w Unive[sitg of
Nottingham

P
UK | CHINA | MALAYSIA

Synthesis and Application of Novel

Hyperbranched Polymers

Sophie Rebecca Goodwin, MSci

&o.

“weQ

=4

Thesis submitted to the University of Nottingham
for the degree of Doctor oEngineering

March 2021



aLG Ffgrea asSSya AYLRaaraotS dzyaAaft

Nelson Mandela



Declaration
Except where specific reference has been made to other sources, the work
presented in this thesis is the original work of the author. It has not been submitted,

in whole, or in part, for any other degree or professional qualification.

{AEI)/_S.S_‘/’_"TJ‘_/_M“XX 51 GHSXK NOKHAHMXP

Sophie Goodwin



Abstract

In this thesis, a novel control method for the chain transfer polymerisation-of di
functional monomers is presented, in which macromers, produgadatalytic chain
GNJF yaFSNI LR &Y Siissiar td dcizay StoickipyhBu& Ni&Ehgfer agents
for di-acrylate, -methacrylate and-styrenyl monomers. This versatile macromer
control method enables the facile synthesis of hyperbranched (HB) polymers, which
may be tailored for use as coatings in a wide variety of industrial and biological
applications though suitable choice of monomer and macromer. In particular, the
use of lauryl methacrylate macromers to control the polymerisation of divinyl
benzene (DVB) (8:2 viv LMA:DVB), facilitated the solubilisation of the HB DVB in
hydrocarbyl engine oil througthe incorporation of LMA fragments in the HB DVB
structure. This HB DVB/LMA polymer was then demonstrated to readily form robust,
protective films between metal contact surfaces under a wide range of temperatures,
rolling speeds and lubrication regimesdhish reduced friction and wear between the
surfaces. Additionally, this synthesis method was found to be easily scalable, with the
polymers demonstrating no significant difference in performance when synthesised
at either 1 or 50mL scales. Thus, thesepgdBmers showed great promise as oil
additives for prolonging engine life and improving engine efficiency, while the
macromer control method was proven to the industrially viable. Meanwhile, when
compared to catalytic control methods, macromeric contreds found to give
improved control over the polymerisation of the biwtive monomer
tricyclodecanedimethanol diacrylate (TCDMDA), with greater consistency of
polymerisation rate and architecture, and improved levels of functionality achieved
due to the ircreased level of compatibility between the hydrophobic TCDMDA
monomer and the macromer control agent. When butyl methacrylate macromers

were used in a 2:1 v/iv TCDMDA:BMA ratio, this enabled the synthesis of up to 50 mL



of HB polymer which, when applied ashin film coating to tissue culture plastic, was
shown to support the growth of human pluripotent stem cells for up to 12 days.
Finally, the use of thiolic control agents at high concentration (up to 65 mol%) was
demonstrated to deliver improved yieldf HB polymers, while enabling a similar
ability to functionalise the HB polymers for a variety of applications, including as anti

fouling coatings and as a feedstock for tpleoton polymerisation.
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Chapter I Introduction

1 Chapter 1: Introduction

Polymers, often known as macromolecules, are large molecules made from
many, small repeating units called monomers. The process of monomers combining
to form polymers is known as polymerisation. This section fitdil give a brief
overview of polymershow they were first discovered, their structures and properties
and methods of polymerisation It will then discuss the more specific case of free
radical polymerisation and possible control methods, before introducing
hyperbranched polymers, surfactantand common polymer characterisation

techniques

1.1 Background

Prior to 1930, polymers were assumed to be large clusters, or aggregates, of
monomer molecules. In the 1920s, Herman Staudinger had put forward the idea that
polymers were, in fact, extremely lomgolecules made from many smaller monomer
units [1]. However, this was not proven until the 1930s, when Wallace Carothers
began carefully buildingnolecules that displayed polymeric properties through
repetitive synthesis of known monomers, firmly establishing the macromolecular
nature of polymers. He also classified polymerisation into two categories: step growth
and chain growth. Carothers alsonvented Nylon: by reacting
hexamethylenediammine and adipic acid in a condensation reaction, Carothers
created the now widely used polyamide6g2]. Since then, thousands of polymers

have been synthesised, while only a handful have been a commercial success.
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Figurel.l. Linear, branched anckosslinked architectures for polymers.

