 6).%% Eventually this
mechanism was considered inaccurate since the ratio of possible products did not agree with the
predicated ratios. In addition, cross products were also observed at the very beginning of the reaction

which would not be expected until higher conversions using this theory.

R RinA Ry Ro Ry
= M), A K. e Ry
= Ny, = — Ro M(L), J+ [
- ‘ ) M(L)7

4 M(L R
RZ Rz/\\/\ ( n 2

Scheme 1. 6: Original proposed ‘pairwise’ metathesis mechanism

In 1971, Chauvin proposed that instead, all of the alkene metathesis reactions proceeded through a
metallocyclobutane intermediate.®” A metal alkylidene species acts as an initiator and undergoes a [2
+ 2] cycloaddition with the alkene monomer forming the intermediate. This then undergoes a [2 + 2]
cycloreversion to give a new metal alkylidene species and product whilst maintaining the total number

of carbon-carbon double bonds.

L
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M Clu
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Ry

L
H\ Cl\Mij‘%
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Scheme 1. 7: Chauvin [2+2] cycloaddition metathesis mechanism
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1.2.2 ROMP initiators

Initially, catalysts for alkene metathesis were formed in situ from a precursor based on a transition
metal halide and a main-group-metal cocatalyst. These were cheap and are still used in some industrial
applications. Tungsten, molybdenum and rhenium were the three main metals used. Tungsten was the
most studied and had very high reactivities however, this meant it was reactive towards common
functional groups, especially acidic monomers. It also had short catalyst lifetimes and was
uncontrollable during metathesis.®® An example is WCls/EtAICls which was used for the industrial

polymerisation of cyclopentadiene by reaction injection moulding (RIM) in the mid-1950s.%°

Research next focused on molybdenum pre-catalysts since they are less reactive, so more tolerant
towards different functional groups.” In 1990 Schrock synthesised a molybdenum catalyst which was
stabilised by alkoxide and imido ligands that had high activity and was tolerant to phosphines and
amines. Whilst molybdenum catalysts are effective at opening ring-strained monomers whilst not
reacting with the unsaturated backbone formed during ROMP, they are not air and moisture sensitive

s0 all experiments had to be carried out in a glovebox.”*

The first Ru based metathesis initiators were reported by Grubbs and co-workers in the 1990s,
beginning as a Ru(Cl)(PPhs), and diphenylcyclopropenone system that formed the catalyst in situ.”
3 Whilst this was stable in a range of solvents and tolerant of water, it was only stable for a few minutes
when exposed to oxygen. Further research led to the development of the range of Grubbs initiators
that are now well known and established. They are Ru-based complexes and are tolerant to oxygen,
moisture and a large variety of functional groups and solvents. They are often called catalysts although

initiator is a more appropriate term as they are poisoned in order to terminate the reaction.”
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The 1% generation Grubbs initiator (G1) was based on a (PPhs),Cl,RUCHCHCPh; in a square pyramidal

orientation (Figure 1. 7).”

Cl was found to be the most effective halogen due to its small size and strong
electron-withdrawing ability. The position of the halogen trans to the incoming alkene increased the
bond strength between the alkene and the Ru whilst the halogen used had no effect on the phosphine
ligand due to the cis orientation. The triphenylphosphine groups were soon replaced with the bulkier
tricyclohexylphosphine (PCys) groups which had a larger cone angle and were more able to stabilise

the metal complex, increasing the rate of polymerisation.”® This catalyst was very non-polar so had

poor solubility in solvents. Additionally, the initiation was slow which led to polymers with broad

dispersity.
[\
[\ NN
| ¢ T =
cr _\Ph Ru=\ Cl Ph
PCys Cl L Ph Br | N
Y3 _

Br

Figure 1. 7: Structures of the 1%, 2" and 3™ generation Grubbs initiators respectively.

The 2™ generation catalyst was based on the same metal complex however one of the
tricyclohexylphosphine ligands was replaced with an N-heterocyclic carbene (NHC) ligand.””””° The NHC
ligand on G2 is commercially available with and without a saturated or unsaturated C-C bond on the
heterocyclopentene ring. The initiator is more active when the saturated NHC is used as this is unable
to stabilise the carbene and makes the ligand more basic so that the Ru has a greater electron density.&°
The NHC ligand also makes G2 more soluble in a range of solvents than G1 however it still has slow
initiation which leads to broad polydispersities. Another advantage was that G2 was shown to be

tolerant of nitrile and amine groups which have been shown to poison the G1 initiator.5!
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Scheme 1. 8: Reaction to convert G1 to G2%

The slow initiation was resolved with the third generation Grubbs initiator (G3) where the phosphine
ligands were replaced by more labile pyridine ligands.®? Pyridine is able to stabilise the electron
deficient m-orbitals through conjugation, allowing the ligand to rapidly leave and re-bond with the Ru-

centre giving the unsaturated bond from the monomer time to interact.

There are further Grubbs initiators such as the Hoveyda-Grubbs catalysts which have chelating ligands
and are phosphine free. Despite being slower to initiate, these initiators are more stable and can be

modified easily with water-soluble versions available.®

N

N
/éﬁ T ZeSrL)
Ph :/ Cl Ph

PCy3 Br N

Scheme 1. 9: Conversion of G2 to G3
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1.2.3 Mechanism
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Scheme 1. 10: Initiation, propagation, and termination mechanism of ROMP.

ROMP polymerisation with a Grubbs initiator undergoes a dissociative initiation where the phosphine

or pyridine ligands dissociate to reduce the electron-count of the Ru centre to 16 e". This creates a

vacancy where the ruthenium centre can interact with the double bond on the monomer and form a

metallacyclobutane intermediate via [2 + 2] cycloaddition.?* Hyatt et al. used density functional theory

(DFT) calculations and *H and *C NMR spectroscopy with different isotopes to find that this is the rate

determining step for the initiation stage.®> Following the formation, the metallacyclobutane

intermediate is highly ring-strained so collapses to ring-open and form two new alkenes. There are two

options in the cycloreversion, however this is the favourable route since it gives Rua 14 e count and a

more stable product as opposed to a less stable 12 e count and a cyclopropane. The dissociated ligands

can re-associate with the Ru complex at this point.
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Scheme 1. 11: Mechanism of ROMP of norbornene

This process can continue propagating through the alkene attached to the Ru in the same way until all
monomer has been used up. Since this is a living process, more monomer can be added and the
polymerisation would continue.® All of the stages of ROMP are reversible however when monomers

with a high ring-strain are used, this drives the equilibrium strongly in the direction of the polymer.

ROMP is a living polymerisation as it can continue growing until it is ‘poisoned’. Ethyl vinyl ether (EVE)
is the most common reactant to quench metathesis reactions using Grubbs initiators. Once the vinyl
ether forms the metallacyclobutane intermediate ring-opens to release the growing polymer chain as
the EVE is more electronegative. The Ru-complex formed is a Fischer carbene where the two electrons
are donated through the o-bond and the p-orbitals are empty to receive back-donation through -
bonds. These Fischer carbenes are more stable than the alkylidene complexes such as the Ru-complex
with the propagating polymer chain, hence they are unreactive in metathesis and the polymerisation

is quenched.®’

Br gy

Scheme 1. 12: Reaction of the G3 catalyst with EVE to terminate the polymerisation.
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The driving force for ROMP is the release of the ring strain; norbornenes are commonly used as
monomers because they have a ring strain of 27.2 kcal mol™.88 A. Hejl et al. showed that the ring strain
for ROMP should be at minimum between 3.4 and 4.4 kcal mol™. This means that cyclopentene rings
are not strained enough however substitution with an electron withdrawing group, such as a ketone,

on C-3, opposite the double bond, the strain is sufficiently increased for ROMP to be favourable.®

1.3 Poly(dicyclopentadiene)

Dicyclopentadiene (DCPD) is a dimer of cyclopentadiene (CPD) that is formed through [2 + 4] Diels-
Alder (DA) cycloaddition. DCPD has a norbornene ring with a high ring strain (26.2 kcal mol?) and a
cyclopentene ring with much lower ring (4.5-6.8 kcal mol™).*° The norbornene ring is known to undergo
ROMP readily whilst the crosslinking through the cyclopentene ring is able to crosslink through ROMP
and radical addition polymerisation (Scheme 1. 13). Davidson et al. monitored the disappearance of
alkene peaks of DCPD during the polymerisation to form short oligomers using tungsten and
molybdenum based catalytic systems and found that the crosslinking through the cyclopentene ring
was by radical addition.”" 92 Ruthenium has been shown to be capable of polymerising cyclopentene

in certain conditions however it is less favourable and low temperatures are favoured.®% 3
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Scheme 1. 13: Crosslinking of DCPD through ROMP (green) and radical addition (blue) polymerisation

The properties of PDCPD can vary significantly depending on the conditions of the cure. The greater
the catalyst loading, the greater the glass transition temperature (T,) of the polymer since there is
more crosslinking between chains. This reduces the elasticity of the polymer. 9% > Kessler and co-
workers investigated the effect of cure temperature on the T; and conversion of PDCPD. It was shown
that curing at 25 °C produced PDCPD with a T; between -25 °C and 30 °C depending on the length of
cure whereas a higher temperature cure of 120 °C, a T; between 120-140 °C can be achieved in just a
few minutes.”” The T, of PDCPD varies and is proportional to the average molecular weight between
crosslinks (M.).%® One way to decrease the M. is to increase the monomer to initiator ratio or change

to a more active catalyst.®

Alternatively, high temperature post-curing can cause crosslinking through
radical addition reactions.’> ®”®® RIM has been used to manufacture PDCPD where the reactor can

control the exotherm released through heating/cooling to produce a consistent product as a strong

thermoset.100-102
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1.3.1 PDCPD in adhesives

PDCPD has been used in a lot of research into self-healing epoxy adhesives. In these systems the
ROMP-able monomer is typically encapsulated in a vesicle which can rupture when a force is applied
with the ruthenium-based Grubbs catalyst free within the material (although this can be the opposite
way round). When the vesicle is ruptured, the catalyst and monomer mix and polymerise filling any
crack and preventing it from propagating along the adhesive.1%-1% Whilst DCPD gave promising results,
Wilson and co-workers found that copolymerising DCPD with a norbornene dimethyl ester monomer
increased the strength by forming non-covalent interactions from the ester bond to the epoxy amine

and alcohol groups.1®

The report of PDCPD being tested as a structural adhesive was published by Knorr and co-workers.
They deposited silanes on the surface of aluminium lap shear substrates and applied DCPD cured with
a range of G2 catalyst concentrations. They subjected each lap shear to post-cures of 140 °C. The Tgs
of all the adhesives were above 120 °C and were the same regardless of the catalyst concentration. It
was shown that with a suitable silane substrate preparation, PDCPD adhesives can reach equivalent

lap shear strength as epoxies.®

1.3.2 Diels-Alder [2+4] cycloadditions to form monomers for ROMP

DA cycloadditions were first reported in 1928 by Otto Diels and Kurt Alder. They allow a conjugated
diene and a dienophile to undergo a [2 + 4] cycloaddition where the bonds break in a concerted single
cyclic transition, often yielding a cyclohexene structure. During this transition three n-bonds break to
form two o-bonds and a new nt-bond. Products of DA reactions are reversible and dissociate back into
their starting reactants when exposed to heat.!%” DA is a way of forming carbon to carbon bonds that

allow the formation of bicyclic compounds, such as norbornene and dicyclopentadiene.
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Dicyclopentadiene is an example of a product of a DA reaction. At elevated temperatures around the
boiling point above 170 °C, the dimer undergoes retro-DA to give two cyclopentadiene molecules.'®
Two different isomers, the endo and exo, of the product can form during a DA reaction. The ratio of
these isomers produced can be changed through changing the reaction conditions such as
temperature or solvent. During the dimerisation of DCPD, the endo product is the kinetically favoured
product since there are bonding interactions between the non-reacting orbitals which stabilise the
intermediate. This also means that the product is less stable and is more able to go through retro-

DA-109

It is not always the endo product that is the major isomer as seen during the DA reaction between
furan and maleic anhydride (Scheme 1. 14). When furan and cyclopentadiene undergo DA with maleic
anhydride, there is an opportunity for both the endo and exo isomer to form. For cyclopentadiene, the
kinetically favoured endo product is the major isomer. Furan is a more stable diene due to the polar
oxygen atom withdrawing some of the electron density, so it is able to form the thermodynamically

favoured exo isomer driven by the steric hinderance from the maleic anhydride (Scheme 1. 14),10% 110

0
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Scheme 1. 14: Reaction scheme to show how the stability of the diene leads to a different favoured isomer.
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Diels-Alder reactions to form products with cyclopentadiene have been synthesised in a one-pot
reaction where DCPD is cracked into CPD at 180 °C, which can rapidly react with the dienophile. In
order to achieve a high yield, an electron-withdrawing group must be conjugated to the double bond.
This group makes the product more stable and less likely to undergo retro-DA and therefore can be

synthesised in high yield and isolated.!!

The endo to exo ratio of a norbornene-type monomer has been found to be important in the kinetics
of ROMP. M. Suzuki and co-workers synthesised norbornene-lactones, as more polar alternatives to
DCPD, and found that the exo-isomer could be polymerised to full conversion using either G1, G2 or
G3. The endo isomer reacted complete conversion with G3 in 10 minutes however G1 gave low
conversion and G2 took 4 hours.'*2 This is due to steric and electronic effects of incoming monomer as

it interacts with the initiator.**3

The T; of the ROMP polymers is also dependent on the endo/exo ratio of the isomers. Takagi and co-
workers polymerised norbornene functionalised with a cyano and an ester group and found that when
100 % endo was used the Ty was 151 °C, 40 °C higher than the T, of 111 °C for 100 % exo. The proposed

reason for this was more steric hindrance in the chain, reducing the flexibility.'**

1.4 Conclusions

Adhesives are an essential method of forming bonds between dissimilar materials, such as composites
and metals. They are found in a vast array of applications within the medical, transport and electronic
industries. A range of commercially available adhesives are available however each has to be selected
depending on the desired properties. Epoxies are thermally stable at temperatures above 200 °C

however with little shrinkage however cure slowly and typically require high temperature post-cures
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to achieve maximum tensile strength. Methacrylates are prone to high levels of shrinkage upon cure

however cure rapidly at room temperature with little to no post-cure.

Poly(norbornenes) can be polymerised through ROMP at room temperature to produce polymers with
high thermal stability, excellent mechanical properties and elasticity and a room temperature cure with
no deoxygenation required. Due to the low polarity of poly(norbornene), there has been little research

into their application within adhesives since they are expected to have low surface energy.

Dicyclopentadiene is a bifunctional ‘ROMPable’ monomer which has excellent impact resistance, rapid
curing, high Ty and low shrinkage. Currently, it has been used in self-healing epoxy adhesives however
there has been no research published using it as the main component. In order to get optimum
properties a high temperature post-cure is required in order to crosslink through the cyclopentene
alkene and heteroatoms would need to be introduced in order to increase the non-covalent bonds to
the substrate. Functionalised norbornene monomers can readily be synthesised through DA of a diene

and dienophile.

1.5 Thesis aims

The aims of this thesis are to design a next-generation structural adhesive which can combine the
beneficial properties of current commercially available products. An adhesive that can cure at room
temperature without a high temperature post-cure would be preferred since it saves the end-user a
step in there manufacturing process and also is more energy efficient. In addition, this allows the
fastening of lower T; and non-temperature resistant materials. An adhesive with negligible shrinkage
will reduce localised regions of stress and lead to a higher strength product. The thesis will also targe
an adhesive that can be used at temperatures above 200 °C, greater than currently available PMMA

adhesive
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Chapter 2- General Methods Experimental

2.1 Materials Used:

Acrylic acid (99 %), boron trifluoride methyl etherate (> 61 %), a-bromoisobutyrate (> 99 %), 2-
bromopyridine (99 %), copper (ll) bromide (99 %), dibenzoyl peroxide (Luperox, 25 % H,0),
dicyclopentadiene (= 96 %), Dichloro[[5-[(dimethylamino)sulfonyl]-2-(1-methylethoxy-
O)phenyllmethylene-C](tricyclohexylphosphine)ruthenium(1V) (90 %), ethylene glycol dimethacrylate
(98 %), 2-ethylhexyl methacrylate (98 %), ethyl propenyl ether (98 %), ethyl vinyl ether (99 %), glycidyl
methacrylate (97 %), Grubbs 1% generation catalyst (97 %), Grubbs 2" generation catalyst, Grubbs 3
generation catalyst, 4, N, N-trimethylaniline (99 %), isobornyl methacrylate (> 80 %), maleic acid (99 %),
maleic anhydride (98.5 %), 4-methoxyacetophenone (99 %), methacrylic acid (> 98.5 %), 4-
methoxybenzaldehyde (> 98 %), ruthenium (1l1) chloride hydrate (> 99.9 % trace metal basis), 3 A
molecular sieves, SnatchCat® (> 95 %), tin () 2-ethylhexanoate (> 92.5 %), tributyltin hydride (97 %),
p-toluenesulfonic acid monohydrate (> 98.5 %) and 2,4,6-tris(para-methoxyphenol)pyrylium
tetrafluoroborate (> 90 %) were purchased from Sigma Aldrich. Methyl methacrylate (99 %) was
purchased from Acros Organics, 5-norbornene-2-methanol (> 95 %) was purchased from Fluorochem,
magnesium sulfate anhydrous was purchased from Fisher and silica gel (40-60 pm),
pentamethyldiethylenetriamine (> 98 %) and aluminium oxide (basic) was purchased from VWR.

All reagents were used as supplied unless otherwise stated.

2.2 Instrumentation

All NMR spectra were recorded using a Bruker Avance spectrometer at 25 °C. 'H NMR spectra were
recorded at 400 MHz taking 64 scans per second. All DEPT *C NMR spectra were measured at 100

MHz taking 2048 scans per spectrum. CDCl; (Merck) and CH3OD (Merck) were used as deuterated
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solvents and the protonated solvent was used as the reference. Samples were analysed using
MestReNova software. Infrared spectroscopy was carried out using a Perkin-Elmer Spectrum Two FTIR
spectrometer equipped with a diamond ATR attachment. Size exclusion chromatography (SEC) was
carried out using an Agilent PL-GPC50 with a reflective index detector and a PLgel Mixed-C (7.8. x 300
mm. 5 um guard column. The flow rate was set to 1.0 mL min™ and the eluent system was THF with
0.025 wt% butylated hydroxytoluene. The samples were measured relative to poly(methyl
methacrylate) (PMMA) standards with molecular weights ranging from 550 to 1568000 Da (Agilent).
Inductively coupled plasma mass spectroscopy (ICP-MS) was performed on an Agilent 7500ce
instrument after samples were digested in nitric acid. Differential scanning calorimetery (DSC) was
carried out using a TA DSC 25 instrument. Samples (5-10 mg) was placed in an aluminium Tzero pan
and sealed with a Tzero Hermetic lid. Two heating ramps were performed at 10 °C min* with a cooling
ramp in between at 30 °C min™®. TA instruments Trios software was used to determine the glass
transition temperature (Tg). Thermogravimetric analysis (TGA) was carried out using TA TGA Q500
instrument with TA Instrument Explorer software. GraphPad Prism 7 was used to analyse the data.
Unless otherwise stated, samples were measured under air with a temperature ramp of 10 °C mintup
to 800 °C. Solid densities were measured using a Micrometrics AccuPyc Il 1340 helium pycnometer
and data was analysed using FoamPyc V2 Software. The liquid densities were measured using an
AntonPaar DMA 4200 M density meter. Lap shears were tested using an Instron 6800 tensometer. UV-
vis spectroscopy was carried out using a Varian Cary50 Probe spectrometer and measured wavelengths

between 750 — 200 nm. The spectra were analysed using Cary WinUV software.

30



2.3 Chapter 3 methods

2.3.1 Synthesis of 5-Norbornene-2-methylene  methacrylate

(NBMMA)15

Jouy

5-Norbornene-2-methanol (1 eq., 201 mmol, 25 g), methacrylic acid (1 eq., 201 mmol, 17.1 mL) and
4-(Dimethylamino)pyridine (5 wt%, 2.1 g) were dissolved in dry DCM (approx. 50 mL), degassed with
N, for 30 minutes and left at -20 °C for 1 hour. N,N’-dicyclohexylcarbodiimide (1 eq., 201 mmol, 41.4 g)
was dissolved in dry DCM, degassed with N, and left at -20 °C for 1 hour. The N,N'-
dicyclohexylcarbodiimide solution was added slowly to the alcohol solution in an ice bath and the
reaction was left for up to 16 hours. The dicyclohexylurea was filtered twice and the product was
washed with 1 M HCI (3 x 50 mL), 10 wt% NaOH (3 x 50 mL), brine (50 mL), dried with MgSO, and
reduced under vacuum to yield a pale brown oil. The crude product was then purified by column
chromatography with a silica stationary phase and an eluent system of ethyl acetate:hexane (1:9 v/v)
(yield = 84 %, 33.4 g)

14 NMR (400 MHz, CDCls): 6.16 (1H, dd, endo NB C=CH, J = 5.8, 3.2 Hz), 6.10 (3H, m, exo NB C=C, MMA
HC=C), 5.95 (1H, dd, endo NB C=CH, J = 5.8, 2.9 Hz), 5.55 (1H, s, MMA HC=C), 4.22 (1H, ddd, exo -CH,0,
J=10.9, 6.5, 1.3 Hz), 4.05 (1H, ddd, exo -CH:0, J = 10.9, 6.5, 1.3 Hz), 3.95 (1H, ddd, endo -CH,0, J =
10.9, 6.7, 1.4 Hz), 3.70 (1H, ddt, endo -CH,0, J = 10.7, 9.4, 1.9 Hz), 2.90 (1H, s, exo -CHCH=CH), 2.84
(2H, s, endo and exo -CHCH=CH ), 2.73 (1H, s, endo -CHCH=CH), 2.43 (m, 1 H, CHCH;0), 1.94 (s, 3H, -
CH3) 1.91-1.82 (1 H,m, -CH; from NB ring), 1.76 (1 H, m, -CH; from NB ring), 1.47 (2H, m, -CH, from NB
ring), 1.30 (2 H, m, bridgehead CH,), 0.59 (1 H, dt, -CH, from NBring, J=11.7,4.1), endo:exo: 0.57:0.43.

13C NMR (101 MHz, CDCl5): 18.40 (-CHs), 28.91 (-CH, in NB), 37.80 (-CH-CH,0), 41.62 (-CH in NB ring),
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49.38 (bridgehead -CH,-), 68.26 (-CH,-0-C-0), 125.33 (=CH, in MMA), 137.60 (C=C in NB), 136.27 (C=C
in NB), 136.97 (C=CH, in MMA), 164.32 (-0-C-O) FTIR: 2953 (C-H), 1715 (C=0), 1634 (C=C), 1289 (C-H),

1157 (C-0), FTIR: Vma/cm® (ATR): 2955 (C-H), 1708 (C=0), 1633 (C=C), 1170 (ester C-0), 725 (C-H)

2.3.2 Synthesis of 5-Norbornene-2-carboxylic acid (NBCA)!!®

Dicyclopentadiene (DCPD) (0.5 eqg., 0.15 mol, 20 g) was cracked by heating to 170 °C and
cyclopentadiene (CPD) (1 eq., 0.3 mol, 20 g) was collected by distillation and quickly added to acrylic
acid (1 eq., 0.3 mol, 10.32 mL) with stirring. The product was collected by vacuum distillation at 120
°C to yield transparent, viscous liquid with a strong odour (yield = 36.4 g, 87 %), endo:exo: 1:0.79

4 NMR (400 MHz, CDCls): 11.24 (broad s, 1H, -COOH) 6.20 (dd, 1H, endo HC=C, J = 5.8, 3.1 Hz), 6.13
(qd, 2H, exo HC=C J = 5.6, 2.7 Hz), 5.99 (dd, 1H, endo HC=C, J = 5.7, 2.9 Hz), 3.27 (s, 1H, endo HC-CO),
3.14 (s,1H, exo HC-CO), 2.29 (ddd, 1H, exo CH-CH,-CH, J = 8.8, 4.5, 1.7 Hz), 1.97 (m, 3H, endo CH-CH,-CH), 1.80-
1.27 (m, 4H, -CH-CH; and bridgehead -CH)

13C NMR (101 MHz, CDCls): 181.2 (-C(=0)-OH), 138.3 (-C=C), 136.02 (-C=C), 132.7 (-C=C), 116.1 (CH-
C=0), 115.2 (CH-C=0), 46.2 (cyclohexane -CH,),45.6 (cyclohexene -CH,) 43.6 (cyclohexene -CH,), 41.6
(cyclohexene -CH,), 29.0 (bridgehead -CH,), 28.6 (bridgehead -CH,)

FTIR: Vmax/cm™ (ATR): 2949 (C-0), 2673 (C-H), 1697 (C=0), 1170 (C-O), 682 (C-H)
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2.3.3 Synthesis of 2-Hydroxypropanyl methacrylate, 5-norborn-2-yl

ester (NBGMA)

HO

NBCA (1 eq., 72.4 mmol, 10 g) and glycidyl methacrylate (GMA) (1 eq., 72 mmol, 9.2 mL) were dissolved
in dry THF (15 mL) with cetyltrimethylammonium bromide (CTAB) (5 wt%, 2.78 mmol, 1.01 g) and
MEHQ (5 wt%, 8.17 mmol, 1.01 g). The solution was heated to reflux at 80 °C for 4 hours. The product
was washed with EtOAc, 1 M HCI, brine and dried with MgSO4 before the solvent was removed in
vacuo. The product was purified by column chromatography in an eluent of EtOAc:hexane (2:8 v/v) to
yield a light yellow oil (yield = 14.8 g, 52.9 mmol 73.5 %)

'H NMR (400 MHz, CDCls): 6.24-6.09 (m, 2 H, endo and exo NB -HC=CH, -COC=CH), 5.95 (m, 1 H, endo
-HC=CH), 5.62 (m, 1 H, -COC=CH), 5.18 (broad s, 1 H, -OH), 4.49-3.58 (m, 4 H, -CH,CHOH), 3.40-3.12
(m, 1 H, -CHOH), 3.09-2.48 (m, 2 H, -CH-), 1.95 (s, 3 H, -CH3), 1.50-1.10 (m, 4 H, bridgehead -CH, and
NB ring -CH.), 3C NMR (100 Hz, CDCls): 138.2 (C=C), 137.2 (C=C), 135.5 (C=C), 132.2 (C=C), 126.1 (HC-
C=0), 65.9 (H,C-OH), 63.4 (H,C-OH), 50.0 (H,C-CH-C=0), 46.6 (H,C-CH-C=0), 43.3 (H,C-C-OH), 42.1 (CH-
CH=CR), 29.3 (bridgehead CH,) 18.1 (-CHs) FTIR: Vma/cm™ (ATR): 3430 (broad OH), 2940 (CH), 1710
(C=0), 1150 (CO), MS: Ci15H200s, [M+] theoretical 280.13 Da, found 121.05 Da, 211.09 Da, 233.07 Da,

335.2 Da, melting point = -51- -44°C

2.3.4 Synthesis of poly(norbornene methylene methacrylate)*!’

-
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NBMMA (320 eq., 5.04 mmol, 1 g) was dissolved in DCM (10 mL) and cooled in an ice bath. Grubbs
third generation initiator (1 eq., 0.016 mmol, 0.014 g) in DCM (1 mL) was added with rapid stirring.
After 5 minutes an excess of ethyl vinyl ether (EVE) (0.5 mL) was added to quench the reaction. The
reaction mixture was precipitated in cold methanol twice to yield PNBMMA as a tacky, dark brown
gel.

4 NMR (400 MHz, CDCls): 6.10 (1 H, s, -CH=CH,), 5.56 (1 H, s, -C=CH>), 5.43-5.08 (2 H, m, trans and cis
-CH-CH), 4.14 (1 H, exo -CH;0), 3.98 (1 H, m, endo -CH,0), 2.99-2.79 (2 H, m, endo NB -CH, 2 x exo NB
-CH), 2.80-2.69 (1 H, m, endo NB -CH), 2.49-2.32 (1 H, m, exo -CHCH,CH), 2.18-1.17 (5 H, m, backbone
-CH,, bridgehead -CH,, endo -CHCH»CH), 1.14-1.05 (1 H, m, exo CHCH30-), 0.91 (3 H, m, backbone -

CHs), T, = 18 °C

2.3.5 Synthesis of poly(2-Hydroxypropanyl methacrylate, 5-norborn-2-

yl ester) (PNBGMA)

NBGMA (300 eq., 3.57 mmol, 1 g) was dissolved in DCM (80 wt%, 4 g, 5.32 mL) and G3 (1 eq., 0.011
mmol, 0.010 g) was added with rapid stirring. The reaction was left for 1 hour before being quenched
with an excess of EVE (0.5 mL). After 15 minutes the polymer was precipitated in cold hexane (150 mL)
and partially dried under vacuum to leave a low viscosity, sticky brown polymer.

4 NMR (400 MHz, CDCls): 5.94 (1 H, s, MMA HC=C), 5.42 (1 H, s, MMA HC=C), 5.32-4.83 (2 H, m,
backbone HC=C), 4.21-3.18 (4 H, s, -CH,CHOH), 2.89-2.11 (3 H, m, -CHOH and -CHCH=C)
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1..73-1.58 (3 H, s, CHs), 1.30-0.73 (4 H, m, norbornene -CH5)

2.3.6 Synthesis of poly(norbornene methylene methacrylate-co-

norbornene carboxylic acid) (P(NBMMA-co-NBCA))

NBMMA (160 eq., 5.04 mmol, 1 g) and NBCA (160 eq., 5.04 mmol, 0.70 g) were dissolved in DCM (50
wt%, 4.25 g, 5.65 mL) and methanol (30 wt%, 2.55 g, 2 mL). G3, (1 eq., 0.032 mmol, 0.027 g) was added
with rapid stirring and the reaction was left for 45 minutes. An excess of EVE (0.75 mL) was added to
guench the reaction and after 15 minutes the polymer was precipitated into cold hexane (150 mL) and
partially dried under vacuum to leave a sticky, light brown polymer (conversion = 100 % (*H NMR)).

14 NMR (400 MHz, CDCls): 6.08 (s, 1 H, MMA =CH), 5.60 (s, 1 H, MMA = CH), 5.52-5.09 (4 H, m,
backbone =CH), 4.50-4.19 (s, 2 H, -OCH,), 2.95-1.44 (m, 14 H, norbornene -CH), 1.32-1.09 (m, 3 H, -

CHs), T, =-13 °C

2.3.7 Synthesis of M1X adhesives

Monomer mixture, M1, was prepared by mixing MMA (90 wt%, 17.26 mmol, 1.85 mL) and EGDMA (10
wt%, 0.97 mmol, 0.19 mL). Both monomers had been passed through basic alumina to remove
inhibitor before use. The adhesives were made up of M1 (100-50 wt%) and poly(norbornene)
derivative (0-50 wt%). BPO (4 wt%, 0.33 mmol, 0.08 g) and TMA (0.33 mmol, 0.04 g, 0.05 mL) were
added with rapid mixing and the adhesive was poured onto lap shear/ into mould before gelling took
place.

Prior to TGA, DSC and IR analysis the lap shears were held at 40 °C under vacuo for 16 hours.
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2.3.8 Determination of gel fraction

Sample was dried in a vacuum oven at 40 °C for 24 hours and then weighed in a thimble and refluxed
with DCM (300 mL) in soxhlet glassware for 24 hours. The thimble was removed and dried in a vacuum

oven at 40 °C for 24 hours.

) initial mass — final mass
Gel fraction % = — x 100
initial mass

Equation 1: Calculation for the gel fraction of a thermoset

2.3.9 PVC lap shear testing:

PVC rectangles (dimensions: 5 cm x 2.5 cm x 0.4 cm) and squares (dimensions: 2.5 cm x 2.5 cm x 0.4
cm) were washed with deionised water. The adhesive was poured into the centre of the rectangle and
acid-washed glass beads (212-300 um) were sprinkled on. The smaller piece on top so that there was

full contact with the adhesive and the lap shear was left for 24 hours at room temperature to cure.

2.4 Chapter 4 methods

2.4.1 General AGET ATRP reaction

CuBr; (1 eq., 0.078 mmol, 1.4 mg) and PMDETA (1.5 eq., 0.117 mmol, 0.024 mL) were dissolved in 2-
butanone (3 mL) and left to form a metal-ligand complex for 10 minutes. EBiB (1 eq., 0.078 mmaol,
0.013 mL) and monomer was added, and the reaction was purged with N, for 30 minutes. Sn(EH), (0.5
eq., 0.031 mmol, 0.13) was dissolved in 2-butanone (to make 20 wt%) and purged with N, for 30
minutes. Sn(EH), was added to the monomer solution and the reaction was placed in a preheated
heating mantle at 65 °C and left for at least 8 hours. BusSnH (3 eq, 0.234 mmol, 0.063 mL) was added

and left for a further 2 hours. Conversion was determined through *H NMR. The reaction was quenched
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by exposing to air and removing from the heat. The polymer was purified by passing through

aluminium oxide and reprecipitating in methanol.

2.4.2 Synthesis of PNBMMA by AGET ATRP!Y/

O
Br O/\

NBMMA was polymerised following the general AGET ATRP procedure. The polymerisation was
quenched after 2 hours before 45 % gelation.'” PNBMMA was collected as a white powder (0.41 g, 41
%).

1H NMR (400 MHz, CDCls): 6.25-6.07 (2 s, 2 H, endo and 2 exo HC=C), 5.95 (s, 1 H, endo HC=C), 4.09
(s, 1 H, exo -CHO), 3.80 (2 s, 2 H, endo and exo -CHO), 3.53 (s, 1 H, endo -CHO), 2.87 (s, 1 H, exo -CH-
HC=C), 2.78-2.69 (2 s, 1 H, exo and endo -CH-HC=C), 2.43 (s, 1 H, endo -CH-HC=C), 2.13-1.18 (3H, -CH;
on bridgehead, -CHCH0), 1.82-1.78 (7H, -CH3, -CHCH,CH, backbone -CH;) 0.97-0.79 (1H, -CH, from NB
ring) FTIR: vmax/cm™ (ATR): 2969 cm™ (C-H), 1725 cm™ (C=0), 1449 cm™ (CHs), 1235 cm™ (C-0), 1140

cm (secondary C-0), T, = 88 °C

2.4.3 Synthesis of PEHMA by AGET ATRP!8

@)

(o
n

o~ O
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2-ethylhexyl methacrylate (EHMA) (100 eq., 5.04 mmol, 1 g) was polymerised using the general AGET
ATRP procedure to give poly(2-ethylhexyl methacrylate) as a sticky white solid (0.84 g, 84 %
conversion).

14 NMR (400 MHz, CDCls): 4.01-3.68 (2H, -CH,0), 2.7-1.78 (1H, -CH), 1.71-1.01 (11H, -CH, from ethyl
and hexyl groups, -CH; from backbone), 0.99-0.82 (8H, -CHs from ethyl group, - CHs from hexyl group,
-CH,CH), FTIR: Vmax/cm™ (ATR): 2923 cm™ (C-H), 1702 cm™ (C=0), 1456 cm™ (CHs), 1140 cm™® (C-0) T, =

108.0 °C

2.4.4 Synthesis of P(NBMMA-co-EHMA) by AGET ATRP

)

Br
WOA

o] OK;O: (lD

NBMMA (50 eq., 2.52 mmol, 0.5 g) and EHMA (50 eq., 2.52 mmol, 0.5 g) were polymerised following
the general AGET ATRP procedure. The polymerisation was stopped after 2 hours before crosslinking
to give poly(2-ethylhexyl methacrylate) as a white solid. (Yield = 0.48 g, 48 %)

'H NMR (400 MHz; CDCls): 6.24-6.07 (3H, m, endo C=CH and 2 x exo C=CH), 5.93 (1H, s, endo C=CH on
NB), 3.99-3.66 (4H, exo-CH,, endo-CH,0 and EHMA -CH0), 3.55 (1H, s, exo-CH,0), 2.94 (1H, s, endo-
CH on NB), 2.89-2.78 (2H, m, exo-CH and endo-CH on NB), 2.73 (1H, s, exo-CH on NB), 2.39 (1H, s,
endo-CH on NB), 2.11 — 1.79 (2H, m, -CH on hexyl group, exo-CH on NB), 1.78-1.00 (18H, m, -CH; on
ethyl and hexyl groups, -CH; on backbone, -CH; on backbone, -CH, from bridgehead ), 0.89 (10H, exo-
CHfrom NB, -CHs from ethyl group, -CHs from hexyl group, -CH,CH from hexyl group), 0.62-0.51 (1H, s,

endo-CH from NB), FTIR: vmax/cm™ (ATR): 2930 cm™ (C-H), 1725 cm™ (C=0), 1464 cm™ (C-H, methylene

group), 1239 cm™ (C-0), 740 (C=C, disubstituted cis), T, = 41.6 °C

38



2.4.5 Synthesis of PIBMA by AGET ATRP!%®

O

Brwo/\
n

0~ O

Isobornyl methacrylate (IBMA) (100 eq., 4.31 mmol, 1 g) was polymerised using the general AGET ATRP
procedure to yield poly(isobornyl methacrylate) as a white powder (0.87 g, 87 %)

4 NMR (400 MHz; CDCls): 4.6-4.24 (1H, m, -CHO), 2.15-1.64 (7H, m, exo-H from -CH,, -CHCH,CH- from
IB ring, -CH from IB ring, -CH, from backbone), 1.27-0.66 (14 H, m, bridgehead -CHs, -CH; endo-H from
-CH; and backbone -CHs), FTIR: vmax/cm™ (ATR) 2929 (C-H), 1723 (C=0), 1449 (C-H), 986 (C-0), 671 (C-

Br)

2.4.6 Synthesis of P(INBMMA-co-IBMA) by AGET ATRP

O

YA
Ay
P(NBMMA-co-IBMA) was polymerised following general the AGET ATRP procedure and quenched after
2 hours before gelation. The product was collected as a white powder (0.39 g, 39 %)
'H NMR: (400 MHz; CDCls): 6.21-6.04 (3H, m, endo HC=C and 2 x exo HC=C), 5.90 (1H, s, endo HC=C),
4.56-4.25 (1H, s, -CHO on IBMA), 3.74 (2H, s, endo -CH,0 on NB and exo -CH,0 on NB), 3.60-3.37 (1H,
s, endo -CH,0 on NB), 2.93 (1H, m, exo -CH on NB), 2.87-2.79 (2 H, m, endo -CH and exo -CH on NB),
2.70 (1H, m, endo -CH on NB), 2.35 (1H, m, exo-CH, on NB), 2.13-1.20 (16H, m, CH; on IB, endo-CH, on

NB, CHs on IB, CH; on backbone), 1.21-0.78 (13H, m, CHs on backbone, CH; on bridgehead, exo-CHCH,0
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on NB), 0.55 (1H, m, endo-CHCH,O on NB), FTIR: vma/cm™ (ATR): 2921 (C-H), 1731 (C=0), 1667 (C=0),

1424 (C-H), 704 (C-Br), T, = 106 °C

2.4.7 Synthesis of 5-Norbornene-2,3-dicaboxylic acid (NBDCA)%°

(0]
7 OH

OH
0O

DCPD (1 eq., 75.6 mmol, 10 g) was cracked into CPD by heating to 180 °C and collected by distillation.
Maleic acid (2 eq., 151 mmol, 17.6 g) was dissolved in acetone and CPD was added directly and left to
crystallise. The white crystals were washed with hexane and deionised water and then freeze dried for
48 hours. (Yield = 89 %, 0.134 mol, 24.4 g).