1.2 Polymer Structures

Polymer properties are strongly dependent upon the chain structure, of which
there are three main architectures: linear, branched, and networks/crosslinked
polymers, shownn Figurel.l. Linear polymers are formed from monomers that
possess at least one functional group (mefoactional), while the synthesis of
branched polymers requires muftinctional monomers, or a mixture of monand
multi-functional monomers. Crosslinked polymers are thd@aensional networks,
and essentially contain a very large macromolecule: such crosslinking can occur via
unwanted side reactions, or through the uskspecific croséinking materials. For

example, rubber is crosslinked (or vulcanised) using sulphur as the crosBinker

In addition to the three main architectures, there exist a number of further
structures including hyperbranchexhd dendrimericstructures, shown ifrigurel.2.
Dendrimers are extremely highly branched, wifined, perfectly monodisperse,
three-dimensional polymers: their trekke, porous structure, which emanates from
a central core, allows small molecules to be encapsulated within them. Dendrimers
werefirst synthesisediamultistage, iterative reactions, independently, by Voddle

Tomalia[5] and Newkomd6] as the functionality of polymers became the focus of
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Hyperbranched
Dendrimer Polymer

Figurel.2 Architecture a hyperbranched polymer.
polymer research. This led to a high level of research into using dendrimers as

transport molecules for fragrances, drugs, diagnostic molecules, catalysts, light
emitting diodes, etc[7]¢[10]. However, the synthesis of dendrimers is both labour

intensive and time consuminfp], [11], [12]

In contrast to dendrimers, hyperbranched polymers are polydisperse in both
their molecular weight and branching factors, mainly due to the occurrence of the
competitive reaction that leads to the formation of linear chains and branclihp
Consequently, the structure of hyperbranched polymers is irregular and control over
the structure produced is low: these polymers exhibit high dispersity values as a
result. Additionally, they r@ highly susceptible to crodimking: the propagating
chains of the 3D hyperbranched polymer react with each other to form a closed,
interpenetrating network. The transition, from highly branched, soluble polymer to
an insoluble gel network, occurs dtet gelation point: note, this is entirely separate
from the gel effect (or Trommsdorfforish effecf13] ) where the viscosity of a bulk
reaction medium gets very high and chain termination is disfavoured, resulting in a

loss of control of the polymerisatid21].

Polymers can be produced through the use of more than one type of monomer:

by varying the monomers, monomer concentrations and polymerisation technigues
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a)
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Figurel.3. Structure of: a) homopolymer; b) alternatinggmlymer; ¢) random epolymer; d) block ¢
polymer; e) graft cgpolymer.

used, a large variety of polymers with a variety of properties can be produced.
Homopolymersare polymers that are composed of only one type of monomer, while
polymers composed of two or more types of monomer are known agotgmers.

The main varieties of linear gulymer are random, alternating and block/graft, and

these are depicted ifrigurel.3.

Random cepolymers are also known as statisticatmaymers, where there is
no repeating arrangement of monomers. In alternatingpodymers, monomers are

arranged in a repeating sequence: these are difficulptoduce but display some

interesting propertie§14]. BlockcdJ2 f @ YSNAE |+ NB YIRS 2F WwWof 20

which are covalently bonded together. Graft-polymers are a form of block eo

polymer, and are sometinsalso classified as branched-polymers

1.3 Polymerisation Methods
There are two broad polymerisation mechanisms often used to categorise

polymers: step growth and chain growth. More recently, controlled/living
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polymerisation mechanisms, shown by the green line in Figure 1.4, have been

discover@. These are discussed in more detail in Section 1.5.

1.3.1 Step Growth

Step growth polymerisation proceeds via a series of individual reactions
resulting in the formation of dimers and low molecular weight oligomers, which then
combine together to form longepolymer chains. The mechanism is similar to that of
a conventional condensation reaction: a small molecule, such@sHHClis often
expelled as monomers combine. This condensate must be removed from the reaction

mixture to prevent the reverse retion (and hence depolymerisationtcurring.