'H NMR (400 MHz, CH50D): 6.20 (s, 2 H, HC=C), 3.30 (dt, 2 H, -CHCH=CH, J = 3.2, 1.7 Hz), 3.11 (m, 2 H,
-CHCOOH), 1.41 (qt, 2 H, bridgehead CH, J = 8.4, 1.7 Hz), *C NMR (101 MHz, CH;0H): 175.15 (C=0),
135.46 (C=C) , 47.1 (CH>), 46.3 (CH), 45.2 (CH), FTIR: vmax/cm™ (ATR): 2250 (C=0), 1646 (C=0), 1230 (C-

0), 800 (CH)

2.4.8 Synthesis of 5-Norbornene,2,3-(di-5-norbornene-2-methanyl)

(CL1)121

NBDCA (1 eq., 27 mmol, 5 g) and 5-Norbornene-2-methanol (2 eq., 55 mmol, 6.83 g) were heated to
100 °C with p-toluenesulfonic acid (5 wt%, 0.59 g) and N,N-dimethyl-3,5-di-tert-butyl-4-
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hydroxybenzylamine (5 wt%, 0.59 g) for 4 hours. The product was washed with 10 wt% NaOH (3 x 100
mL), saturated NacCl solution (100 mL). The organic layer was dried over MgS0O, and reduced under
vacuum to yield a golden-brown liquid. The crude product was purified by column chromatography on
a silica stationary phase with the eluent mixture ethyl acetate:hexane (1:9 v/v) to yield a pale yellow
viscous liquid (Yield = 57 %, 15 mmol, 6.07 g)

14 NMR (400 MHz, CDCls): 6.37-5.83 (6 H, m, HC=C), 4.22-3.51 (4 H, m, O-CH.), 3.44-3.11 (4 H, m, -
OCH,CH), 2.98-2.03 (4 H, m, -CHCH,CH), 1.88-1.03 (9 H, m, bridgehead -CH,,-CH), 0.60-0.48 (1 H, m, -
CH), 3C NMR (101 MHz, CDCls): 136.27 (C=C), 135.07 (C=C), 129.87 (C=C), 127.63 (C=C), 68.51 (C-0),
68.12 (C-0), 68.5 (C-0), 66.44 (C-0), 48.47 (bridgehead C-C), 45.19 (bridgehead C-C), 48.04 (C-C=0-),
46.41 (C-C=0-), 43.7 (C-C=C), 41.85 (C-C=C), 46.62 (C-C=C), 37.72 (C-Rs), 29.92 (CH,-CH), 29.03 (CH,CH),
FTIR: Vmax/cm(ATR): 2930 (alkene C-H), 1736 (C=0), 1186 (ester C-0), 710 (C-H), CasH3004 [M]*

theoretical 394.81 Da, found 395.22 Da, Melting point =-66 - -61 °C

2.4.9 Synthesis of Ethylene Glycol Di-1-methyl-1-norbornene (CL2)

f7tono

O
In a one-pot synthesis EGDMA (1 eq., 0.1 mol, 18.9 mL), DCPD (0.75 eq., 0.076 mol, 10 g) and MEHQ
(2.5 wt%, 0.75 g) was heated to 170 °C to yield an excess of CPD (1.5 eq., 0.152 mol, 10 g) which
reacted with EGDMA by a [2 + 4] Diels-Alder cycloaddition. The product was filtered through silica with
hexane to remove excess DCPD and then collected with (1:1 v/v) hexane:EtOAc and the solvent was
removed under reduced pressure. (Yield: 0.077 mol, 77 %, 25.6 g)
'H NMR (400 MHz, CDCl3): 6.27-6.19 (1 H, s, endo HC=C), 6.17-6.00 (3 H, m, exo and endo HC=C), 4.42-

4.16 (4 H, m, O-CH,-R), 3.08-2.98 (4 H, m, endo -CH-CH=CH), 2.98-2.76 (4 H, m, exo -CH-CH=CH), 2.49-
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2.36 (2 H, m, bridgehead -CH;), 1.97-1.89 (2 H, m, bridgehead -CH;), 1.51-1.34 (6 H, s, -CH3), 1.18-1.07
(2 H, m, endo -CH»-C), 0.87 (2 H, m, exo -CH,-C)

3¢ NMR (101 MHz, CDCls): 178.52 (C(=0)-0), 177.21(C(=0)-0), 138.73 (C=C), 137.92 (C=C), 133.44
(€=C), 126.00 (C=C), 62.44 (-O-C), 62.05 (-O-C), 50.83, 50.47, 49.05, 46.85, 42.73, 42.56, 38.00, 37.83,
29.30, 24.16, MS: CyoH2604 [M]* theoretical: 330.18 not found, CsHes [M]* theoretical: 66.05, found:
69.03, C10H1404 [M]*: theoretical: 198.09, found: 197.19, FTIR: vmax/cm™ (ATR): 2920 (CH), 1724 (C=0),

1410 (CH), 1210 (C-0), 670 (C=C), Melting point = -30- -25 °C

2.4.10 P2 Acid Etch

Sulfuric acid (28.7 wt%) was slowly added to deionised water (59.7 wt%) followed by Iron (ll1) sulfate
hydrate (11.6 wt%) and stirred at 60-68 °C for 30 minutes. Aluminium substrates were degreased with
propan-2-ol then submersed in the P2 solution for 12 minutes. They were submersed in a beaker of
deionised water for 5 minutes then a second beaker of deionised water for a further 5 minutes. The

substrates were then left in a preheated oven at 40 °C to dry.

2.4.11 Curing PDCPD adhesives

DCPD (2000 eq., 15.13 mmol, 2 g) was heated up to 35-40 °C then G1 (1 eq., 0.0076 mmol, 0.0062 g)
in DCM (0.1 mL) was added with rapid mixing then poured onto the substrate within 5-10 seconds
within the lap shear jig. The second substrate was placed to give a bond area of 25 x 12 mm. The lap

shears were cured at 40 °C for 30 minutes then placed in a preheated oven at 100 °C overnight.
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2.5 Chapter 5 methods

2.5.1 Synthesis of 2,4,6-Tris(para-methoxyphenyl)pyrylium

tetrafluoroborate®??

4-Methoxybenzaldehyde (1 eq., 0.035 mol, 4.2 mL) and 4-methoxyacetophenone (2 eq., 0.07 mol, 10.5
g) were degassed with N, for 20 minutes. Boron trifluoride methyl etherate (2.5 eq., 0.0875 mol, 11.08
mL) was added slowly. The mixture was heated at 100 °C for 100 minutes and was accompanied by a
colour change from colourless to orange to dark brown. The product was a viscous oil that was washed
with diethyl ether and recrystallised from acetone to yield a bright orange powder (8.17 g, 48 %)

'H NMR (400 MHz, DMSO): 8.77 (2 H, s, Hc), 8.63-8.53 (m, 2 H, Hy), 8.52-8.42 (m, 4 H, Hy), 7.32-7.20
(m, 6 H, H,), 3.95 (s, 9 H, O-CH3), *C NMR (101 MHz, DMSO): 167.9 (0=C) , 165.1 (C-PhOMe) , 164.4
(C-O-CHs), 161.4 (C-O-CHs), 132.3 (CHp ), 130.7 (CHg), 124.5 (CH.) , 121.5 (C-OCHs), 115.4 (CH.), 111.0

(CH¢), 55.9 (O-CHs), UV/ vis: peak at 432 nm

2.5.2 General Batch Metal-Free Ring Opening Polymerisation (MF-

ROMP) Procedure

Norbornene (100 eq., 10.6 mmol, 1 g), 2,4,6-tris(para-methoxyphenyl)pyrylium tetrafluoroborate (p-

OMEeTPT) (0.05 eq., 0.0053 mmol, 0.0026 g) and ethyl propenyl ether (EPE) (1 eq., 0.106 mmol, 0.0071
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mL) were dissolved in DCM (5.3 mL, 2 mM) which had been dried over alumina columns. Compressed
air that had been passed through a short column of phosphorus pentoxide was bubbled through the
mixture for 20 minutes in an ice bath. The reaction was then exposed to blue LED light (A = 465 nm,
3.54 mW cm™) for 1 hour. The reaction mixture was poured through basic alumina and precipitated in

methanol followed by 3 reprecipitations to yield a white solid.

2.5.3 MF-ROMP to synthesise PNB?3

~
0

Norbornene (NB) (100 eq., 10.6 mmol, 1 g), was polymerised using the general MF-ROMP procedure
and yielded PNB as a white solid (0.95 g, 95 %)

'H NMR (400 MHz, CDCls): 5.37 (s, 2H, trans -CH»-, J = 4.3, 2.1 Hz), 5.22 (s, 2H, cis -CH,-, ) = 6.0, 1.9 Hz),
2.81 (s, 1H, cis -CH-), 2.45 (s, 1H, trans -CH-), 1.83 (m, 2H, -CH, and -CHCH,CH-), 1.36 (m, 2 H, --

CHCH,CH), 1.09 (m, 2 H, -CH>), trans:cis = 1:0.34, T, = 40 °C

2.5.4 MF-ROMP to synthesise P(NB-co-MMA)%4

o

NB (90-30 eq.) and methyl methacrylate (MMA) (10-70 eq.) to give total monomer (10.6 mmol)
concentration of 2 mM in dry DCM.
4 NMR (400 MHz, CDCls): 5.38 (2H, s, trans -CH-C), 5.23 (2 H, s, cis -CH-C), 3.62 (3H, s, -O-CHs), 2.79

(2H, s, cis -CH-CH,), 2.43 (2H, s, trans -CH-CH.), 1.89 (2H, m, -CH-CH,-CH), 1.76 (2H, m, -CH-CH,-CH,),
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1.66 (2H, m, -CHs), 1.36 (2H, m, -CH-CH-CH,), 1.08 (2H, m, -CH-CH-CH) trans:cis = 1:0.32, T,- 19 — 40

°C

2.5.5 MF-ROMP to synthesise P(NB-co-NBMMA)

@)
01

NB (90-30 eq) and methyl methacrylate (MMA) (10-70 eq) to give total monomer (10.6 mmol)
concentration of 2 mM in dry DCM.

14 NMR (400 MHz, CDCls): 6.18 (1H, s, exo NBMMA HC=C), 6.08 (3H, m, endo NBMMA HC=C and MMA
HC=C), 5.52 (1H, m, MMA HC=C), 5.19 (1H, s, NB backbone cis HC=C), 4.05 (3H, m, MMA backbone exo
-CH,0- and NBMMA backbone -CH,0-), 3.75 (2H, m, MMA backbone endo -CH,0-), 3.52 (1H, m, MMA
backbone exo -CH,0-), 2.96-2.64 (3H, m,-CHCH= in NBMMA and -CH- in backbone), 2.51-2.28 (2H, m,
trans NB -CH- and -CH-CHQO,), 2.10-1.68 (7H, m, NBMMA -CHs, NB -CH,, backbone -CH;), 1.74-1.60
(2H, m, MMA -CH;-), 1.50-0.97 (4H, m, endo -CH, in norbornene backbone and exo -CH, in

cyclopentene ring), 0.79-0.97 (3H, MMA trans CHs), 0.62-0.50 (3 H, MMA cis -CH3), Tz = 15-40 °C
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Chapter 3 — Methacrylate-functionalised
ROMP polymers as additives in PMMA

adhesives

3.1 Introduction

3.1.1. Functionalised poly(norbornene)

The first commercially available poly(norbornene) (PNB), Norsorex®, was produced in 1978 and was
sold for applications such as a sound barrier, dampening and oil spill recovery. The linear polymer has
an unsaturated backbone which can undergo post-polymerisation modifications such as vulcanising
with sulfur to form a crosslinked higher T, thermoset.'?>®® Since then, a variety of PNB derivatives

functionalised with a range of groups including ester, cyano and alcohol have been developed.!? 114

126, 127

Grubbs and co-workers demonstrated that unlike earlier transition metal alkylidene catalysts, the
ruthenium-carbene based alternatives are tolerant towards functional groups that can undergo further
polymerisation such as methacrylates and epoxies. These remain intact after ring-opening metathesis
polymerisation (ROMP).12% 12% Several research groups have shown that norbornene monomers with
pendant methacrylates are able to undergo ROMP with the methacrylate functionality completely

intact at the end of the reaction.?”- 130,131
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Wooley and co-workers synthesised norbornene monomers with pendant methacrylate groups that
are able to undergo both radical polymerisation and ROMP. It was demonstrated that a Ru-Grubbs
initiator was very selective for the norbornene and ROMP was the only polymerisation mechanism
observed. When the monomer was polymerised by ATRP, there was a greater affinity towards the
methacrylate alkene, however as the reaction progressed, crosslinking with the norbornene alkene

lead to gelation.!’

Norbornene methylene acrylate bifunctional monomers have been used to synthesise polymer
coatings. The acrylate group was used to bond to the steel substrate and the Ru catalyst is added with
norbornene so that the polymer chain can propagate forming a protective layer around the substrate.
The properties of this layer can easily be tuned by varying the DP or length of anchor group.’*? Grau
and co-workers showed that the naturally produced monomer, caryophyllene, could be polymerised
by ROMP to produce a linear polymer capable of crosslinking through radical polymerisation (Scheme
3.1). This produced a polymer with a high thermal stability where the temperature at which there was
10 % mass loss (T10%) was 200 °C for the linear polymer and between 310-340 °C for the cross-linked

polymer.133

Scheme 3. 1: ROMP to synthesise poly(caryophyllene) from caryophyllene.!

Grubbs and co-workers noticed that cyclooctene functionalised with a methacrylate pendant group
could be polymerised by ROMP using Grubbs first generation catalyst (G1) to form an unsaturated

chain with pendant methacrylate’s intact. Whilst there was no immediate reaction with the
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methacrylate group, after 12 hours the polymer had formed an insoluble gel. The addition of a radical
inhibitor prevented crosslinking, showing that it is a radical reaction rather than metathesis.!?® Despite
other groups researching the effect of acrylate and methacrylate functionalised monomers, other
papers have not reported this phenomenon.!?”” 130 134 Before crosslinking occurred, these linear
polymers were dissolved in MMA then cured into a thermoset. This material had a greater thermal

degradation temperature, measured by thermal gravimetric analysis (TGA) in comparison to PMMA.

3.1.2 Effect of anchor group on ROMP

Recently there has been considerable research into the effect of the anchor groups of norbornenes
polymerised by ROMP, particularly with large macromonomers for the formation of bottlebrush
polymers.’3>137 As the length of the anchor group increases, the control of the polymerisation
decreases due to a slower rate of propagation (k;). This can make the polymerisation begin to exceed

the lifetime of the catalyst so that full conversion cannot take place.!3% 139

Matson and co-workers used computational experiments to find the highest occupied molecular
orbital (HOMO) of a variety of functional groups on exo-norbornene and the effect on k,. They found
that the higher energy level the HOMO, the faster the k, and the greater the control of the
polymerisation. This was true until a limit, where increasing the HOMO energy had no further effect
on k,.1%% 13 |t was proved that monomers that can chelate to the ruthenium have a slower k, since the
intermediate is stabilised, although the effect was shown to be smaller than that of the HOMO energy.
Hyatt et al. showed the presence of an ester group adjacent to the norbornene ring causes

stabilisation, so any ester functionalised monomer reacts slower through ROMP (Figure 3. 1).8°
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Figure 3. 1: Grubbs 3™ generation initiator (G3) chelating to the ester group on a functionalised norbornene®>

126

J. Moore and co-workers showed that exo-dicyclopentadiene (DCPD) has higher reactivity rates than
endo-DCPD due to steric hindrance from the incoming ligand. Coordination from the ruthenium to the
second alkene group was also observed, stabilising the intermediate for the endo-isomer (Figure 3.
2).113 This has since been found to be true for a range of norbornene functionalised monomers.112 140
Other groups have published papers with a range of ‘ROMPable’ monomers confirming these

observations.}1% 114
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Figure 3. 2 Intermediate ruthenium-monomer complex showing steric hindrance and chelation effects.

3.1.3 Chapter Aims

The aims of the research is to increase the thermal degradation temperatures and reduce the
shrinkage of poly(methyl methacrylate) (PMMA) adhesives. To do this PNB chains, which degrade at
higher temperatures than PMMA, will be synthesised and added to the PMMA adhesive formulation.
Addition of macromonomers such as linear polymers decreases the shrinkage since there are fewer

non-covalent interactions to chemically react to form shorter covalent bonds.
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In order to make the non-polar, hydrocarbon PNB soluble in methyl methacrylate (MMA), the

norbornene monomers will be functionalised with MMA groups which contain polar oxygen atoms

and also are able to crosslink into the material (Figure 3. 3).

Figure 3. 3: Diagram of the crosslinked P(MMA-co-NB) polymers where the red dots represent the crosslinks.

3.2 Results and Discussion

3.2.1 Methacrylate functionalised norbornene

The base for the adhesive formulation is MMA which is quite polar since it contains two oxygen
molecules in an ester functional group. This means that additives need to be quite polar in order to be

soluble within MMA and not lead to phase separation when they cure.

PNB is formed from only carbon and hydrogen which makes it non-polar and therefore insoluble in
MMA adhesives. A norbornene monomer, norbornene methylene methacrylate (NBMMA), with an
MMA anchor group was synthesised from a commercially available hydroxy functionalised norbornene
starting material (Scheme 3. 2). This monomer contained two oxygen molecules which increased the
polarity, making the polymer MMA soluble and additionally forming a group to crosslink the

norbornene into the adhesive. Steglich esterification between 5-norbornene-2-methanol (NBOH) and
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methacrylic acid (MAA) was chosen as the method of synthesis since it is low temperature and high
yielding (84 %) (Scheme 3. 2). Dicyclohexylcarbodiimide (DCC) was used as a coupling agent and 4-
dimethylaminopyridine (DMAP) was used as a base. Industrial synthesis would not use this method

since it has a low atom efficiency with dicyclohexylurea (DCU) being produced as a biproduct.

DMAP, DCC, dry DCM 7
7 + OH = + DCU
0°C —=r.t. 0O
on  ° <
O

Scheme 3. 2: Esterification reaction scheme to synthesise NBMMA

Other methods such as high temperature acidic esterification with p-toluenesulfonic acid and
transesterification with MMA were also tried, however they were prone to radical polymerisation
through one of two alkenes resulting in lower yields. Methacryloyl chloride was also used as a more
reactive alternative to MMA to give yields of > 90% conversion, however this was only carried out
during smaller scale syntheses due to the hazard since HCl is produced as a biproduct and relative cost

of the reagents (Scheme 3. 3).