Monomer conversion increases rapidly in the initial stage of -gtepvth
polymerisation, though only low molecular weight oligomers are formed.
Consequently, oligomers are obtained up until -¥% monomer conversionftar
this point, the many oligomers join to form polymers, and an exponential increase in
polymer molecular weight is observeds shown inFigure 1.4 (blue line) The

polymerisation rate decreases steadily as functional groups are consumed.

A

Chain Growth

Molecular
Weight

Li viCobgntr ol

Step Growth

Conversion (%)

Figurel.4. Graph of molecular weight vs conversion for step growth polymerisation (bhah growtt
polymerisation (redand living polymerisation (green).

5
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Nylon is an example of a polymer which can be prepared in this way: the

diamine and dacid react together, forming an amide linkage and releasing water.

1.3.2 Chain Growth

Chain growth polymerisation proceeds via the addition of a reactive species
usually a radicat 2 GKS -~ R2d2wfS o02yR 2F | Y2y2Y
backbone of the polymer.There are four major subcategories of chain growth
polymerisation: free raidal polymerisation (FRP); cationic polymerisation; anionic
polymerisation and ring opening polymerisation. All such chain growth
polymerisations proceed via three steps: (i) initiation, (i) propagation, (iii)

termination. [15]

In contrast to step growth polymerisationn chain growth polymerisation
monomers sequentially join onto the end of a growing chain. Hence, high molecular
weight polymers are formed early on, at low conversjasshown ifrigurel.4(red
line) and monomer is consumed slowly. The polymerisation rate increases initially as
initiating species argenerated, and remains relatively constant until the monomer is

depleted.

1.4 Free Radical Polymerisiain

Free radical polymerisation (FRP) is the most popular polymerisation process
used in industry due to its high tolerance of impurities and functional gsgoBRP can
also be used for a wide variety of industrially available vinyl monomers using non
stringent processing conditionsThe reactive centre is a free radical, formed in the
initiation step: initiation is followed by propagation and termination, which comprise

the three major steps in FRP.

Initiation:
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During the initiation step, the initiator (I) first decomposes (thermally or
photochemically)via homolytic cleavagén the rate determining step (RDS) with a
rate of decompositiorky, to give a free radical, R*, which subsequently adds to the

vinyl groupof a monomer, M, as outlined below 8chemel-1, with rate constank;.

kd
Decomposition of Initiator | > 2R*
-y . - ki
Initiation of Monomer R*+ M » RM*
Schemedl-1. Representation of the initiation step in FRP.
The overall rate of initiation,iHs therefore
Y ¢QQ0 (1-1)

wheref is the efficiency factor, which is a measure of the fraction of initiator radicals
that actually produce growing radical chains, and [I] is the initiator concentration.
Peroxidesand azo compounds, such @obisisobtyronitrile (AIBN), are examples of

commonly used initiators.

SelfInitiation:

Certain monomerssuch as the styrene monomere capable of selfitiation
and so do not require the addition of an initiator to start the reaction. The exact
mechanism of selinitiation is still under disp&, however, the two forerunning
theories are the Flory and Mayo mechanisms: there is some evidence to suggest that

the Mayo theory is more likelpd6].

According to the Mayo mechanism, two styrene monomers undergo a-Diels

Alderreaction as shown irFigurel.5a, to form a dimer. Moleculassisted homolysis
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Figurel.5. The a) Mayo and b) Flory mechanismsskfinitiation of styreng19].

C

On

between the dimer and a third styrene monomer generates the monoradical initiators

that initiate the polymerisatiorj16]c[18].

Ly O2yiGN} &Gz Cft2NRBQad YSOKIyAayY TFANAG
monomers to form a singlet 1-diradical as outling in Figurel.5b. A hydrogen is
abstracted from the diradical by another styrene radical, generating the monoradical

initiators used to initiate polymerisatiofi9].
Propagation:

Propagation is the process by which the initiated monomer, RM*, combines
with a radical in a heatb-tail addition to produce the growing polymer chain, shown

in Schemel-2: it is a bimolecular reaction, and has a rate constant of propagatjon,

Ko
RM* + M » RM.*

Schemd-2. Representation of the propagation step in f

Though the monomer may contribute to the initiation process (such as in the

seltinitiation/autopolymerisation processes outlined above), compared to the total
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amount of monomer consumed in the production of long polymeric chains, the
amount of monomer usa in the initiation step is very small, and hence can be
neglected. Therefore, the rate of propagation, Ran be related to the rate of

consumption of monomer by:

Y — Q070 (1-2)
where [M*] is the radical concentration and [M] is the initial monomer concentration.
Termination:

CSNXYAYlFGAZ2Y Aa (GKS LINPOSaa o0& o6KAOK
radicals are removed from the ggm. There are two forms of termination process,
disproportionation and combination: the likelihood of each termination process
occurring is strongly dependent upon steric and electronic effects. The combination
process occurs when two growing polymerasts (Rn) react with each other in a

headto-head addition and form one polymer chain where growth is terminated, as

shown inSchemel-3a.

Combinationky
a) Pn* + Pm* > Pm+n

b) P*+PRy* Disproportionationki P.+ B

Schemel-3. Representation of tha) combination and b) disproportionatidermination steps in FR
Disproportionation involves the abstraction of a hydrogen atom from one
growing polymer chain to form both saturated and vieylded polymersas shown
in Schemel-3b. As a consequence of these two forms of termination, the final
polymer chain length can vary significantly, which can affect the material properties

of the final polymer.

The rate constants for combination and disproportionation &reand ki,

respectively: the rate of termination,Rs therefore expressed as
9
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Y CQob°’ (1-3)

In addition to the initiation, propagation and termination processes described
above, FRP can include another process known as chain transfer (CT) where the
radical activity of the growing polymer chain is transferred to another molecule: this

process wilbe discussed in more detail in Sectibé below.

1.4.1 Limitations of FRP

The lack of selectivity over the two termination processes outlined above is
symptomatic of the major limitation of FRP: the lack of achievable control over the
final polymer molecular weight, dispersity (B) and architecture and copolymer
composition. For example, very high molecular weight polymers are formed quickly,
even at lowconversion, due to the rapid propagation which is characteristic of chain
growth polymerisation processes, hence producing targeted, low molecular weight

polymers is difficult using FRP.

Additionally, FRP is an exothermic process which can cause pdlientia
dangerous issues with reaction control at industrial scales. FRP reactions are
conducted in sealed, degassed vessels to ensure the radicals required for
polymerisation are not removed via reaction with oxygen in the atmosphere: as the
reaction proceed, large quantities of heat are released into the reaction medium,
which in turn accelerates the rate of polymerisation through increasing the radical
concentration, leading to high monomer conversion and high molecular weight
polymer being produced and leasing yet more heat into the reaction medium.
Correspondingly, this increase in polymer molecular weight greatly increases the
viscosity of the reaction medium, restricting mass and heat transfer and, importantly,

the termination rate. Thus, this cast&a of events, leading to uncontrolled

10
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temperature and pressure rises in the reaction vessel, results in-aadeleration
and, eventually, explosion: this effect is known as the Trommsdiifish effect (or

the gel effect).

Consequently, a number of g@cautions are often applied to FRP reactions to
reduce the chance of this effect occurring. These include restricting bulk
polymerisations to low conversion or low molecular weight, and using solvents to
decrease the viscosity of the reaction medium andwee efficient heat and mass
transfer. Additionally, chain transfer agents (CTAS) can be added to the polymersation
to control polymer molecular weight. This will be discussed in more detail in Section

1.6 below.

1.5 Pseudo Living/Controlled Free Radical Polymerisations
Controlled/living free radical polymerisation (CRP) was developed in the late

1980s as a means of overcoming the major limitation of, E&dihg inspiration from

the fields of organic chemistry, conventional FRP and living ionic polymerisation. CRP

provides high levels of control over key elements of the polymerisation process, which

leads to weldefined polymers with controlled moleculaveight, polydispersity,

composition, chain architecture and sigpecific functionality. Meanwhile, CRP

retains the high tolerance of impurities and functional groups seen in FRP

Consequently, CRP is now a versatile tool in the synthesis of more complex
polymer architectures, such as block and comb copolymers. A number of CRP
methods exist, but the most promising and popular are: stable free radical
polymerisation (SFRRANost conmonly nitroxide mediated polymerisation (NMBh
which 2,2,6,6tetramethyl1-piperidinyloxy (TEMPQO)s used as the initiator
transition-metalcatalysed atom transfer radical polymerisation (ATRP); and

11
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reversible addition fragmentation chain transfer polgrisation (RABT Other
common SFRP initiator inclu@e2,5trimethyl-4-phenyl3-azahexaned-oxyl (TIPNO)
and 2,2,5trimethyl-4-isopropyt3-azahexane-oxyl (BIPNQ)Each of thesenethods
relies on establishing a dynamic equilibrium between a low coma&oh of active
propagating chains and a predominanimberof dormant chains that are unable to

propagate or terminate in order to extend the lifetime of the propagating chains.