A?\ + )H(OH pTOSH, MEHQ‘ 7 + HQO

OH ') toluene 0

& . )H(O\ KOH,MEHQ  , . MeOH
o O}\{
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Scheme 3. 3: Acidic esterification, transesterification and methacryloyl chloride esterification of NBOH to

NBMMA

The NBMMA monomer was synthesised from a starting material that had a ratio of endo: exo isomers
of 0.57:0.43 (determined by *H NMR). The ratio of endo: exo isomers of the product was found to be
the same by comparing the -CH,-O resonances of the *H NMR where the two exo protons have

resonances at 0= 4.24 and 4.05 ppm and the endo protons have resonances at 6= 3.95 and 3.70 ppm

(Figure 3. 4).
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Figure 3. 4: 'H NMR spectrum (CDClz) of NBMMA
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3.2.2 Polymerisation of PNBMMA

G3 was chosen as the ROMP initiator due to its rapid rate of initiation it gives well controlled
polymerisations with low dispersity (Pu).}*! This allows the effect of the chain length of the PNBMMA
within an adhesive to be compared. Dichloromethane (DCM) was chosen as a solvent since it
solubilises the catalyst, monomer and polymer, is non-coordinating so does not affect k, and has a low
boiling point so is easy to remove. The reaction was carried out with a monomer concentration of 0.45
M and at a temperature of 0 °C since this has been shown to give better control and lower Dus of
poly(norbornenes) by reducing chain transfer reactions.’* %2 Even in an ice bath, monomer
concentrations greater than 0.5 M showed exotherms which lead to gelation of the reaction. No

degassing was carried out prior to polymerisation since G3 is oxygen tolerant.%®

Scheme 3. 4: Polymerisation of NBMMA to PNBMMA

The beginning of the ROMP reaction could be seen by the colour change of the ruthenium from dark
green to a golden-brown colour representing the change in electron density around the metal core.
The reaction solution quickly increased in viscosity and was quenched after a few minutes by adding

an excess of ethyl vinyl ether (EVE) to cleave the polymer from the Ru-complex (1.1.4)

As previously discussed, when polymerised using a Grubbs initiator, the highly ring-strained
norbornene is the only functional group that is seen to react.!” This was demonstrated by *H nuclear

magnetic resonance (NMR) spectroscopy whereby the norbornene alkene resonances at o= 6.15,
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6.10 and 5.94 ppm (Figure 3. 4) completely disappeared in the polymer *H NMR spectrum (Figure 3.
5). Meanwhile, the methacrylate alkene resonances at 6= 6.10 and 5.20 ppm in the monomer (Figure

3. 4) were unaffected and still present in the polymer *H NMR spectrum (Figure 3. 5).
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Figure 3. 5: 'H NMR spectrum of NBMMA and PNBMMA (CDCls)

The size exclusion chromatography (SEC) chromatagrams in tetrahydrofuran (THF) of PNBMMA
synthesised using G3 showed two peaks rather than one. This is the consequence of the low
dispersities allowing the difference in the rate of polymerisation of endo and exo monomers to be
observed (Figure 3. 6). The polymerisation of NBMMA was also carried out with G1 to see if this was
tolerant to the methacrylate functional group and able to polymerise the bifunctional monomer. As
with G3, only the norbornene group polymerised ROMP however, due to the slower initiation of G1,

the SEC chromatogram showed one, broader distribution as opposed to two. The overall Dy of the
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isomer mixture is 1.3 for G3 and 1.79 for G1 (Table 3. 1) showing that G3 still gives a lot more control

over weight-average molecular weight (M.,).
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Figure 3. 6: SEC chromatograms of the PNBMMA synthesised using G1 and G3 showing a separated exo peak

(left) and endo peak (right), (THF, PMMA standards)

Table 3. 1: Table to show the M, and By of the different isomer peaks and overall isomer mixture.

Initiator Peak M, / g mol? Dy
exo 65 000 1.04
G3 endo 31000 1.03
Overall 40 000 1.30
G1 - 91 000 1.79

The differences in reactivity rates comes from the interactions between the Ru-centre and the

methacrylate anchor group. Exo-NBMMA has the methacrylate anchor group away from the Ru-centre
whereas the endo isomer has an orientation whereby the Ru can chelate to the methacrylate alkene,
stabilising the intermediate and slowing the reaction down.!'* Additionally, there is steric hindrance

between the methacrylate anchor and the propagating polymer chain of the endo isomer (Figure 3.
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7). Since the reactions were carried out on a 1 g scale, G3 was used as the initiator for the remained

of the work mentioned, however, G1 was also used to demonstrate the methacrylate functional group

tolerance.
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Figure 3. 7: Figure to show G3 coordinating with the incoming monomer and steric hindrance causing a large

difference in polymerisation rates.

Even after 3 reprecipitations, the resulting polymer remained a dark brown colour due to residual
ruthenium. It is challenging to remove residual ruthenium from the polymer due to its ability to form
bonds with the unsaturated backbone and methacrylate alkene.** When the polymer was dried under

vacuum to remove solvent a crosslinking reaction took place producing a brittle and insoluble network.
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This was the same for PNBMMA polymerised by both G1 and G3 initiators and was demonstrated by
measuring the gel fractions. The polymer was allowed to dry under vacuum for 24-hours before a 24-
hour Soxhlet extraction in DCM. The resulting product broke apart into a powder and had lost its colour.
The gel fraction of PNBMMA synthesised by G3 was 89 % and by G1, 87 % which could have been

within error and therefore, showed little differences between the two.

3.3.3 Radical reaction between Ru and MMA

A series of experiments were carried out to understand the mechanism behind the crosslinking. The
hypothesis being, that this was due to a radical reaction of the MMA initiated by Ru (Experiment 1).
MMA and G3 (1000:1 mol. ratio) were mixed and left for a week at room temperature. The colour of
the solution darkened from green to a dark brown/ black suggesting that there was some oxidation or
destabilisation of initiator. However, 'H NMR spectroscopy showed no loss of methacrylate resonance
demonstrating that G3 did not cause a cross-metathesis or radical reaction. Within this time G3 is

expected to have decomposed, which is likely the reason for the observed colour change.®

Experiment 2 was to synthesise PNB using G3 and diluting the mixture in MMA to see if a reaction
takes place. Attempts to remove G3 were made by 3 reprecipitations in methanol after quenching
with EVE. The polymer appeared mostly white, suggesting that the Ru had been removed. 1 g of PNB
was added to 4 g of MMA and was insoluble due to the polarity difference. However, after 2 hours
there was a significant viscosity increase in the solution and a colour change to light brown. By the
following day the MMA had completely polymerised to form a brown solid block (Figure 3. 8). The
same experiment was repeated using G1 where the polymer crosslinking was observed to be slower.
In this instance, there was an obvious viscosity increase after 6 hours. After 24 hours the solution was

a thick gel and after 48 hours appeared to be completely solid.
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Figure 3. 8: Photo to show that MMA monomer had polymerised due to residual Ru catalyst.

Experiment 3 was carried out to prove that the Ru is the initiator of the polymerisation. A metal-free
ROMP (MF-ROMP) alternative was used to synthesise PNB with a pyrylium photocatalyst, enol ether
initiator and blue LED light (Chapter 2.5.2). Even after several weeks with 1 g of PNB in 4 mL of MMA

there was no viscosity increase and *H NMR spectroscopy showed no polymerisation.

As experiment 1 showed that G3 does not cause MMA to undergo a radical or ROMP polymerisation
alone, the possibility that EVE had an effect was investigated. At the end of the ROMP to form PNB, no
EVE was added to cleave the Ru from the propagating polymer chain, however, PNB still was able to

polymerise MMA within 24 hours.

In order to understand whether this is a radical polymerisation, a surplus of radical inhibitor (10 wt%
4-methoxyphenol (MEHQ)) was added to the PNB in MMA solution. The MMA remained unreacted
even after one week which suggests that this must be a radical mechanism. MEHQ has been shown to
have no effect on ROMP.12 Additionally, when MMA was replaced with EVE which undergoes cationic

polymerisation, no viscosity change was seen. The mechanism behind this radical initiation is
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unknown, Ruthenium (Il) complexes have been used as radical initiators however, typically with an

haloalkane or haloketone co-initiator and at an elevated temperature around 80 °C.1%* 14

A final experiment compared the effect of the oxidation state of the Ru on the ability to initiate radical
polymerisation of MMA. Ruthenium (lll) trichloride and Dichloro[[5-[(dimethylamino)sulfonyl]-2-(1-
methylethoxy-O)phenyllmethylene-C](tricyclohexylphosphine)ruthenium(IV) were added to MMA to
form a brown and dark green solution respectively. After 1 week at ambient temperature there was
no viscosity increase however both were a dark brown colour. This demonstrated that a degradation
of G1 and G3 to these oxidation states following ROMP was not responsible for the observed radical

polymerisation.

3.3.4 Removing Ru from PNBMMA

An isocyanide scavenger molecule, SnatchCat® (Figure 3. 9), has been shown to be able to remove Ru
from reaction mixtures after ring-closing metathesis and to achieve low ppm levels if added at the end
of the reaction.'*® A small excess of SnatchCat® in comparison to the Ru (4.4 mol. eq.) is needed and
there is a short binding time of about 30 minutes. The chelated isocyanide-Ru complex can then be
filtered out of the solution by passing through silica. Since the application is intended for an industrial
purpose and it is not economical to add extra steps, simpler methods of Ru removal were tested first,
such as the effect of reprecipitations and filtering through silica with no scavenger. Inductively coupled

plasma (ICP) was used to measure the quantity of Ru remaining.
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Figure 3. 9: Structure of Ru scavenger molecule SnatchCat®

The target degree of polymerisation (DP) for the polymers was 320 and *H NMR spectroscopy was used
to show 100 % conversion of monomer. The total amount of Ru present if no purification had taken

place was calculated to be 1590 ppm.

Reprecipitating the polymer had a significant impact on reducing the levels of Ru in the product. This
would be the Ru that is non-chelated to the polymer backbone and has been cleaved from the chain
by EVE. Filtering through a short column of silica had a negligible impact on the Ru levels however a
significant decrease in yield was observed. A sticky brown layer of polymer formed on top of the silica
and began crosslinking and becoming insoluble showing that either the polymer crosslinked before it
could be filtered, or the ruthenium-SnatchCat-polymer complex all bound to the silica although this

must have been strong since addition of DCM did not dissolve this.

The addition of SnatchCat® led to a decrease of ruthenium levels to 28 ppm however, there was also
a decrease in yield of the polymer. This was due to passing the polymer through silica gel to collect the
SnatchCat® complex and even with excess solvent passed through, a brown, thick polymer layer sat on
top of the gel (Table 3. 2). Even with levels this low the methacrylate functional group still crosslinked

and became an insoluble solid.
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Table 3. 2: Residual Ruthenium levels determined by ICP-MS. * A — 1 precipitation, B — 2 precipitations, C—2
precipitations then filtering through silica, 4 — 2 precipitations, 30 minutes with 4.4 eq. SnatchCat® then

filtering through silica.

Ruthenium Ruthenium

Removal Method Remaining / ppm S.D. Yield / %
1 209 21 9
2 49 24 81
3 48 41 69
4 28 2.2 55

The results show these methods do not allow the complete removal of Ru from PNBMMA. In the rest
of the chapter the polymer was used quickly after synthesis and the remaining solvent from synthesis
and precipitation was calculated by *H NMR spectroscopy and taken into consideration in the adhesive

formulation.

3.3.5 Thermal degradation of P(MMA-co-NBMMA)

The PMMA adhesives were formulated using a 9:1 mol. ratio of MMA: ethylene glycol dimethacrylate
(EGDMA), this will be termed “M1” before crosslinking and “M1X” after. Free radical polymerisation
(FRP) was used to cure the adhesive using a benzoyl peroxide (BPO) and 4,N,N-trimethylaniline (TMA)
redox initiation system, creating M1X. PNBMMA was added to the M1 mixture quickly after the ROMP
synthesise. A small amount of drying had taken place to purify the polymer, however this had to be
balanced with maintaining the solubility before crosslinking. The M1-PNBMMA liquid adhesives were
a light brown colour due to the presence of Ru and had increased viscosity with increased levels of

PNBMMA.

62



Due to the rapid initiation and propagation using G3, it was easy to control the DP of the ROMP
polymers. Hence, the effect of the chain length on the degradation temperatures of the resultant

polymers were compared to the adhesives with and without 10 wt% of monomer (Figure 3. 10).
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Figure 3. 10: Graph to show the effect of the My, of PNBMMA when 10 wt% is added to the MMA adhesives.
The thermal degradation of M1X began at a low temperature of around 100 °C and the temperature
where 5 % of mass had been lost, Tsy, was 196.2 °C (Table 3. 3). The Tsy of the M1X adhesives

containing PNBMMA were similar around 250-260 °C with the 119 000 g mol? being slightly lower

than lower M, PNBMMA.
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Table 3. 3: The degradation temperatures of the 10 wt% PNBMMA adhesives

M,/ g mol* Ts%/ °C Ti0%/ °C Tso%/ °C
M1X 196 235 315
198 253 274 322
8500 259 296 380

17300 252 297 392
23800 246 272 403
63900 254 280 411
119000 238 262 336

The M\, had a bigger impact on the Tso% where 50 % of the mass had been lost. This increased with an
increase in M,, until the 119 000 g mol™? polymer where phase separation was more likely to have

occurred.

In a radical polymerisation, NBMMA reacts primarily through the more reactive MMA functional group
however, the NB alkene is also able to participate in the polymerisation.!'” Thus, statistical copolymers
would be formed with MMA as the predominant bond. Since PMMA depolymerises through an
‘unzipping’ mechanism the incorporation of these norbornene groups might disrupt the linear chain,
blocking the ‘unzipping’ and making the polymer more thermally stable. The samples with PNBMMA
do not have norbornene alkenes but still have accessible unsaturated carbon bonds on the PNBMMA

backbone.

Reasons for the increase in chain length improving the Tig% and Tso% could be that the ‘unzipping’
process takes longer due to the lengthening chains. The proximity of the non-methacrylate radical

bonds might lead to more temperature resistant areas of adhesive.
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The effect of increasing the amount of PNBMMA within the adhesive was tested with the greater the
amount of PNBMMA promoting the greater thermal stability of the material (Figure 3. 11). The reason
for this might be that there is more disruption to the PMMA chain meaning that the ‘unzipping’

depolymerisation process is much slower.
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Figure 3. 11: The effect of increasing the PNBMMA concentration within a PMMA adhesive

All three degradation points, Ts%, Ti0% and Tsox increase as the amount of PNBMMA in the adhesive
increases until 50 wt% (Table 3. 4). As the amount of PNBMMA in the starting adhesive formulation
increases the viscosity increased significantly, meaning that it would be more difficult for the
methacrylate groups to move through the material during the cure, which leads to a greater number

of MMA end groups for initiating depolymerisation.
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Table 3. 4: The degradation temperatures of PMMA adhesives containing PNBMMA

Wt% PNBMMA Tsu/ °C Tio% / °C Tsox/ °C
0 196 235 315
10 245 279 363
20 219 274 403
30 244 286 401
40 259 315 426
50 215 272 416

3.3.6 Shrinkage

To measure the shrinkage of the methacrylate adhesives, the density of the uncured liquid and cured
solid adhesive was determined and the percentage difference calculated. To calculate the solid density
a helium pycnometer was used to find the volume by the displacement of helium gas compared to the
weight. For each sample, 10 cycles were carried out and the mean calculated. This method was found
to be not suitable for the liquid density since MMA is volatile so was displaced from the first chamber

to the second, extension chamber, making it appear as though the volume decreases over cycles.

A density meter was used to find the density of the liquid adhesive. Some of the adhesives had a high
viscosity and the capillary of the density meter was narrow, so dilutions were made and then
extrapolated to 100% adhesive. 'H NMR spectroscopy had shown that 16.1 wt% methanol was
remaining in the PNBMMA homopolymer which could not be removed without crosslinking and losing

solubility, so this was included in the density calculations.
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The density of the adhesive after cure is greater than before curing because more monomers are held
together by shorter covalent bonds rather than longer van der Waals’ and dipole-dipole interactions
(Table 3. 5). The solid density however decreases as the proportion of PNBMMA increases. This could
be due to a reduction in crosslinking due to the viscous solution preventing radicals and monomers

flowing through the solution.

Table 3. 5: The density of the adhesives before and after curing and the shrinkage between the two.

Wt% PNBMMA in Liquid Density  Solid Density =~ Shrinkage /

M1 /gcm? /gcm3 %
0 0.95 1.19 26
10 0.98 1.19 21
20 1.01 1.18 16
30 1.09 1.17 7.3
40 1.10 1.16 5.6
50 1.13 1.15 1.9

As the amount of pre-polymerised material within the adhesive increases the shrinkage decreases
(Figure 3. 12). Low shrinkage is considered beneficial in an adhesive as it can reduce the internal

stresses and leave an even distribution across the substrate.
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Figure 3. 12: Graph to show the decrease in shrinkage as the proportion of PNBMMA in adhesive formulation

increases.

3.3.7 Lap Shear Adhesive Testing

Aluminium lap shears were first prepared by acid-etching using a ferric sulfate and sulfuric acid mix
known as P2 (2.4.2). This pre-treatment forms a fresh oxide layer on the aluminium substrate which
improves bonding to the adhesive and creates pores which increase the surface area of the bond.*” 1%

A small amount of glass beads, 230-300 um, were added to give the bond a consistent width.

The M1X adhesives on aluminium substrates were unable to withhold significant stress (Table 3. 6).
The adhesives with no PNBMMA had very low viscosity, allowing the adhesive to flow out of the join
before curing, resulting in the bonding becoming thinner and weaker. This could be improved by
adding some pre-polymerised PMMA to increase the viscosity. The sample with 10 wt% PNBMMA
could hold a higher stress since it was slightly more viscous. However, this could not be defined as a
structural adhesive, which is typically considered to have a strength around 20 MPa.’> The 20 wt%
PNBMMA lap shears were very weak and all samples broke during transport to the tensometer. The

30-50 wt% samples were not strong enough to be removed from the jig after preparation.
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Table 3. 6: Average displacement and force of the aluminium lap shears bonded with the PMMA-NBMMA

adhesives.
W% of Av. Displacement Av. Bond
PNBMMA in : /pmm Strength / S.D.
adhesive MPa
0 wt% 0.646 0.53 0.163
10 wt% 1.33 1.73 0.551
20 wt%* - - -

Compressive lap shears using poly(vinyl chloride) (PVC) substrates which are also used as a standard
within industry were used as an alternative to aluminium. The lap shears are formed from a larger
rectangular piece and a smaller square piece with the adhesive in between. Glass beads with a
diameter of 212-300 um were used to maintain a fixed bond diameter and no post-cure was used
however the adhesives were left for at least 24 hours in ambient conditions before testing. The
strength of the bond was tested by holding the lap shear in a jig and applying a force upwards on the

smaller piece (Figure 3. 13).
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Figure 3. 13: Diagram of PVC compressive lap shear in the jig with the force applied upwards onto the smaller

PVC piece.

An adhesion promoter in the form of 5 wt% of methacrylic acid (MAA) was also added to increase
polarity and form non-covalent hydrogen bonding. Small organic acids such as MAA and maleic acid

are commonly used additives in adhesive formulations.

Initially the 0 and 10 wt% PNBMMA adhesives were tested without the addition of the MAA-adhesion
promoter (Figure 3. 14). The 0 wt% adhesive with no MAA had a stronger bond than the 10 wt% with
MAA. This could be due to the lower viscosity making it able to permeate the PVC better. Additionally,
it is a more polar adhesive as it lacks the non-polar norbornene, this increases the number of non-

covalent interactions.

After 5 wt% MAA was added the bond strength of all of the adhesive mixtures improved with the 0 %
having the smallest increase. As before, with the amount of non-polar PNBMMA increasing beyond 10
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wt%, the bond strength of the lap shears decreased. As well as the polarity decreasing, the viscosity

of the adhesive increased so there could be less plasticisation as the adhesive filled pores in the

substrate.
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Figure 3. 14: The effect of the PNBMMA in the PMMA adhesives on the stress of the compressive lap shears

The main failure of the lap shears was substrate failure. For the 0, 10 and 20 wt% adhesives with MAA,
as the displacement increased, the stress increased linearly until it began to either level off or drop. At
this point the PVC substrate began to deform and bend (Figure 3. 15). For the 30 and 40 wt% adhesives,

rather than the PVC changing shape, it shattered after reaching its peak stress.
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Figure 3. 15: Diagram of a lap shear showing plasticisation of the adhesive into the PVC and a photo of 10 wt%

PNBMMA adhesive PVC compressive lap shear after testing.

To test how the viscosity of the adhesive influences the maximum strength it can withstand, some of
the monomer MMA was removed and replaced with PMMA synthesised by FRP (M., = 30 000 g mol?,

Dy = 1.74).
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Figure 3. 16: Graph to show the effect of increasing the viscosity on the adhesive strength of PVC compressive

lap shears with 5 wt% MAA.

3.3.8 Effect of MMA on the shrinkage and thermal properties

The shrinkage of the 0 — 20 wt% adhesives containing the MAA were measured to determine how the
MAA altered the shrinkage given that it has high polarity so can form stronger non-covalent bonds,
pulling the monomers closer together (Table 3. 7). Five repeats of the measurements were taken, and
the shrinkage was found to decrease compared to samples without MAA since the density of the

starting material was higher than without the MAA.
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Table 3. 7: Solid and liquid density of P(MMA-co-NBMMA) adhesives with 5 wt% MAA. ®Calculated using
diluted solutions in a density meter and extrapolating densities to 100 % adhesive Pcalculated by helium

pycnometer.