The main characteristics of CRP are: a linear increase in molecular weight
(shown in Figure 1.4 (green ling}arget molecular weight polymers with narrow
polydispersity can be obtained; +mitiation of polymers is possible, allowing the

synthesis of complex architecturg0].

1.6 Chain Transfer

Chain transfer (CT) is the process of transferring activity from a growing
polymer chain to another molecule: it has the effect of reducing the overdioatar
weight of the polymer product and occurs either via unwanted side reactions or can
be introduced deliberately through the addition of a chain transfer agent (CTA). The
latter is often also used in order to more precisely conprolymermolecular veight,
by replacing the unpredictable termination mechanism with a CT mechanidm.
physical and mechanical properties of polymers strongly depend on the polymer chain

length, hence methods for controlling molecular weight are of great research interest.

There a four main CT processes: chain transfer to a CTA, where a weak chemical
bond facilitates the process; chain transfer to a monomer, where a hydrogen atom is
abstracted from a monomer by the growing polymer chain; chain transfer to a
polymer, whichis significant only in the latter stages of the polymerisation, when
monomer concentration is loywand chain transfer to solvent, where the solvent can

12
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act as a CTA. In conventional FRP, CT can result in branching: the growing polymer
chain abstracts a hydrogen from the backbone of another polymer, resulting in a
branching point. This can lead to polymers with very different properties to linear
polymers. If the growing chain abstracts a hydrogen from its own backbone, this is
ly2é6y 1 @A WoyDQs 2 NJ Ik gadhNchsy, #he SThdatebsNdsultstind
the formation of a dead polymer chain and a CTA fragment, which contains a free
radical and may go on to initiate other polymer chaifi$e probability of CT events
occurring is defied by the chain transfer constant©f the polymer. As polymers
generally have a very lows @alue, inter and intra molecular chain transfers are

unlikely, and are only significant when the reaction is conducted in bulk.

1.6.1 Chain Transfer Agents

In the case of a typical chain transfer agent (g CTAfirst abstracts a
hydrogen atom from the growing polymer chai®X), resulting in a dead polymer
chain P,) and a CTA fragment containing a free radicdl. (TThisCTA fragment can
then go on toinitiate other monomers (M), resulting in new growing polymer chains

(TM*), as summarised iBchemel-4.

a) Pr+T > P+ T

b) T*+M Ko ™*

Schemel-4. Representation of thehain transfer mechanism for a typical C

Due to the nature of the Cihechanism, traditional CT agents introduce new
functionality into the polymer backbone through the initiation ste&gcemel-4 b).
While this mechanism ay be useful in producing tailored polymers with a specific
second functionality introduced by careful selection of the CTA, in many cases the
added functionality is undesirable; a further purification step must then be introduced

13
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to remove the CTA fragmerbefore the polymer can be used for its intended

application.

Chain transfer agents are characterised by their chain transfer constant, C
which is defined as the ratio of the chain transfer and propagation rate coefficients,
kcrand krespectively. fie CT constant gives a measure of the reactivity of the CTA,
with a higher €value indicating that a lower concentration of the CTA is required to
achieve a particular reduction in molecular weight for a given monomer. This is given

guantitatively by theMayo equation21], which is expressed as:

— — 0 — (1-4)
where the reciprocal of the degree of polymerisation {DB given as a function of
the rate of chain growth and termination. Here,RRs the degree of polymerisation
I OKAS@PSR Ay GKS +to0aSyosS 27F | /[ ¢1 X h
disproportionation, [T] is the concentration of CTA and [M] is the concentration of
monomer. Equatiorl-4 is used to produce a Mayo plot of [T]/[M] vs 1/DFfhe

gradient of this line may be used to determine the Cs value of the CTA.

1.6.2 Thiol Chain Transfer Agents for FRP
Common CT agents used to reduce molecular weiglERPare cheap and
commercially available thiols, such adddecanethiol (DDT) andrBercaptopropinic

acid (3MPA), the structures of which are shownFigurel.6. Thiotmediated FRP

has been employed for a variety of moerand multifunctional monomers, including
0

SH /\)k
SN NN NN N HS OH

Figurel.6. Structures of -Hodecanethiol (left) and-&hercaptopropioni@cid (right).

14
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k S\/\
RSt Sk L g R
Figurel.7. Process of chain transfer for a thiol control species.

styrene and methyl methacrylate (MMA22]¢[25], due to their relatively efficient
control of chain lengthThe weak $1 bond provides a labile group which may be
transferred to a growing chain, generating a nevighly reactive thiytadical(RS*)

which can initiate new chairet the monomer double bond, as outlinedkigurel.7:

this is a typical FRP process, however, in the propagation step a thiyl radical is also
formed, followed by addition of the radical across the vinyl group of a monomeric
species, forming a thether. This chain transfer process leads to large decreases in
polymer molecular weight without significant change to the overall polymerisation
rate. ¢ KS NBadzZ GAy3 L2 & ¥é NilondeNdopadaing, -afdQ >
containunreactive sulfuicontaining groups called thiders: this reaction occurs in

a stoichiometric fashion.

However, thiolbased CTAs such as these hdigedvantages: large quantities
(5-20 mol% wrt. monomer) are required to reduce the molecular weight by a
significant amountsuch as when targeting oligomeric product, dhdy possess an
undesirable odour, even when used in small quantitidsiditionallythey have a high
toxicity and relatively low activity: for exampBDThas a chain transfer constant; C
~1in MMA and ~20 in styrene at 6Qi6], [24], [25] Finally, their use results in the
inclusion of a fragment of thehiol viathe thioether linkage, which may impact the

physical properties of the polymeric product.

15
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1.6.3 Catalytic Chain Transfd?olymerisation(CCTP)

Thiol CTAs are undesirable for use in industrial processes for numerous reasons,
as outlined in Sectiof, including their toxicity and low activities, however, there is
still considerable interest in producing low molecular weight polymers. One

alternative and popular méiod is catalytic chain transfer polymerisation (CCTP).

In 1975, Boris Smirnov and Alexander Marchenko discovered a new method for
controlling the molecular weight in a methacrylate polymerisation: by introducing
low-spin Cd catalysts, such as the substituted cobalt porphyrins or benzoporphyrins
which are shwn in Figurel.8, the occurrence of chain transfer to monomer was
greatly enhanced26]. This resulted in dramatic reductions in molecular weight of

the methacrylate polymers with minimal reduction in the overall polymer yield.

—0O

—0 00 00—

Figurel.8. Structures of the Co complexes first used to control the polymerisation of P28

The CCTP process is a FRP process, and thtingeBoear polymer dispersities
are generally in the range 1.§®.50. The Caatalyst simply acts as a CTA, providing
control over the polymer chain length and end group functionality similar to the thiols

discussed earlier. However, the CCT preseas shown to occur significantly faster

16



Chapter I- Introduction

than the conventional CT process with CTAs such as thiols, while the cobalt catalysts

also have high chain transfer constand) (@lues compared to thio[27], [28]

The cobalt porphyrins and benzoporhyrins discussed above have been found
to be amongst the most efficient catalysts: reductions in molecular weight from tens
of thousands to several hundred Dalton (Da) were observed using catalyst
concentrations as low as 16800 ppm, while boron based cobaloximes, such as those
in Figurel.9, have been found to exhibit the highestM@lueg26], [29[31]. Catalyst
reactivity has also been shown to be highly dependent on the bridging groups within
the cobaloximes: those with a Bisridging grougFigurel.9, right) have been shown
to be more stableand thus less sensitive to air, than those with a hydrogen bridging
group(Figurel.9, left). Consequently, these boron based cobaloximes have become

the CCTP catalyst of choice.

Figurel.9. Most commonlyused cobaloximeld 9].