W1t% Liquid Density = Solid Density = Shrinkage

PNBMMA /g cm3? gcm3P /%
0 0.967 1.182 22
10 1.023 1.183 15
20 1.037 1.189 14

3.3.9 Copolymerising NBMMA with NBCA

PNBMMA has a low polarity which means that it reduces the polarity and surface wetting mixtures
with PMMA adhesives. To improve surface wetting but maintain the high thermal stability from the
unsaturated norbornene backbone, NBMMA was copolymerised with a carboxylic acid functionalised

norbornene.

O
; 180 ° C 2@ N0H g
—_— —_—
OH

Scheme 3. 5: Reaction scheme for the synthesis of NBCA

5-Norbornene-2-carboxylic acid (NBCA) can be synthesised by cracking DCPD to form CPD and then
adding it directly to acrylic acid where it undergoes a [2 + 4] Diels-Alder (DA) reaction to give a majority
exo isomer product at room temperature (Scheme 3. 5). Due to the proximity of the ester group to the
norbornene, the Ru initiator can interact with the C=0 bond, stabilising the intermediate and thus

ROMP is much slower than for the PNBMMA homopolymer.®

74



G3 n O

4 + / DCM. MeOH
0= {
EVE

/—OH —0 OH o)
o} o)
o)

Scheme 3. 6: Copolymerisation of NBCA and NBMMA

Copolymers were synthesised in a 1:1 and 4:1 molar ratio of NBMMA to NBCA using G3. The ROMP
polymerisation was significantly slower than for PNBMMA. Hyatt et al. suggested that the double bond
in the ester is in close proximity to the ruthenium centre in the initiator and so chelates, stabilising the

intermediate and slowing k.5

'H NMR spectroscopy showed that there was 100 % conversion of both monomers after 45 minutes
with a target DP of 320. Similar to the PNBMMA homopolymer, the residual ruthenium-complex is
difficult to remove, and the polymer crosslinked before all solvent could be removed and therefore,
some hexane from the precipitation remained in the *H NMR spectrum (MeOD). The methacrylate
resonance integrals compared to unsaturated backbone resonance integrals were 1:2 as expected

(Figure 3. 17).
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Figure 3. 17: *H NMR spectrum (MeOD) of P(NBMMA-co-NBCA) in a 1:1 mol. ratio

SEC could not be carried out on these polymers since the acid groups would mean that they would
adsorb to the column. It was not possible to methylate the polymer since it is unstable and cannot be
purified. Differential scanning calorimetry (DSC) analysis was used to find the T, of the 1:1 mol. ratio
copolymer and found one transition at -13 °C which is lower than the PNBMMA homopolymer (18 °C)

(Figure 3. 18).2%8 The blockiness of the statistical copolymers was not determined.
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Figure 3. 18: DSC thermogram of P(NBMMA-co-NBCA) in a 1:1 mol. ratio showing one T,

PVC compressive lap shears were made up with 10 wt% of copolymers of NBMMA and NBCA in a 1:1
and 1:4 ratio. No MAA was added since the acid group was introduced within the NBCA. The adhesive
was cured using the same BPO and TMA redox reaction and the addition of glass beads with a diameter

of 212-300 um to maintain the bond width.

It was shown that incorporating the carboxylic acid into the polynorbornene had a significant
improvement on the adhesive strength of the PMMA adhesive in comparison to the NBMMA
homopolymer although not as much as the homopolymer with 5 wt% MAA (Figure 3. 19). The 1:1 mol
ratio NBMMA and NBCA copolymer cured within PMMA to form a cloudy solid suggesting there was

phase separation, yet still showed good adhesive strength.

Unlike the 10 wt% PNBMMA with 5 wt% MAA which underwent substrate failure where the PVC was

deformed, both of the copolymers had substrate failure with the PVC fracturing into many pieces.
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Figure 3. 19: PVC lap shear results of the 4:1 and 1:1 copolymers in comparison with the PNBMMA

homopolymers with and without the MAA adhesion promoter

Figure 3. 20: Photo of PVC compressive lap shear after testing with 1:1 P(NBMMA-co-NBCA)
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The levels of carboxylic acid in the M1X-poly(norbornene) are still relatively high at 4 and 1 wt% NBCA
content in comparison to commercially available adhesives. The NBCA: NBMMA molar ratio was
reduced to three new mixtures of 1:10, 1:20 and 1:30 and PVC compressive lap shears were prepared
(Figure 3. 21). The stress that was achieved by the 4:1 ratio and 10:1 molar ratios were similar but
there was a big decrease reducing from 20:1 to 30:1 (Figure 3. 19). The failure mechanism for the 10:1
was substrate failure whilst it was adhesive failure for the 20:1 and 30:1. This shows that addition of
NBCA at even very small levels has a slight improvement on the strength although an additional

adhesive promoter would be needed to meet the requirements for a structural adhesive.
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Figure 3. 21: PVC lap compressive lap shears with 10 wt% P(NBMMA-co-NBCA) copolymers in PMMA

3.3.10 Hydroxyl functionalised monomer

As an alternative to copolymerising with NBCA, a more polar methacrylate functionalised norbornene
monomer was synthesised. 2-Hydroxy-3-[(2-methyl-1-oxo-2-propen-1-yl)oxy]propyl
bicyclo[2.2.1]hept-5-ene-2-carboxylate (NBGMA) was synthesised through epoxy ring-opening of

glycidyl methacrylate (GMA) with NBCA (Scheme 3. 7). This monomer has two ester bonds and a
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hydroxyl group which can promote polar intermolecular interactions and hydrogen bonding, improving

substrate wetting.
)j\n/OH J\Wofo
7 180 °C @ 0 Z Z
—_— —_—
CTAB THF
OH
0]
O
CH

Scheme 3. 7: Reaction scheme to form NBGMA through Diels-Alder addition of CPD with acrylic acid and

consequent ring opening esterification with GMA

NBGMA was polymerised with G3 to form PNBGMA with a target DP of 300. The polymerisation
appeared to take longer to reach a high viscosity so was left for 1 hour before being quenched with
EVE. Similarly, to the NBCA copolymers, the M,, could not be determined through SEC since the polar

groups would adsorb to the column.

PNBGMA was a sticky, low viscosity, polymer that appeared to have a low Ty and similarly to PNBMMA,
rapidly crosslinked at room temperature when the solvent was evaporated. This meant that DSC
analysis could not be used to determine the T; of the base polymer. *H NMR spectroscopy showed the

shift in resonance of the norbornene alkenes from 6=6.24-5.90 ppm
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Figure 3. 22: 'H NMR spectrum of PNBGMA in CDCls and MeOD

10 wt% of PNBGMA was added to the PMMA adhesives and PVC compressive lap shear tests were
carried out to determine the effect on the adhesive strength. The polymer appeared to fully dissolve
into the MMA but, upon curing the product appeared cloudy suggesting that there was some
precipitation and phase separation. A copolymer of NBMMA and NBGMA using a 1:1 molar ratio of
each monomer was also synthesised and used for adhesive testing. This showed no visible phase

separation after curing.

10 wt% of the new polymers were added to M1 and crosslinked to form M1X. Lap shear tests were
made to see if they could withstand higher stress than the original PNBMMA polymer (Figure 3. 23).
The presence of the hydroxyl group and second ester group increased the polarity and thus, increased

the non-covalent interactions to improve the bond strength. If 5 wt% of MAA was added as an
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adhesion promoter, the maximum stress could be increased and potentially exceed the 20 MPa

requirement to be classed as a structural adhesive.

10 -
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Figure 3. 23: Comparison of 10 wt% of different functionalised polynorbornenes in PMMA adhesive

3.3.3 Conclusions

A methacrylate functionalised polynorbornene was polymerised using a Ru Grubbs initiator with 100%
conversion of monomer, as determined by H NMR spectroscopy, producing a polymer with an
unsaturated polynorbornene backbone and intact methacrylate groups. The high concentration of
alkenes in the polymer made Ru removal challenging and the initiator caused radical crosslinking
between the remaining alkene groups making the polymer insoluble. This meant that the methacrylate

functionalised polymers produced could not be dried and completely isolated.
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PMMA thermosets typically begin degrading at low temperatures through an ‘unzipping’ mechanism
however incorporation of 10 wt% of either monomer or polymer form of NBMMA leads to a significant
increase in this temperature stability. The longer the polymer chain the higher the T so% of the

adhesives until the DPs of the polymer exceeded 500.

The shrinkage of the PMMA adhesives decreased as the percentage of PNBMMA increased due to a
smaller quantity of short covalent bond formation. This remained true for adhesives containing a MAA

adhesion promoter despite the increased dipole-dipole and hydrogen bonding.

To compare the strength of the adhesive, PVC compressive lap shear tests were carried out. It was
shown that addition of PNBMMA has a negative effect on the adhesive strength of the PMMA since it
reduces the polarity and therefore the surface wetting. Addition of 5 wt% MAA compensates for this
and increases the stress the bond can withstand although this also decreases with increasing PNBMMA

concentration.

NBMMA was then copolymerised with a carboxylic acid functionalised norbornene monomer which
gave improved adhesive properties over PNBMMA despite there being less than 5 wt% acid groups.
Phase separation meant that there could be regions of higher concentrations of polar acid groups

which lead to an increase the bond strength.

A more polar methacrylate polymer was synthesised containing two ester groups and a hydroxyl. This
was observed to polymerise slower due to chelation of an ester group with the Ru but, it also
crosslinked slower with a larger amount of solvent remaining. The polymer was soluble in MMA,
although there was visible phase separation after curing as the sample turned cloudy. The increased

polarity increased the adhesive strength of PVC compressive lap shears.
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Chapter 4 - Norbornene crosslinkers for

PDCPD adhesives

4.1 Introduction

4.1.1 ATRP

Atom transfer radical polymerisation (ATRP) is a controlled radical polymerisation (CRP) technique that
was developed by Matyjaszewski and co-workers in the mid-1990s. It can allow high molecular weights
and narrow dispersities of polymers by minimising the chain termination reactions through repeated

activation and deactivation (Figure 4. 1).24°

Standard ATRP begins with a transition metal catalyst (commonly Cu) which can exist in two oxidation
states. At the beginning of the polymerisation, the catalyst is in the lower oxidation state before
reacting with an initiator in the form of an alkyl halide.*® This leads to an increase in oxidation number
and creates an alkyl radical. This is the activated state, with a rate constant for its formation, kact. Whilst
in this state, the alkyl radical can react with monomers causing propagation of the polymer. The
transition metal rapidly transfers the halide back to the alkyl group, deactivating the catalyst, with a
rate constant, Kaeact. Katrp is the ratio between kit and kgeact. TO ensure a small dispersity, at any time
there should be a high concentration of dormant chains and the reaction should remain in the active

state for as short a time as possible, i.e. Karrp should be low.*®
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Scheme 4. 1: Reaction scheme for traditional ATRP

Control over an ATRP reaction can be achieved by selecting appropriate ligands and initiators. The
greater the ability of the ligand to stabilise the halogen onto the metal catalyst, the smaller kgeact and
the longer the duration of propagation. This results in a quicker yield but a greater dispersity as the
chance for chain termination is higher. Similarly, the alkyl halide bond strength can be varied to gain
control of the reaction, with the C-Br bond strength lower than the C-Cl bond strength, allowing for
easier cleavage of the halide and therefore, a higher kit and Karge. Br is less electronegative than Cl so
forms a more stable complex with the metal catalyst. This means that alkyl bromides have a greater
Karre than alkyl chlorides. Similarly, the more stable the radical is on the alkyl halide the greater Karre
tertiary alkyl halides stabilise radicals significantly better than secondary and primary alkyl halides

which have similar Karge.

4.1.2 AGET ATRP

The problem with standard ATRP is that it is very oxygen sensitive and requires careful preparation
prior to the polymerisation to get the Cu into the lower oxidation state. Activator generated by electron
transfer (AGET) ATRP was designed so that higher oxidation number catalysts could be used, avoiding
the need to carefully prepare and store the catalysts under an inert atmosphere. It works by starting
with a higher oxidation number catalyst and adding a reducing agent such as tin (Il) 2-ethylhexanoate
or ascorbic acid. This produces the active catalyst in situ and the polymerisation can propagate as with

standard ATRP (Figure 4. 2).1°
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Scheme 4. 2: Reaction scheme to show the mechanism of AGET ATRP

4.1.3 Introducing functional groups into DCPD

DCPD contains only carbon and hydrogen atoms which makes it non-polar with a low surface energy
and therefore would not be a good adhesive for polar adherends. This also reduces the opportunities
for tunability and varying the properties such as the glass transition temperature (T), Young’s modulus
and tensile strength.* 126:148, 151 The DCPD monomer also has a strong odour which is not desirable in

a commercial product.!>?

Crosslinkers containing multiple norbornene groups are commonly used to increase the density and
reduce the molecular weight between crosslinks (M) since norbornene has a much greater ring-strain

(26.2 kcal mol) compared to the cyclopentene moiety (4.5-6.8 kcal mol?).%°

Caster and co-workers tried synthesising norbornene-based crosslinkers for DCPD adhesives to
increase polarity. The structure of their crosslinkers were initially derivatives of anthraquinones and
were polar solids. The solubility of these polar crosslinkers within the non-polar DCPD was a challenge.
They then used benzonorbornadienes with methyl and ethyl groups on the norbornene bridgeheads
to reduce polarity. They found that there was no benefit to the bond strength of steel substrates at

room temperature but did improve performance at elevated temperatures.>

86



Norbornene based crosslinkers have been used to decrease the M., by reducing the need for the less-
ring strained cyclopentene ring to undergo metathesis.”* > 1>* Moore and co-workers used
crosslinkers with two and three norbornene groups and cured DCPD through frontal polymerisation
with G2 (Figure 4. 1). Three of the crosslinkers contained ester linkages and the fourth contained an
amide linkage. The M. decreased with respect to poly(dicyclopentadiene) (PDCPD) for all 4 of the
crosslinkers. The T of the PDCPD with the amide increased the most however this was not investigated
much further in the study as a result of the lower solubility reducing the rate of frontal polymerisation.
The yield strength with all crosslinkers improved by 12 % with respect to PDCPD homopolymer.** The
group also showed that copolymerising DCPD with di-norbornene monomers has a non-monotonic
increase in the rate of polymerisation. This is since there are more norbornene moieties in close-
proximity with each other that can undergo ROMP more efficiently than the less ring-strained
cyclopentene groups of DCPD. At very high crosslinker concentration this reaction rate decreases since

the crosslinkers have a lower enthalpy of polymerisation (AH,) so less heat is released.**

gl o

0 % e
Abﬁo( Oﬁof‘%ﬂb ©

Figure 4. 1: Norbornene derived crosslinkers for reducing the M. of PDCPD**
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Further DCPD crosslinkers developed by Sheng et al. were analysed by differential scanning calorimetry
(DSC). Norbornadiene was shown to be a bad crosslinker since only one of the alkene groups reacted.
Addition of a crosslinker formed from joining two norbornene groups together was shown to have no

effect on the cure kinetics however the T, did increase with crosslinker concentration.**

Two methods to functionalise DCPD with heteroatoms have been reported. Lemcoff and co-workers
reacted endo-DCPD with SeO; in an allylic oxidation to produce endo-hydroxydicyclopentadiene with
the functional group at the C2-position on the cyclopentene ring which could further be modified
through esterification and etherification (Scheme 4. 3. a). The functionalised monomers were still able
to undergo crosslinking through ROMP but showed a significant reduction in the temperature at which
thermal decomposition occurred and the T, were found.®® *>2 Wulff and co-workers synthesised DCPD
functionalised with ester and alcohol groups at the C3-position (Scheme 4. 3. b). These were unable
to undergo crosslinking through ROMP allowing the production of linear PDCPD, however at high
temperatures, around 180 °C, they crosslinked through radical addition to produce PDCPD with Tgs

above 200 OC 151, 156, 157
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Scheme 4. 3: Scheme of the synthesis of PDCPD functionalised a) at C2 by Lemcoff and co-workers!>? and b) at

C3 by Wulff and co-workers®>?

4.1.4 Chapter aims

The aims of this chapter are to formulate PDCPD adhesives which can withstand high levels of stress,
high temperatures and cure at room temperature with low shrinkage. In order to do this 5-
norbornene-2-methylene methacrylate will be polymerised through AGET ATRP and used as an
additive within DCPD adhesives. The ester groups will increase the polarity of PDCPD to increase the
non-covalent interactions with the adhesive and the norbornene groups will decrease the molecular
weight between crosslinks (M.) since they ring-open metathesise through ROMP more readily than
cyclopentene. Additionally small molecule norbornene crosslinkers will be synthesised to increase the

polarity and reduce M..
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4.2 Results and discussion

4.2.1 Radical polymerisation of A-PNBMMA

The bifunctional methacrylate functionalised norbornene monomer, norbornene methylene
methacrylate (NBMMA), was polymerised through AGET ATRP. This CRP was chosen over reversible
addition fragmentation chain-transfer (RAFT) polymerisation as it does not depend on the rate of
initiator degradation, therefore the polymerisation is in equilibrium from the start, giving low
dispersities for small polymer chains. The resultant polymer was named A-PNBMMA to show that it

has been synthesised through ATRP as opposed to ROMP in the previous chapter.

; CuBr,, PMDETA n =F

> O
EBiB, SnEH,, Butan-2-one 0" O o070 0~ O
@)
7~ g XY

Scheme 4. 4: AGET ATRP synthesis of A-PNBMMA with the initiator EBiB

As previously reported, radical polymerisation has a high preference for the methacrylate functional
group on NBMMA. Unlike ROMP, radical polymerisation also has some reactivity towards the
norbornene alkene, particularly as the concentration of MMA decreases during the polymerisation.*
117 The reactivity ratios for the norbornene and MMA double bonds have been calculated to be r =
0.006 and r = 20 respectively.!’” During the polymerisation the monomer conversion was kept below
50 % to prevent hyperbranching and crosslinking. The resulting polymer was soluble in a range of
organic solvents despite 'H nuclear magnetic resonance (NMR) spectroscopy showing some

crosslinking (Figure 4. 2). This can be seen through the reduction in norbornene alkene resonances, ¢
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=6.2-5.8 ppm, from an integration of 2 to 1.77 with respect to the O-CH, resonances between o= 4.19-
3.47 ppm. There are no remaining methacrylate alkene resonances at 6= 6.10 and 5.55 ppm.
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Figure 4. 2: 'H NMR spectrum of A-PNBMMA to show that there is a decrease the norbornene alkene

resonances with respect to the -CH,NB

DSC was used to determine the T, to be 88 °C which is lower than the T; of PMMA (Appendix 11). The
branching through the norbornene alkene may be partly responsible as well as the large pendent

groups, reducing the alignment of chains.

4.2.2 Effect of methacrylate polymer end group

The initiator used was ethyl a-bromoisobutyrate (EBiB) which leaves a bromine atom on the chain end

of the polymer. Methacrylate polymers decompose through an ‘unzipping’ mechanism (1.1.10) so the
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terminal end groups have a large effect on the rate and temperature at which this process occurs.®
The effect of the bromine was investigated by comparing the degradation of A-PNBMMA synthesised
through free radical polymerisation (FRP) using azobisisobutyronitrile (AIBN) as an initiator with
PNBMMA synthesised through AGET ATRP. A comparison was also made using AGET ATRP followed by

end group substitution using BusSnH to cleave the Br end group and replace it with a hydrogen.'>®

The polymer capped with the Br end group had the highest thermal degradation temperature followed
by the AGET ATRP with the methacrylate groups capped on one end (Figure 4. 3). The FRP synthesised
polymer had the lowest temperature onset of degradation because depolymerisation was able to be

initiated from the end groups rather than from chain fission.
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Figure 4. 3: Thermal gravimetric analysis (TGA) analysis showing the effect of the PNBMMA end groups on the

degradation temperatures.
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4.2.3 P(DCPD-co-A-NBMMA) polymers

A-PNBMMA was found to be insoluble in DCPD even after heating and leaving for 24 hours to dissolve.
The poor solubility is due to the large polarity difference between the polymer and the DCPD monomer
which contains only carbon and hydrogen atoms. In order to make a DCPD based adhesive some
heteroatoms are required to have a higher polarity than pure DCPD leading to greater surface wetting
and intermolecular bonding. In order to control the polarity of the polymer, NBMMA was
copolymerised with a less polar methacrylate. The solubility of a series of methacrylate homopolymers
in DCPD were tested (Table 4. 1). A low M,, was targeted in order to increase the potential for good

solubility.