CCTP has a numberarfvantages over other control mechanisms, especially
with regards to the production of industrially applicable polymers/oligomers. One
major limitation of controlled/living polymerisation techniques (discussed in Section
1.5), is the requirement for high levels of initiator or catalyst: each initiator molecule
initiates only one macromer, making them commercially unattractive when low

molecular weights are targetedAdditionally, CCTP, unlike other control techniques,
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does not result in the incorporation of a fragment of the control agent into the
polymer structure, but instead terminates chains with a double carbon bond, ensuring
there is no added functionality athange of polymer properties. Furthermore, this
terminal vinyl functionality can be exploited in secondary reactions to generate
interesting, threedimensional architectures. For example, Haddletbal. have used
CCTP to synthesise poly(lauryl meth&s) and poly(methyl methacrylate) with
vinyl terminal groups, which were subsequently modified: for the former, using
phospinemediated thiecMichael addition of thioglycerol to the vinyl grofi®2] and

for the latter through their use as isitu CTAs for the reversible addition
fragmentation chain transfer polymerisatiaf various methacrylic monomef83],

[34].

More recently, a number of groups have successfully shown that CCTP can be
used to inhibit gelation in hyperbranched polymers with a range on monomer types,
provided that dther (a) the concentration of the branching agent (a diacrylate) was
kept low (5 wt %4B4], or the level of overall aoversion is limited to specific levels
[27],[35], [36]
1.6.3.1 CCTRSNA OSR al StkBoASNI | YR

Interestingly forthe work in this thesislow molecular weight oligomers of
methacrylate monomers produceda CCTP have been demonstrated to exhibit chain
transfer control of free radical polymerisations of other vinyl monomer typas.i -

scission mechanis37].
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Due to the very high transfer constants associated with CCTP cafatyist
relatively simple to prepare macromonomers of very low molecular weight, down to
dimers, trimers etc. The terminal vinyl group in these macromonomers makes them
susceptible to radical addition to form macromonorrerded polymer radicals. This
radh OF £ Ol y -stigsRiBeaddién inladdition to normal propagation and

termination, as outlinedn Schemel-5 for a dimeric macromer

'
R 7 ) *p R n R
» \)\—1 P » L] + P
COOR' COOR'* COOR' COOR' COOR' COOR'

Schemel-5. Representation of the-scission mechanism for a dimer, where R is a thermal ini
fragment and *P is a propagiag polymer chain. The propagating polymer is terminated w
fragment of the dimer and a vinyl group, while the radical segment of the dimer is released
propagating radical.

The result is that the ultimate unit of the macromonomer terminates the
propagating radical (i.e. the polymer chain) and the remaining radical segment of the
macromeris released as a new propagating radical, initiating new polymer chains:
thus, the macromer acts as a CTA. Consequehik/ntethod of chain transfer leads
to a fragment of themacromericCTA becoming an intrinsic part of the product

polymer structureas with all other stoichiometric CT&Y].

1.6.3.2 CCTP TheoandMechanism

In cobabximes, the strong bonding between the metal centre and the
diphenyl glyoxime ligands result in a cobalt (1) d7 species, which adopts a low spin
configuration as shown iRigurel1.10. This results in the cobalt having one unpaired
electron in a higher energy orbital: this unpaired electron is able to interact with a
radical on a growing polymer chain, which is a key step in the CCTP meclja8]sm

[39].
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Figurel.10. Electronic configuration of cobalt (Il), a d7 low spin complex. There is one u
electon in a higher energy orbital.

The CCTP mechanism is outlined Rigure 1.11 for divinyl benzene
polymerisation, withbis[(difluoroboryl)diphenylglyoximato]cobaftl) (PhCoBR)sed
as the catalyst. The mechanism procegidsa two-step radical process proton is
first abstracted from the growing polymer chain by the Co(ll)dpoing a dead chain
terminated with a . -unsaturated vinyl group (théransfer product), and a Caill
hydride complex This is the rate determining stg9]. The Co(IHMH then reacts with
a new vinyl monomer and initiates a new chain, resulting in a propagating radical and

reforming the Co(ll) complex.