The smaller poly(methacrylate)s, such as PMMA and poly(tert-butyl methacrylate) (PBMA), were also
insoluble in DCPD. However, when the pendent chain length was increased further such in poly(2-
ethylhexyl methacrylate) PEHMA and poly(isobornyl methacrylate) (PIBMA) the polymers became
sufficiently non-polar to be soluble in DCPD. Both of these were chosen to copolymerise with NBMMA
as a consequence of their very different T,s (-10 °C to 110 °C for PEHMA and PIBMA respectively) so
would result in different properties. Poly(ethylene glycol dicyclopentenyl ether methacrylate) was also
found to have good solubility in DCPD however this is less commercially available and more expensive

so would not be a viable option for a commercially produced adhesive.
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Table 4. 1: The solubility of methacrylate homopolymers in DCPD with their M,, and Dy *determined by SEC

(THF) and their T,s from literature Pdetermined by DSC*®°

Pol Structure of Mo/ [ Do Soluble in T; of homopolymer
olymer w/ g mo
v monomer & M DCPD? /°c®
(@]
PMMA \OJH( 7000 1.18 X 105
o]
PEGDEMA ngowo*( 6700 1.12 v 25-351¢
o)
PIBMA QS )H\/ 5100 1.21 v 110
o
O
PBMA /\/\OJH( 7600 1.20 X 20

(0]
P'BMA ﬂ\oj\( 5600 1.22 X 115
%f
PEHMA -~y 5100 1.14 v -10

4.2.4 Synthesis of P(EHMA-co-NBMMA) and P(IBMA-co-NBMMA)

copolymers

Both EHMA and IBMA were copolymerised with NBMMA, targeting a 1:1 molar ratio although the
ATRP reaction was quenched at approximately 50 % monomer conversion, determined by 'H NMR
spectroscopy, by exposing to oxygen and removing from the heat to prevent gelation through
crosslinking of the unsaturated norbornene group.

'H NMR spectroscopy showed that the methacrylate alkene resonances from both NBMMA and EHMA
around 6 = 5.5 and 6 ppm were completely consumed whilst the norbornene alkene resonances
remained. In radical polymerisation, monomers have different preferences to react with themselves
or other monomers so despite a 1:1 molar ratio being used in the polymerisation, an equal amount of
each monomer was not expected in the copolymer. The amount of each monomer converted to

polymer was determined *H NMR spectroscopy using the region between 6= 4.4 and 3.4 ppm (Figure
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4. 4). The integrals for the NBMMA HC=C bond can be subtracted from the EHMA resonance to give

the amount of EHMA in the polymer (Equation 4. 1).
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Figure 4. 4: 'H NMR spectrum to show the fraction of each monomer in the resultant P(EHMA-co-NBMMA)

copolymer where x = exo and n = endo.

% EHMA = total peak integral —n NBMMA — x NBMMA
0 B total peak integral

X 100

% EHMA = —2'”‘2'52‘0'64 x 100 =55

% NBMMA = 100 — % EHMA = 100 — 55 = 45

Equation 4. 1: Calculations to show how mol % of each monomer in the resultant polymer.

DSC analysis was used to find the T; of the copolymers. Two heating cycles were performed and the T,

was taken from the second to ensure that there is no further curing from the first heat ramp.
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Figure 4. 5: DSC thermograph to show the single T; resonance of P(EHMA-co-NBMMA)

The molecular weights of both monomers were the same, so the mol. fraction was the same as the
weight fraction and the Fox equation was used to calculate the theoretical T, for the copolymer as 36

°C (Equation 4. 2). This is within error of the experimental value.

1w w
Ty To Ty

1 055 045

— +—==0.00323
T, 361 263

T, =309K=36°C

Equation 4. 2: Fox equation to calculate the theoretical T, of P(NBMMA-co-EHMA)

Similar, to the EHMA copolymer, P(NBMMA-co-IBMA) showed complete removal of the MMA alkene
resonance which can be identified by a singlet at 6= 5.5 ppm whilst a lot of the norbornene alkene
remained unreacted since the polymerisation was not allowed to continue until full conversion (Figure
4.6). The CHO from IBMA did not overlap the -CH,0 from NBMMA so the percentage of each monomer

could be calculated from the *H NMR spectrum (Equation 4. 3).
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Figure 4. 6: *H NMR spectrum of fraction of NBMMA and IBMA in the resultant copolymer P(IBMA-co-NBMMA)

1.16
0, = = 0,
%o IBMA 068+ 1315073 11 X 100 =46 %

2

% NBMMA = 100 — 46 = 54 %

Equation 4. 3: Relative ratios of IBMA and NBMMA in P(NBMMA-co-IBMA)

The experimental T, was determined by DSC to be 106 °C by taking the mid-point of an endothermic
change in heat flow (Figure 4. 7). The change in heat flow around 85-95 °C was an artifact within the
DSC seen for all samples ran during this period of time. The theoretical T, was calculated by the Flory-

Fox equation to be 98 °C, based on the ratio of comonomers by *H NMR spectroscopy.
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Figure 4. 7: DSC thermogram showing the T, of P(IBMA-co-NBMMA)

1 0.46+0.54 — 0.00270
383 361

Tg
T, = 371K = 98°C

Equation 4. 4: Flory-Fox equation to calculate the theoretical T; of P(NBMMA-co-IBMA)

4.2.5 Curing PDCPD

G1 was used to cure the adhesive by ROMP rather than G3 since slower initiation gives the adhesive a
greater working time and the lower dispersities achieved with G3 are irrelevant in bulk polymerisation.
High purity DCPD with a melting point of 33 °C was used so the adhesives were heated to 40 °C to

ensure good dissolution and even distribution.

Having a consistent cure of PDCPD was challenging since the degree of crosslinking is dependent upon
a range of factors. A higher catalyst loading has been shown to have an effect on the crosslinking
density of PDCPD.%® Since the adhesive formulations were made on a 1 or 2 g scale with a 1:2000 mol.
ratio of G1 to DCPD, there was a high degree of error. To reduce this a more dilute stock solution of G1
in DCM was used, although this led to bubble formation upon cure and caused weaknesses in the

adhesive. Toluene was used as a higher boiling point alternative as it would evaporate slower, but some
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remained in the samples after post-cure and appeared as a loss of mass in TGA. Furthermore, the DCPD
was heated on a heating mantle on a hotplate which can vary between a couple of degrees. This
affected the initial polymerisation rate, which affected the exotherm of the reaction and therefore, the

amount of radical crosslinking.

Different ratios of catalyst-to-monomer ([C]: [M]) were used to compare the effect on the resultant
polymer (Figure 4. 9). Initially, a 1: 5000 G1 to monomer ratio was used with minimal conversion of
DCPD causing the mixture to remain as a liquid and not undergo post-curing. When a 1: 2000 ratio of
G1 to monomer was used the polymer crosslinked to form a solid, which remained flexible, suggesting
the T; was below room temperature. When a 1: 500 ratio was used the polymer had such a large
enough exotherm that DCM from the catalyst solution and remaining DCPD monomer evaporated

causing bubbles and weakening the adhesive (Figure 4. 8).

Figure 4. 8: Photos of PDCPD cured with [C]:[M] 1:2000 (top), 1:1000 (middle) and 1:500 (bottom)
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The PDCPD was post-cured under vacuum at 60 °C for 1 hour then 150 °C for 16 hours to achieve
optimum cure and the Tgs of were determined by DSC. The T, was shown to increase slightly with

increasing catalyst loading. This is in agreement with work by Knorr and co-workers.26?
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Figure 4. 9: DSC thermographs to show the T, of the PDCPD adhesives after a 150 °C post-cure.

4.2.6 Thermal Degradation Temperatures of the PDCPD Adhesives

The attribute of PDCPD that makes it desirable as a structural adhesive is its high degradation
temperature. TGA was used to ensure that this remained high even after the addition of the
methacrylate copolymers. 10 wt% of the copolymers were added to PDCPD and the homopolymers of
PEHMA and PIBMA were also compared to see whether there was an effect from crosslinking of the
norbornene into the PDCPD network (Figure 4. 11). The polymers were stirred within the DCPD

monomer at 40 °C for up to 2 hours to ensure they had dissolved well and been dispersed evenly

within the monomer mixture.

The TGA was originally run at 10 °C min? as had been run with the PMMA adhesives, however, at the
point the adhesive began to rapidly decompose, the balance began to jump up to over 1000 % mass
to under -200 % mass. This was thought to be due to a sudden rapid degradation and mass loss causing

the TGA pan to ‘bounce’.
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Figure 4. 10: TGA of P(NBMMA-co-EHMA) with a ramp rate of 10 °C min™*

The ramp rate was slowed down and a rate of 0.25 °C min! appeared to give a stable measurement
however, this meant the TGA took 38 hours per sample to get to 600 °C. This significant reduction in
ramp rate might have led to further post-curing which can increase the degradation temperatures
(Figure 4. 11). The initial mass loss at 10 °C min! heating (Figure 4. 10), around 220 °C was not seen

during the slower ramp rate after the sample had been exposed to a high temperature for longer.

101



-

(=]

o
|

PDCPD

P(DCPD-co-IBMA)
P(DCPD-co-IBMA-co-NBMMA)
P(DCPD-co-EHMA)
P(DCPD-co-EHMA-co-NBMMA)

Mass remaining / %
S
LA L L 0 1 11 l L 1 1 1 1 11191

0 llllllllllllllllllllllllllllll

0 200 400 600
Temperature / °C

Figure 4. 11: Graph to show the mass loss of the PDCPD adhesives containing methacrylate co- and

homopolymers in comparison to PMMA as temperature increased.

As shown in Figure 4. 11, pure DCPD has the highest degradation temperature with the Tio being 399
°C in comparison to PMMA where the Tio is only 235 °C (Table 4. 2). The Ts % and T10% decreases in
order of decreasing Tgs of the methacrylate polymers. The Tso % for all of the PDCPD based adhesives

are similar and unaffected by the methacrylate polymer as this might have already degraded.

Table 4. 2: Degradation temperatures of PDCPD based adhesive formulations

Polymer Tss%/°C Ti0%/°C Tso%/°C
PDCPD 358 399 429
P(DCPD-co-IBMA) 311 368 418
P(DCPD-co-IBMA-co-NBMMA) 303 367 421
P(DCPD-co-EHMA) 279 337 426
P(DCPD-co-EHMA-co-NBMMA) 268 311 420
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4.2.7 Lap shear tests to determine the adhesive strength

Aluminium lap shear specimens were prepared with a P2 acid etch which is a solution of sulfuric acid
and iron (ll) sulfate hydrate. This solution creates a fresh oxide layer on the outside of the aluminium
for the adhesive to bond and also etches small pores in the surface to increase the surface area-to-

volume ratio and introduce roughness.

After the adhesive solutions were cured using G1 ([M]/[C] = 2000), the viscosity of the adhesives began
increasing within seconds and the working time was between 10-15 seconds. A longer working time
could be achieved by reducing the concentration of the catalyst. However, the reduction in exotherm
during the polymerisation reduces the crosslinking density and therefore strength. The adhesives

were post-cured in a vacuum oven at 40 °C for 2 hours and then 12 hours at 100 °C.

None of the lap shears cured were strong enough to be considered as structural adhesives which
typically have strengths greater than 20 MPa (Figure 4. 12).> 8 PDCPD exhibited a low strength which
was slightly improved by addition of the PIBMA polymers, with the P(IBMA-co-NBMMA) copolymer
having the largest stress. This could have been because it was able to crosslink into the material. The
EHMA polymers had lower Tgs and some phase separation was seen during the cure as the polymer
precipitated out. This could be due to the polymer being more soluble in monomer DCPD than the
polymer. In both cases the adhesives containing NBMMA were stronger than the controls which were

unable to crosslink within the material.

The main failure mechanism for these samples was adhesive where, in some cases, the adhesive layer
could be peeled away from the aluminium surface leaving it in its original condition. This could partially
be due to the surface preparation of the aluminium and partly to do with the adhesive having a lower

polarity so only weak intermolecular forces held the substrate together.
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Figure 4. 12: Aluminium lap shears of 10 wt% methacrylate polymers in DCPD.

5 wt% MAA was added as an adhesion promoter since the carboxylates can form strong hydrogen
bonds with the oxide layer.® Addition of MAA appeared to increase the solubility of the
poly(methacrylate)s which did not need to be mixed for as long periods of time. Addition of 5 wt%
MAA as monomer increased the rate of ROMP and reduced the working time of the adhesive to around
5 seconds. The same effect was observed by Matson and co-workers when they carried out ROMP
using G3 in ethyl acetate which has a small concentration of acetic acid present. The cause of this is
the protonation of the labile ligand, PCys, making it less able to rebind to the Ru so that the initiator is

more active.%®

The strength of all the lap shears reduced with the addition of MAA as a consequence of the rapid rate
of cure leaving not enough time for there to be sufficient surface wetting and for the adhesive to get

full contact into the pores before the viscosity increases (Figure 4. 13). PDCPD had the greatest
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strength, despite having the least intermolecular bonding with the substrates, which could be because

it had the lowest viscosity and therefore, the longest working time to get a strong bond.
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Figure 4. 13: Aluminium lap shears with PDCPD based adhesive formulations containing 10 wt% methacrylate

and 5 wt% MAA.

One method of reducing the rate of polymerisation caused by using the Grubbs initiator is to add an
excess of phosphine ligands which are able to shift the equilibrium of the ligand dissociation. This
means that there is less opportunity for the DCPD monomer to fit around the central Ru metal.

Alternatively, the polymerisation could be carried out at a lower temperature.

5-ethylidene-2-norbornene (ENB) is a monomer with a melting point of -80 °C. It is often added to
DCPD within industry to decrease the melting point so that it is a liquid at room temperature.!* 164 By
adding 25 wt%, the monomer mixture was liquid at room temperature so no preheating was required

and the working time of the adhesive would be longer since the initiator has less energy.
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Addition of ENB increased the strength of the DCPD but decreased the strength of the adhesives
containing methacrylate polymers (Figure 4. 14). All the adhesives broke through cohesive failure due
to the brittle nature (Figure 4. 15). The adhesion was also weak as the adhesive could be scrapped off
easily leaving no mark on the aluminium surface. This might be because the polymerisation was carried
out at a lower temperature and the slower initiation resulted in a smaller exotherm and therefore, less

radical crosslinking through the less ring-strained cyclopentene groups.
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Figure 4. 14: Bond strengths of PDCPD based adhesives with 25 wt% ENB and 5 wt% MAA
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Figure 4. 15: Photo to show the cohesive failure during the lap shear test of P(DCPD-ENB-IBMA-NBMMA)

4.2.8 Designing crosslinkers to improve adhesive properties of PDCPD

To overcome the solubility challenges from the poly(methacrylate)s in DCPD, crosslinkers containing
two and three norbornene groups were synthesised. Crosslinker 1 (CL1) was synthesised through Diels-
Alder (DA) [2 + 4] cycloaddition between cyclopentadiene (CPD), which was formed from the cracking
of DCPD, and maleic acid. Two 5-norbornene-2-methanol molecules were reacted through an
esterification reaction to the 5-norbornene-2,3-dicarboxylic acid (NBDCA) to yield a very viscous oil
(Scheme 4. 5). NBDCA is formed with the endo isomer being the major product. 5-Norbornene-2-
methanol (NBOH) is purchased as a 0.57: 0.43 ratio of endo: exo isomer mixture which produces the
same ratio in the resultant crosslinker. There is also a possible rearrangement of some endo NBDCA to

exo due to the high temperatures during the esterification.
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Scheme 4. 5: Reaction scheme to synthesise crosslinker 1 (CL1) — Dinorbornene methanyl norbornene

dicarboxylate

Crosslinker 2 (CL2) was synthesised by cracking DCPD to give 2 CPD molecules and then reacting with
EGDMA with heating (Scheme 4. 6). Heating was required for this DA reaction due to the steric

hindrance from the methyl on the vinyl group. This product also gave 6 stereo- and regioisomers due
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to the combination of endo and exo arrangements of the norbornene group and arrangement on C2

and C3 of the norbornene.
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Scheme 4. 6: Reaction scheme to synthesis crosslinker 2 (CL2) — Ethylene glycol dimethyl norbornene

Aluminium lap shears containing the crosslinkers were prepared and tested against pure PDCPD
adhesives. Addition of the crosslinkers significantly improved the adhesive strength of PDCPD with only
10 wt% of CL1 doubling the strength (Figure 4. 16). This monomer has 3 norbornenes which can ring-
open during ROMP as opposed to two on CL2. Increasing the amount of CL2 increased the bond
strength of the adhesives since there would be a greater crosslinking and more polar oxygen molecules

to help bond to the surface.
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Figure 4. 16: Aluminium lap shear results of PDCPD adhesives with norbornene crosslinkers

4.2.9 Effect of lap shear preparation

The results for the lap shears using a PDCPD adhesive in Figure 4. 16 showed a maximum stress about
6 times greater than in Figure 4. 13. This was thought to be due to subtle improvements in substrate
preparation since the lap shears were prepared over a year apart. Initially, the process of acid etching
was slower with the aluminium lap shears being left for up to 2 hours before the adhesives were added.
This process was improved and the time between acid etching and adhesion was reduced to less than

30 minutes.

The effect of the substrate preparation was tested by comparing aluminium that had been cleaned
with acetone, roughened with sandpaper and acid etched with P2 solution (2.4.10) leaving for under
30 minutes and 24 hours between tests (Figure 4. 17). None of the samples that were prepared with
aluminium that had only been wiped with acetone were strong enough to survive removing from the
lap shear jig and transporting to the tensiometer. The aluminium that had been prepared using
sandpaper had improved bonding since it had a greater surface area so more contact between the
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adhesive and adherend. These samples also had the greatest standard deviation since it is difficult to
control the degree of abrasion applied. There was a large difference between the samples that had
been prepared using the P2 acid etching solution and those represented in the results previously.
When prepared quickly the samples had a much greater strength than samples left for 24 hours. The
reason for this is that during the P2 treatment the aluminium surface develops a rough surface with
large pores and a thick oxide layer, over time this oxide layer reacts with the air to form a less stable

version that is typically found on the surface of aluminium.®
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Figure 4. 17: The effect of the aluminium substrate preparation on the stress of PDCPD adhesives
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4.2.10 Tensile testing for PDCPD adhesives with norbornene

crosslinkers

Tensile testing was carried out to find if there is an improvement in elasticity and reduction in
brittleness when using the crosslinkers in PDCPD. Moulds were made from silicone using a 3D printed
specimen (Figure 4. 18). G1 was added and the mixture was rapidly poured into the mould. After 30
minutes the polymer was transferred to a vacuum oven at 100 °C for 12 hours. The narrow section of
the dog bone was coloured black with a permanent marker and two white dots were drawn so that

the camera on the Instron® tensometer could follow during the experiment.

Figure 4. 18: Photo of mould for tensile testing and a PDCPD dog bone containing 30 wt% CL2 after tensile

testing

Adding ENB and MAA to PDCPD was shown to reduce the tensile stress with respect to the quantity of
PDCPD present. CL1 had less of an improvement on tensile strength than CL2 which increased the

maximum stress the greater the percentage added.
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Figure 4. 19: Results of tensile testing of PDCPD and crosslinker based adhesives.

4.2.11 Thermal properties of PDCPD adhesives with norbornene

crosslinkers

The effect of the crosslinkers on the thermal degradation of the PDCPD adhesives were tested using
TGA. The heat ramp was set to the slower rate of 0.25 °C min't however, even at this rate the TGA pan
‘bounced’ (Figure 4. 20). Thermal degradation began at around 150 °C with the T at 371 °C, just
before the main degradation. These degradation temperatures are around 50 °C lower than the

PDCPD adhesives with methacrylates (Figure 4. 11).
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Figure 4. 20: Thermal degradation of PDCPD with 10 wt% EGDNB

The reason for the lower degradation temperatures of the adhesives is unknown. One possibility could
be that the crosslinkers have not bonded into the PDCPD and this is what is causing the lower
temperature mass loss. If this was the case, then visible phase separation would be expected which
would make the product cloudy and opaque however, the polymer was completely transparent.
Additionally, due to their large size at atmospheric pressure the boiling point of crosslinkers is higher

than the temperature of retro-DA which would be expected above 170 °C.

DSC was used to find the T; of PDCPD with and without 10 wt% of the crosslinkers with no high
temperature post-cure (Figure 4. 21). Two temperature ramps were carried out and for all three
samples further curing was observed on the first ramp. This shows that a room temperature cure is

not sufficient for the adhesive.

Initially, the Ty is of the adhesives was found to be low, between -10 and 21 °C. However, further curing
was seen during the temperature ramp. Only the first temperature ramp was used since no transitions
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were seen during the second run. This could be due to additional crosslinking during the heat ramp.

During the first run the curing began at a higher temperature for the PDCPD with crosslinkers in than

without, suggesting that the crosslinkers enabled a greater amount of room temperature cure. After

heating to a high temperature during the first ramp, the unsaturated PDCPD could have oxidised,

broadening the T; of the adhesives were not heated above the temperature that the adhesive was

shown to degrade during TGA. The Tgs of similar systems with norbornene-based ester crosslinkers

have been found to be around 180
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Figure 4. 21: DSC thermographs of PDCPD with and without 10 wt% of crosslinker with no post-cure.

4.3 Conclusions

PDCPD was found to be a thermoset with a high degradation temperature that could be cured without
deoxygenated conditions. The low polarity meant that macromonomers or polymer additives must be
relatively non-polar to be soluble and did not lead to phase separation during the cure. A-PNBMMA
was too polar to be soluble in DCPD but copolymerising NBMMA with EHMA and IBMA by AGET ATRP
in a 1:1 molar ratio formed a DCPD soluble polymer. The conversion of NBMMA by radical

polymerisation had to be kept low due to branching and crosslinking through the norbornene alkene.

The thermal degradation temperatures of PDCPD were found to be significantly higher than PMMA
with the onset of degradation decreasing with addition of the poly(methacrylate)s. This could be due

to a radical ‘unzipping’ through the unsaturated methacrylate backbone into volatile monomers.

None of the PDCPD formulations reached a strength of over 20 MPa in order to be classed as a
structural adhesive. Addition of the IBMA into the copolymers increased the maximum stress of the
lap shears with respect to PDCPD whilst the EHMA copolymers decreased in strength and experienced

visible phase separation whilst curing. The copolymers were stronger than the methacrylate
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homopolymers which could be due to crosslinking through the norbornene into the DCPD. Addition of
MAA as an adhesion promoter reduced the working time of the adhesive, limiting the surface

wettability, causing a weaker bond formation.

2 and 3-norbornene containing crosslinkers were synthesised. These had good solubility within DCPD
due to their small size and were shown to improve the strength of the bond. They also increased the
elasticity of PDCPD during tensile tests. The thermal stability of PDCPD was significantly reduced by

introduction of the crosslinkers due to weak ester linkages.

Despite the presence of high ring-strain norbornene groups in the crosslinkers, to get optimal
properties of the DCPD a high temperature post-cure was still required. This was shown in DSC analysis
where the Tgs of the first temperature ramp were below room temperature and still showed additional

curing when heated.
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Chapter 5 - Combining radical and metal-
free ring-opening metathesis

polymerisation

5.1 Introduction

5.1.1 Metal-free ring-opening metathesis polymerisation

In chapter 3, it was shown that incorporating functionalised poly(norbornene)s into methyl
methacrylate-based adhesives increases thermal stability and reduces shrinkage. The functionalisation
is important with increasing the concentration of polar groups as well as introducing a group that can
crosslink the polymer with poly(methyl methacrylate) (PMMA) to strengthen the material. Despite
this, the technique has downsides as it is difficult to completely remove the ruthenium catalyst and
even small residual quantities creates free radicals which leads to crosslinking and turns the polymer

insoluble.

A metal-free ring-opening metathesis polymerisation (MF-ROMP) synthesis has been reported by the
Boydston group in the past decade which has been further developed to allow a hybrid polymerisation
with methyl methacrylate.!?® 124 The MF-ROMP approach uses a pyrylium tetrafluoroborate catalyst
(Figure 5. 1) which gets excited by blue light and can transfer an electron from the photoexcited state
to oxidise an enol ether, initiating polymerisation. All three of these components are required for the
polymerisation and when one component, such as the light source, is taken away the reaction stops,

allowing for finer control over the polymerisation than traditional metal-mediated ROMP.
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Figure 5. 1: Structure of a pyrylium tetrafluoroborate photocatalyst

The mechanism that has been proposed involves a radical cation that is formed on the enol ether and
can interact with a cycloalkene monomer through a [2+2] cycloaddition (Scheme 5. 1). When the
cycloalkene monomer has a high enough ring-strain the reaction is driven to ring-open the cyclobutane
intermediate. The propagation continues until all the monomer has been consumed and is a ‘living’
mechanism so can be restarted when more monomer is added. When the light is removed the redox
reaction between the photocatalyst and the initiator stops and the propagation appears to stop since
there is rapid termination. Oxygen is required as a terminal oxidant in order to regenerate the resting
state of the photocatalyst from the photogenerated positively charged state.'®41%8 Despite this, purging
the headspace of the reaction vial with 100% oxygen had a negative effect on the overall conversion

compared to using air.1®°

: : R OR
/:/OR _© o /-L'-/OR @ \—( R .. OR’
R R

R OR’ _ R
+e
W
n+1

Scheme 5. 1: Proposed mechanism for MF-ROMP of Norbornene
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The photostability of pyrylium salts depends on the substituents. Over time they undergo degradation
by a process known as photobleaching whereby a molecule is removed from the ‘absorption/emission’
cycle through a side reaction. The intensity of visible light given to the pyrylium salts is proportional

with the rate of photobleaching.”®

5.1.2 Incorporating functionality into MF-ROMP

The MF-ROMP reaction has been expanded to incorporate a variety of functional groups. One use has
been to synthesise linear poly(dicyclopentadiene) (PDCPD) as more common metal-mediated routes
are less easy to control and leads to a crosslinked, insoluble polymer. Boydston and co-workers showed
that MF-ROMP is selective to the norbornene ring in DCPD and observed no reactivity with the lower
ring strain cyclopentene. As the molar ratio of DCPD to norbornene in the reaction mixture increased
the conversion decreased. They considered that this was either due to steric hindrance or the presence
of a second alkene but concluded that this must be due to the cyclopentene ring since dihydroDCPD

showed high conversions.*’

Boydston and co-workers also tested the tolerance of MF-ROMP towards alcohol functional groups.
Initially, they added equimolar amounts of additive, starting with water and methanol and increasing
the steric hindrance of the alcohol. They found that water and methanol both significantly reduced
the conversion of norbornene but sterically hindered tert-butanol had no effect. It was suggested that
the reason for this is that radical cations are susceptible to nucleophilic attack by alcohols, quenching
the reaction. They next copolymerised norbornene with an alcohol-functionalised norbornene and
found the same pattern whereby primary alcohols had the largest reduction in conversion whilst

increasing the steric hindrance of the alcohol reduced the quenching effect, restoring conversion.'®®
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To show that this technique can be used for bidirectional chain growth for applications such as brush
and star polymers, two bifunctional vinyl ether initiators were synthesised (Figure 5. 2). Each initiator
had the vinyl group placed on the other side of the ether showing that propagation could take place
on the chain ends or within the initiator, growing outwards. Whilst both techniques afforded PNB in a

high yield, due to the steric hindrance of initiator 1, the initiator efficiency was lower.'”?

1 KO/\/\/\/O\)
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Figure 5. 2: Structures of bifunctional vinyl ether initiators synthesised by the Boydston group*”?

5.1.3 Hybrid MF-ROMP

In the presence of a pyrylium photocatalyst and an enol ether initiator, norbornene and MMA can
copolymerise through a hybrid MF-ROMP and radical mechanism. It is suggested that the
polymerisation is initiated by the MF-ROMP mechanism generating a short PNB chain with the ether
chain end. This chain end can then form a cyclobutane intermediate which leads to the MMA group
attaching to the polymer chain and releasing the vinyl ether. The vinyl ether group reattaches to the
polymer chain through nucleophilic addition with the cation and the propagation can continue. Vinyl

ethers are able to undergo nucleophilic addition to a radical cation (Scheme 5. 2).13
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Scheme 5. 2: Mechanism for the hybrid MF-ROMP of norbornene and MMA.

To show that it was a copolymerisation occurred as opposed to two separate polymers forming in
parallel, the Boydston group carried out high-resolution mass spectrometry (MS) (Figure 5. 3). The
repeat unit with a spacing of 94.08 Da corresponds to the norbornene and the repeat unit spacing
with 100.05 Da corresponds to the methyl methacrylate. The charge difference of 5.97 corresponds to
the difference in mass between the two monomers.'* If two separate polymers had formed, then the

mass differences from the two polymers would not add up.
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Figure 5. 3: High-resolution MS showing repeating units of the PNB-co-MMA copolymer carried out by the

Boydston group*?*

Similar materials have been synthesised by Fan and co-workers, who copolymerised norbornene
methoxycarbonyl functionalised cyclopentene to introduce a polar group. This copolymerisation
reached almost 100 % conversion of NB, yet only 30-45 % conversion of the functionalised

cyclopentene depending on the feed ratios used due to the lower ring strain of cyclopentene.'’*

0O
Ab G3, DCM
y

Scheme 5. 3: Reaction scheme for the ROMP of 3-methoxycyclopent-2-ene and norbornene!”

The effect of the methyl methacrylate on the mechanical properties such as the glass transition
temperature (Tg) and thermal degradation temperatures of P(NB-co-MMA) from MF-ROMP have not

been investigated.

5.1.4 Flow polymerisation

Continuous flow techniques have been used to scale up several different polymerisation techniques

such as reversible addition-fragmentation chain-transfer (RAFT), atom transfer radical polymerisation
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(ATRP) and ring opening polymerisation (ROP) with great success. The proportionally large surface
area-to-volume ratio of the narrow tubing allows better heat transfer, controlled dispersities and
optimal light penetration in comparison to polymerisations in batch.'’> ¢ Furthermore, computer
software can be used to control syringe pumps, hot plates and light sources to make the process
automated. Photo-polymerisations benefit in particular as reducing the path length to a mm scale
reduces the effect of attenuation of light waves as they pass through a reaction medium as shown in

the Beer-Lambert law.>”’

Kinetic experiments can be carried out using flow by using time sweeps where the retention time is
increased in increments. Using inline techniques such as nuclear magnetic resonance (NMR)
spectroscopy or MS and assuming ideal droplet flow theory, all of the retention times in between can

be sampled.t’®

Typical flow reactions depend on laminar flow where there is a continuous flow of reaction mixture
which forms layers due to friction at the interface of the liquid-tubing leading to much shorter
residence times in the middle of the tube relative to the sides. Over long distances these can lead to a
large dispersity (P). The greater the diameter of the tube, the greater these D. Increased viscosities,
caused by higher weight-average molecular weight (M.,) polymers and high reaction concentrations

can also affect the flow rate and lead to blockages and poor reproducibility in laminar flow (Figure 5.

4).179, 180
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Figure 5. 4: Diagrams to show the direction of flow and outcome on residence time distribution by SEC

Droplet-flow is an alternative process where a typically inert carrier gas is introduced forming regions
of liquid separated by gaseous sections. This means that the reactants are captured within liquid
bubbles and cannot mix with nearby bubbles therefore reducing the £.28! The disadvantages of using
droplet flow is that inline monitoring becomes more challenging as NMR, Infrared (IR) spectroscopy
and size exclusion chromatography (SEC) cannot be used to give reproducible results due to the

presence of the gas bubbles.

Droplet (liquid-gas slug) continuous flow polymerisations have been demonstrated with a variety of
polymerisation techniques.t’ 181 182 Another advantage of droplet continuous flow systems is that it
allows for high viscosities of products to be formed. In a regular continuous flow microreactor, an
increase in viscosity during the polymerisation can lead to either blockages in the reactor or a broad
range in residence times and therefore D. Interrupting the flow with a gas phase reduces these
problems.!8! Additionally, liquid-liquid slug systems have been used to allow polymers with a M,, of

1 000 000 g mol* to be synthesised.®
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5.1.5 Chapter Aims

The aim of this chapter is to find a method of synthesising functionalised norbornene polymers as
additives for poly(methyl methacrylate) (PMMA) adhesives where the polymerisation can be
controlled so that they can be purified without risk of crosslinking. A new photoinitiated MF-ROMP
technique will be used and optimised to copolymerise norbornene and norbornene methylene
methacrylate (NBMMA). After optimising the reaction in batch, it will be shown that this method can

be scaled up by using continuous flow.

5.2 Results and Discussion

5.2.1 MF-ROMP to synthesise poly(norbornene)

pOMeTPT, EPE

> O
DCM, A =465 nm

Scheme 5. 4: MF-ROMP of norbornene to PNB

Initially the set-up of the MF-ROMP was tested using the synthesis of poly(norbornene) (PNB) (Scheme
5. 4). A strip of blue LEDs were wrapped around a 300 mL glass beaker and the reaction was carried
out in a sample vial placed in the middle (Figure 5. 5). The light intensity was 3.54 mW cm. Placing
the lights on the outside of the glass helped to insulate the reaction from the increase in temperature

throughout the experiment (Figure 5. 5).

125



Figure 5. 5: Photo of batch MF-ROMP set-up

To begin with, runs were carried out in air, but the results were not reproducible and resulted in a
lower-than-expected yield ranging from 50 — 60 %. Despite using dry DCM, water present in the air is
able to quench the radical cation by nucleophilic attack.'®® Following this, all the experiments carried
out using compressed air which had been passed through a short column of phosphorus pentoxide to
dry. The removal of water was seen by a gradual change of the phosphorus pentoxide from a white

powder to a light pink gel.

5.2.2 Effect of the photocatalyst and its para-substituents

2,4,6-Tris(para-methoxyphenyl)pyrylium tetrafluoroborate (pOMeTPT) was used as a photocatalyst
(PC) for MF-ROMP following the experimental method from the Boydston group.!?® Whilst many
pyrylium salt photocatalysts are available, this was selected as the electron-donating -OMe
substituents can stabilise the cation whilst the BF4 anion gives the salt reasonable solubility in organic

solvents. Whilst being expensive to buy it is relatively cheap and easy to synthesise on a large scale.
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The synthesis proceeds via a condensation-dehydrogenation mechanism with the BF;#OEt; initiating
as a Lewis acid (Scheme 5. 5).184

OMe

1 i O
H )
/Ej)k * /Ej)L BF3-O(CzHs)
—_—
MeO MeO

X
~
(0]
®
MeO OMe

©BF4

Scheme 5. 5: Reaction scheme of the synthesis of pOMeTPT?8> 186

The conversion of NB to PNB was determined by *H NMR spectroscopy by using the -CH= resonance
at 5=5.99 ppm of the monomer and the tertiary -CH- protons on the polymer chain at 6=2.22 ppm for
the trans product respectively. The cis resonance was hidden by the monomer -CH- resonances but

this could be found from the cis:trans ratio of the final purified polymer (1:3) (Figure 5. 6).%87

MeTPT, EPE 2 > -
./ po ° : ’ ([ ) (] n O
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11500
trans
® 11000
@
cis trans
® 1500
]
cis
— e
. : o

T T T T T T T T T T T T T T T T T

62 60 58 56 54 52 50 48 46 44 42 40 38 36 34 32 30 28 26 24 22
1 (ppm)

Figure 5. 6: *H NMR spectroscopy to show the conversion of norbornene to poly(norbornene)
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As the concentration of PC was increased, the monomer conversion also increased until 1 mM when
the conversion reaches at 95 %. After this the conversion falls, even if the reaction is left running for
longer. One reason is that the PC is a very vibrant yellow colour so this might be absorbing too much

of the colour preventing it getting into the centre of the sample vial.

100
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% Conversion
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- °

60 | | | |

0 1 2 3 4
Concentration of pPOMeTPT / mM

Figure 5. 7: Graph to show the effect of pPOMeTPT concentration on the conversion of NB to PNB determined

by *H NMR spectroscopy

The molar absorption coefficient (&) of the photocatalyst was calculated by measuring the absorption
at 465 nm, which is the dominant wavelength of the blue LEDs used and using the Beer-Lambert law
(Equation 5. 1Equation 5. 1: ) with a path length of 1 cm. The molar absorption coefficient was found
to be high at 34400 dm® mol™ cm™. This shows that it is a high absorbance which shows that at the
wavelength used there is a large excitation and is consistent with similar photocatalysts.

_A
g_cl

Equation 5. 1: Beer-Lambert law where ¢ is the molar absorption coefficient (dm* mol*cm™), cis the

concentration (mol dm?3), A is the absorbance and | is the pathlength (cm).
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2,4,6-Triphenylpyrylium tetrafluoroborate (TPT) is a cheaper, more readily available pyrylium catalyst
that can also be used for MF-ROMP (Figure 5. 8). Since it does not have the electron donating para-
OMe substituents, the cation is less stabilised and the photocatalyst is more prone to intramolecular
and side reactions. Despite this, this photocatalyst is much cheaper and more readily commercially

available which is an important consideration in industrial processes therefore was tested for its ability

| X

~
O
®
©

BF4

in MF-ROMP.

Figure 5. 8: Structure of TPT photocatalyst

The effect of concentration of TPT on the conversion of norbornene was tested and found to follow
the same pattern as its methoxyphenol analogue. Initially, increasing the concentration increased the
conversion increased until a maximum was reached, following which the conversion decreased and

plateaued (Figure 5. 9).
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Figure 5. 9: Graph to show the effect of TPT concentration on the conversion of norbornene to PNB

The conversion of PNB was significantly lower for TPT than for pOMeTPT. This is partly a consequence
this could be the lower oxidation potential and lower stability of the cation in TPT but it could also be
that the 470 nm wavelength used was too large. The absorption spectra for TPT and pOMeTPT show

that the para substituents have a large impact on the wavelengths of the energy gaps (Figure 5. 10).
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Figure 5. 10: Graph to show the absorption of wavelengths by pOMeTPT (blue --) and TPT (green )
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5.2.3 Copolymerisation of NB with MMA
O
Ab . \ﬁko _ pOMeTPT, EPE _ : X
DCM, A =465 nm

Scheme 5. 6: Hybrid MF-ROMP of norbornene and methyl methacrylate

Before copolymerising NB with NBMMA to get an unsaturated PNB chain with functional methacrylate
groups, NB was polymerised with MMA to understand the mechanism and the copolymer properties.
Previous work by Krappitz et al. claimed that when exposed to oxygen the polymerisation of MMA was
inhibited whilst the overall conversion of norbornene increases.!?* This is because oxygen is used to

regenerate the PC from its excited state.

The effect of increasing the fraction of MMA in the monomer feed and the effect of polymerising under
dry air and N, were compared (Figure 5. 11). As the fraction of MMA increases in the polymer the
monomer conversion decreases as well as the overall M,, of the polymer (Appendix). Work by Barner-
Kowollik and co-workers also noticed that there was a lower overall monomer conversion when MMA
was used however, they did not provide a suggestion as to why. They found that when adding

additional pyrylium photocatalyst they could restart the polymerisation.'*

In these experiments,
carried out in air, there appeared to be remaining photocatalyst at the end of the polymerisation
observed by the reaction mixture remaining bright yellow and not having undergone photobleaching.
Additionally, after purifying and restarting with additional photocatalyst there was no growth in the

polymer chain. This shows that it must be a problem with quenching of the radical cation which could

be due to MMA being prone to oxidation which is a competing reaction.'%
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Figure 5. 11: Graph to show the effect of increasing the fraction of MMA and of changing from dry air to an

inert N, atmosphere.

Conversion was determined by *H NMR spectroscopy where conversion of NB to PNB was as calculated
as described above and the conversion of MMA was determined using the -CH, resonances at 6=6.1

and 5.56 ppm in the monomer and the -CH; resonances in the polymer at 6=3.61 ppm.
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Figure 5. 12: *H NMR spectrum (CDCls) to show the conversion of norbornene and MMA to poly(norbornene-

co-methyl methacrylate)

A colour change to dark red was observed at the end of the NB: MMA (1:1 mol. ratio) copolymerisation
when deoxygenated with N,. This is due to the photocatalyst not being regenerated by oxygen

Figure 5. 13). Oxygen acts as a terminal oxidant to convert the photocatalyst into its active state in
order to undergo another redox reaction.’®’ This explains why the conversions are lower for the
deoxygenated reactions. This is in contrast with the PNB homopolymerisation where the colour is
completely quenched by the end of the reaction and the polymerisation can be initiated by adding

further pyrylium salt.
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Figure 5. 13: Photos to show the colour of the NB: MMA (1:1 mol. ratio) reaction mixture at the end of the

reaction after being degassed in Oz, N> and a mixture.

The kinetics of the copolymerisation was measured using *H NMR spectroscopy with a 1:1 mol ratio of

NB and MMA under a dry air atmosphere. Early in the reaction the polymerisation was shown to be

predominantly NB, this is expected as the reaction is driven by the high ring strain (Figure 5. 14).
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Figure 5. 14: Conversion of NB and MMA to P(NB-co-MMA) and first-order semi-log plot.

Differential scanning calorimetry (DSC) was used to determine the T, of the polymers. This is the
temperature at which a polymer undergoes a physical transition from a brittle, glassy state to a rubbery
state and were determined by the mid-point of a change in slope of the DSC thermograph (Figure 5.
15). If there were two separate homopolymers forming parallel rather than one copolymer or if the

polymer was more block than statistical in sequencing, two different T,s would be observed.
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Figure 5. 15: DSC of P(NB-co-MMA) (2.4 wt % MMA)
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As the fraction of MMA increased the T, decreased (Figure 5. 16). The T, of 40 °C is consistent with
PNB that is majority trans isomer which has a lower T, than the cis isomer.'® The decrease in T, could

be partly due to increased flexibility caused by less unsaturation in the backbone of the PNB and partly

since the molecular weight is decreasing.
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Figure 5. 16: Graph to show the effect on Ty and M, as the fraction of MMA in the copolymer increases

An experiment was carried out to confirm that both the NB and MMA monomers stopped reacting
when the light was switched off (Figure 5. 17). This was shown by running the polymerisation for 10
minutes then leaving it switched off for 5 minutes before repeating. Samples were taken for NMR
spectroscopy at the end of each step and the results showed that lights were required for both

mechanisms in the polymerisation allowing for a high degree of control of the polymerisation.
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Figure 5. 17: Graphs to show the conversion of total monomer, b) NB and c) MMA over time. The solid lines

represent the light being switched on and the grey dotted lines when the light is switched off.

A further experiment was carried out to determine the effect of light intensity on the reaction. An
Arduino was programmed to work as a voltmeter which was used to alter the intensity of LED lights by
switching them on and off rapidly to make them appear more or less intense. The reaction mixture
was exposed to light for 60 minutes with stirring and the concentrations of reagents were kept the

same (Figure 5. 18).
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Figure 5. 18: Photo to show the LED set-up connected to an Arduino programmed to control the voltage.

As the intensity of light increases the conversion of NB increases linearly, reaching a maximum
conversion around 40 %. The MMA also increases linearly initially but has a greater effect at higher

intensities (Figure 5. 19).
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Figure 5. 19: A) Graph to show the effect of light intensity on the conversion of NB and MMA (determined by

'H NMR spectroscopy) and B) The dispersity and M,, (determined by SEC (THF))
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5.2.4 Copolymerisation of NB with NBMMA

Next, the monomer 5-norbornene-2-methylene methacrylate (NBMMA) was copolymerised with
norbornene where the norbornene group on the bifunctional monomer should react quicker leaving

the methacrylate groups available for crosslinking with the MMA adhesive (Scheme 5. 7).

Ab pOMeTPT, EPE
/ + // -

DCM, .= 465 nm
o)

a

Scheme 5. 7: Reaction scheme for the MF-ROMP to form p(NB-co-NBMMA)

Calculating the conversion of the two separate monomers by 'H NMR spectroscopy was challenging
since there are overlapping resonances (Figure 5. 20). The NBMMA has the same resonances as
norbornene with only a slight change in chemical shift plus both polymerise to form cis and trans
configuration. The NBMMA also begins as a mixture of exo and endo isomers which both get
polymerised. Additionally, the bifunctionality meant that there is some crosslinking where the alkene
in both functional groups are consumed since MF-ROMP is preferential to norbornene but reactive

with MMA groups.
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Figure 5. 20: 'H NMR spectrum to show the overlapping resonances from the P(NB-co-NBMMA) copolymer.

The conversion was calculated by integrating the norbornene resonance at 8=6.01 ppm and the

NBMMA norbornene resonances (endo 6=5.94 ppm and 6=6.17 ppm and both exo H 6=6.13-6.05). The

exo norbornene resonance from NBMMA also contains an MMA resonance so needs to be subtracted
using the 0=5.55 ppm MMA resonance. The tertiary -CH- protons on the norbornene polymer
backbone were used to calculate the amount of polymer. The trans resonance at 6=2.4 ppm was used

since the cis resonance was on a shoulder.

The cis:trans ratio was found from the purified polymer to be approximately 1:3 for all monomer ratios
(Figure 5. 21). This method of measuring conversion is limited as it does not take into consideration
NBMMA that has polymerised only through the MMA group however from results in Chapter 5.2 this

is expected to be small.
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Figure 5. 22: Effect of fraction of NBMMA in monomer feed to show the total norbornene conversion

Since NBMMA is a bifunctional monomer as the fraction in the monomer feed increased the dispersity
of the polymer product increased as a result of a small degree of branching/crosslinking. SEC (THF)
was used to show this with the higher norbornene content polymers having narrower distributions
and the lower norbornene content having a small shoulder at a shorter retention time (Figure 5. 23).
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Figure 5. 23: Molar mass distributions of P(NB-co-NBMMA) with increasing retention times with increasing

NBMMA fraction in the monomer feed

As the content of functionalised norbornene increased the T; of the polymers decreased (Table 5. 1).
Part of the reason for this could be that the molecular weights decreased although it could also be due
to the incorporation of MMA groups into the backbone, breaking the rigid, unsaturated structure and

introducing more flexibility.
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Table 5. 1: The effect of the ratio of norbornene (NB) and NBMMA in the monomer feed on the molecular

weight and T, (*- determined by SEC (THF) and °- determined by DSC)

fi(NB

1.0

0.9

0.8

0.7

0.6

0.5

0.4

0.3

)

(NBMMA)

0.0
0.1
0.2
0.3
0.4
0.5
0.6

0.7

NB
conversion /

%
95
78
73
57
53
44

28

20

My/g

mol12

52600
45100
37000
30800
28900
25900
18300

16300

[V

3.09
2.38
2.19
2.41
3.07
3.15
3.98

4.25

T/ °C

40.8
30.2
26.5
24.5
22.6
19.6
16.5

15.4

Both monomers were found to have different retention times in gas chromatography (GC) which meant

that the relative kinetics of the two monomers could be measured. Samples were taken regularly

during the reaction for GC analysis (Figure 5. 24). The limitation of this method is that there is no way

of being able to tell whether the norbornene or MMA group on NBMMA was reacting and any

crosslinking would also not be detected.

It was shown that initially the non-functionalised norbornene monomer reacted faster which could be

due to steric hindrance although there was only a small overall difference in conversion between the

two monomers after 60 minutes. From early experiments using MMA it was assumed that NBMMA

reacted predominantly through the norbornene.
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Figure 5. 24: Conversion of NB and NBMMA to polymer during MF-ROMP measured by GC

5.2.5 Scaling-up MF-ROMP of PNB by droplet-flow polymerisation

Carrying out MF-ROMP on a 5 mL scale in a sample vial with a diameter of 2.5 cm did not produce
enough product to prepare adhesive samples for mechanical testing. Due to the attenuation of light
decreasing with distance from the light source increasing the sample vial the reaction is carried out in
would not give good yields. Flow polymerisation was used as an alternative since it gives the reaction

a large surface area to volume ratio.

A flow reactor was set-up to show that MF-ROMP of norbornene and MMA could be scaled up. PTFE
tubing with a diameter of 1 mm and length of 2 m were wrapped around a glass beaker and blue LED
lights were fixed above (Figure 5. 25, Figure 5. 26). The wavelength of the blue LEDs used was 465 nm.

The reaction mixture was stored in a gas-tight syringe and introduced to the reactor from a syringe

pump.

Since MF-ROMP requires the presence of oxygen and whilst degassing with 100 % oxygen has been

shown to decrease the vyield, droplet-flow was used as opposed to laminar to control the rate of O,
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introduced. A peristaltic pump was used to pump the gas from a flask with a balloon of O, keeping a
positive pressure (Figure 5. 25). Initially a ball mixer was used to connect the two phases however this
was found to be too turbulent, so a T-mixer was used instead (Appendix 32). The wavelength of light
used for the flow polymerisations was 450 nm. For the reactor, tubing with a diameter of 1 mm and a
length of 2 m was wrapped around a glass beaker with the LEDs held above. Using a smaller tubing
diameter was shown to build too much pressure within the reactor and pushed the liquid phase

towards the peristaltic pump.

Blue light

Peristaltic
Pump

Reaction
mixture

[ Syringe Pump J

Figure 5. 25: Droplet-flow reactor set-up
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Figure 5. 26: Photo of reaction set-up of reactor and ball-mixer

Kinetic experiments were carried out by using time sweeps where the flow rate is reduced so that the
residence time increases and assuming ideal droplet flow all of the residence times between can be
sampled.?® 1% This was tested using inline *H NMR spectroscopy though, this was not successful for
droplet-flow reactions as a consequence of the gas bubbles preventing good NMR spectra and gave

incoherent results.

A manual kinetic experiment was carried out by increasing the residence time. The flow was allowed
to equilibrate for 1.3 times the residence time before samples were collected and analysed by *H NMR
spectroscopy and SEC (THF).”® The ratio of gas bubbles to reaction mixture was 1:3 and 0.05 mol. eq.
of PC and 1 mol. eq. of initiator was used as in the batch reactions. After 12 minutes there was no
further polymerisation with the conversion not reaching 50 %. This was the time taken for the colour

of the reaction mixture to become colourless (Figure 5. 27).
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Figure 5. 27: The effect of residence time on % conversion and My, (left) and a photo to show the flow reactor

at a residence time of 24 minutes (right)

The effect of the light intensity on the conversion was investigated by reducing the voltage to the LEDs
(Figure 5. 28). The residence time was kept constant at 12 minutes and the length of time before
reaction became colourless reduced as the light intensity increased. The reduction in the length of
time until photobleaching occurred is due to the increase in rate of unfavourable energy gap

transitions.
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Figure 5. 28: Diagrams to show how the fluorescence of the pOMeTPT photocatalyst shortens as the light

intensity increases.

Despite the photocatalyst being active for a shorter period of time, the monomer conversion increased
as the light intensity increased until it almost reached 80 % conversion (Figure 5. 29). Even at the
highest light intensity, the conversion is a lot lower than conversions that had been reached in batch,
potentially as a consequence of the oxygen concentration being higher (Future work). The dispersities
for all polymerisations ranged from between 1.8-2.4 which is significantly smaller than By = 3.65 that

was achieved in batch.
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Figure 5. 29: Effect of light intensity on NB conversion during droplet flow polymerisation
5.2.6 Copolymerisation of norbornene and MMA by droplet-flow

polymerisation

Next, norbornene was copolymerised with MMA using the same conditions with a light intensity of
approximately 6.6 mW cm™and a residence time of 10 minutes (Figure 5. 30). As in batch reactions,
the conversion of both monomers decreased as the fraction of MMA in the monomer mixture
increased. Far less MMA was converted into polymer than had during batch polymerisations. A key
difference is the light intensity being higher, leading to the reaction rapidly reaching completion in this
set-up whilst it was seen in batch of the MMA reacted towards the end of the polymerisation. As was
observed in batch polymerisation, photobleaching did not occur and the reaction mixture retained its

bright yellow colour.
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Figure 5. 30: Graph to show the effect of norbornene and MMA conversion on the fraction of MMA in the

monomer mixture.

The concentration of initiator in the polymer was varied next, with the monomer and photocatalyst
were kept in one syringe and the initiator solution kept in another syringe and the flow rates were
varied (Figure 5. 31). When a low degree of polymerisation (DP) was targeted the monomer
conversion was lower than expected. There was also a loss of colour due to photobleaching, which
suggests that because the equivalents of photocatalyst to monomer were kept the same, it was this
that lead to termination (Figure 5. 32). For the higher targeted DPs, the instability of the initiator was

the reason for termination.
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Figure 5. 32: Photos to show the colour of the reaction mixture at the end of the flow polymerisation with

increasing target DPs

5.3 Conclusions

MF-ROMP has been shown to be a method of synthesising polynorbornenes with MMA functional
groups that is MMA soluble. The reaction can easily be terminated, and the polymers purified without
risk of further radical reaction as a high intensity blue light is used to control both the initiation and

propagation.

MF-ROMP can be used to create novel poly(norbornene-co-methyl methacrylate) copolymers which

have higher polarity and better solubility in polar organic solvents. The polymerisation works best
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when carried out in the presence of oxygen in order to regenerate the photocatalyst. Despite this, it is
difficult to increase the amount of MMA in the polymer as it is less reactive than norbornene because
the reaction is driven by the release of high ring-strain. Additionally, the greater the fraction of MMA
in the starting monomer mixture, the lower the overall monomer conversion due to side reactions and

guenching that the MMA can cause.

Similar amounts of NBMMA and norbornene monomers are converted to polymer during MF-ROMP
when a 1:1 mol ratio is used however the more NBMMA present the lower the overall monomer
conversion is. The monomer conversions are higher when NBMMA is used as a copolymer compared

with MMA.

Scaling up MF-ROMP in batch is difficult due to the greater distance the light photons need to travel
through the reaction mixture. However, flow polymerisation has been shown to be a successful
alternative. Using droplet-flow polymers with lower DPs were achieved than in batch polymerisation.
It was also shown that high conversions could be achieved with a retention time of minutes and that

the greater the light intensity, the polymerisation proceeds quicker and to a higher conversion.
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Chapter 6 - Future Work

It has been shown that poly(norbornene)s with pendant methylene methacrylate groups are
polymerisable by ROMP with G3 and form polymers soluble in MMA. Addition of only 10 wt % can
increase the thermal degradation temperatures although the adhesive strength decreased. Adding 5
wt % methacrylic acid counteracted the loss of polarity from the poly(norbornene) and improved the
strength of the adhesive. Further work could be carried out to find the Tgs of the copolymers and the
effect on the elasticity of the methacrylate-based adhesive by the presence of poly(norbornene)
through tensile tests. Since the ROMP polymers cannot be isolated and stored due to crosslinking an
alternative synthesis could be found such as using a W or Mo based catalyst. These are also cheaper
so used more often for ROMP on an industrial scale. These polymers could then be added into a fully
formulated adhesive containing further additives such as rubber to prevent crack propagation to

compare to current commercially available structural adhesives.

It was shown that the viscosity of the adhesive is important on the strength of the lap shears however
the viscosities were not found. Rheology had been carried out using a cone however the viscosity of
the MMA: EGDMA mixture (M1) was too low and leaked out. The adhesives would need to be prepared

on a 20 g scale and rheology using a cup-and-bob technique would be used to find these.

Synthesis of PDCPD on a 2 g scale was found to be challenging to repeat without large sources of error.
Despite this, it was shown that with a high temperature post-cure the adhesive strength of PDCPD can
be increased by the addition of crosslinkers with 2 and 3 norbornene groups connected by ester
linkages. These ester linkages increased the polarity, increasing the non-covalent interactions with the
hydroxyl layer of the adherend, however provided weaknesses in the adhesive which lowered the

degradation temperatures. Whilst these thermosets might not be suitable for adhesive applications as
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a room temperature cure was not achieved, they might provide strong materials for composites with
increased polarity to enhance bonding to an adhesive layer. For these applications, reaction injection

moulding (RIM) would be used to manufacture the composite with control over the properties.

In chapter 5, MF-ROMP was shown to be a method of producing unique norbornene and methacrylate
copolymers. The catalyst efficiency was the factor limiting the conversion during the norbornene
homopolymerisation however during the copolymerisation with methacrylate functionalised
polymers there was remaining photocatalyst at the end of the reaction. Since the use of ethyl vinyl
ether as an initiator gives a 0 % monomer conversion, an enol ether with a larger R group might be
able to stabilise the radical cation better and lead to a greater conversion. This initiator could be
synthesised through a Williamson etherification of an alkyl bromide and a secondary alcohol such as

cyclohexanol.
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Appendix 5: *H NMR of NBGMA (CDCls)
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Appendix 11: DSC thermogram to show the T; of A-PNBMMA
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Appendix 15: FTIR of P(EHMA-co-NBMMA)
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Appendix 16: *H NMR (CDCls) of EGDNB (CL2)
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Appendix 18: FTIR spectrum of CL2
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Appendix 21: *H NMR (CDCls) of 5-Norbornene,2,3-(di-5-norbornene-2-methanyl) (CL1)
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Appendix 22: DEPT**C NMR (CDCls) of 5-Norbornene,2,3-(di-5-norbornene-2-methanyl) (CL1)
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Appendix 25: DSC thermogram showing the melting point of CL1
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Appendix 27: DEPT *C NMR (DMSO) of pOMeTPT
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Appendix 28: UV/vis spectrum of pOMeTPT
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Appendix 29: Hybrid MF-ROMP and radical copolymerisation of NB and MMA under dry air, ? determined by *H
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Appendix 30: Hybrid MF-ROMP and radical copolymerisation of NB and MMA under dry air, ® determined by *H
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Appendix 31: Table to show the effect of the fraction of bifunctional monomer NBMMA on the properties of

the copolymer

Unreacted @ Unreacted NB
ROMP Radical NB NB MMA MMA NBMMA with
fi f2 NB from from
backbone backbone ' cis/ | trans @ backbone @ backbone unreacted
(NBE) (NBMMA) NBMMA = NBMMA exo
/% /% % /% endo [ % exo | % MMA / %
endo | % /%
0.9 0.1 95.7 4.3 21.5 78.5 48.8 51.2 8 18.5 74.5
0.8 0.2 92.0 8.0 229 771 38.6 61.4 6.1 25.6 70.3
0.7 0.3 87.3 12.7 24.8 75.2 37.1 62.9 5.4 28.6 42.1
0.6 0.4 84.1 15.9 22.3 77.7 54.9 45.1 12.8 36.7 39.8
0.5 0.5 78.5 21.5 22.4 77.6 51.7 48.3 20.8 40.1 29.4
0.4 0.6 61.9 38.1 219 78.1 50.5 49.5 21.3 42.0 24.9
0.3 0.7 53.1 46.9 25.0 75.0 49.1 50.9 25 46.4 16.1
A

Appendix 32: Photos of the A) ball mixer and B) T-mixer for the MF-ROMP droplet-flow set-up
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