The activity of the catalyst is greatly affected by the choice of monomer. For
example, many catalysts are very active with MMA monomers due to the presénce o
Iy -meéthyl group, which aids the hydrogen abstraction: the radicaiéal in this
process are tertiary, which are relativediablg39]¢[41]. Styrene, in contrast, does
y 20 LI a ansthykgrolipyonly secondary radicals are formed during the CT
reaction, which are less stable than tertiary radicdfyidrogen abstraction at the-
methyl substituent is more efficient, and consequently, monomers containingj-an
methyl group are very active in CCTP. In addition, tertiary radicals lead to the
formation of weak cobaltarbon bonds, thus little catalyst is lost in unwanted'®p

complexes. In comparison, secondary radicals lead to the formationooé stable
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Figurel.11. Catalytic chaitransfer mechanisnfil9].

G-Co bondssignificantlyreducing the amount of active catalyst in the system and,
hence, its activity. This results in a decrease in activity froril&00630,000 for

MMA to G~400 for styreng39]¢[41].

The most notable disadvantages of CCTP relate to purification of the polymer
product: in some instances, the calbcatalyst may need to be removed pastaction
by polymer precipitation or acid/base washing, sometimes repeated to ensure
minimal traces of catalyst remain. This often requires large volumes of organic

solvent, which has environmental impacts.

1.7 Hypetbranched Polymers

1.7.1 History ofHyperbranchedPolymers
Hyperbranched (HB) polymers are a relatively new macromolecular class in
relation to reliable synthesis: the name was coined by DuPont researchers, Kim and

Webster, who described dendritic macromolecules with a random topology prepared
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via the singlestep polycondensation of ABype monomers in the late 1980s, and
patented the process for the preparation of hyperbranched polyarylene in 87
However, their history (summariseéd Tablel.1) canin fact be dated to the late 19
century, when Berzelius first formed a resin from tartaric aci@{fand glycerol (8

[43], [44]

Tablel.1. History of hyperbranchegablymers

Year Case Lead Author(s) Reference
Pre- 1990 Tartaric acid + glycerol Berzelius [44]
1901 Glycerol + phthalic anhydride Smith [44]
1909 Phenolic + formaldehyde Baekland [45]
1929 Glycerol + phthalic anhydride Kienle [44], [46]
1939
1941 Molecular size distribution ir Flory [47]
theory
1952 AB, polymerisation in theory  Flory [48]
1982 AB+ AB copolymerisation Kricheldorf [49]
1987 AB homopolymerisation Kim/Webster [42]
Odian/Tomalia [5]
Frechet/Hawker [50]

C2ft2Ay3a 2Fdazy {YAGKQa NBLR2NI 22fr G6KS

phthalic acid (4 and glycerol in 190044], the reaction was investigated further:

Kienleet al demonstrated that the specific viscosity of this polymer was lotlan

those of linear polymers such as polystyr¢#e].¢ KS A RS & of® NI Iy OKR NS

FYR aKAIKE&@ 0N} YOKSR &aLISOASa1D40K® BIBY S NE

et al,when they calculated the molecular weight distribution of gelaB&ipolymers
[3], [47], [51] Then, in 1952, Flory described the polymerisation of gdb/mers,
wherew ¢, resulting in the formation of highlyranched, soluble polymers, where

22
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the risk of gelation is removed almost entirgd8]. This essentially laid the theoretical
foundation for hyperbranched polymers and sparked research interest in these
polymers due to their enhanced mechanical properties, increased heat resistance and
improved strengthrelated peformance, with many comparisons of their properties

with their linear analogues.

However, the majority of studies initially focussed on the synthesis of
dendrimers which were discussed in more detail in Section 1.2, paga 2ontrast
to dendrimers, lgperbranched polymers synthesise the onepot polymerisation
of AB polymers, wherew ¢, as outlined by Flory, are polydisperse in both their
molecular weight and branching factors, mainly due to the occurrence of the
competitive reaction that leads to the formation of linear chains and brancHibl
Consequently, the structure of hyperbranched polymers is less regular than
dendrimers and control over the structure produced is low: thpetymers exhibit
KAIK 7 @IftdzSa a || NBad# Gdo I R4nkigitiey | £ £ & =
propagating chains of the 3D hyperbranched polymer react with each other to form a
closed, interpenetrating network. The transition, from highkariched, soluble
polymer to an insoluble gel network, occurs at the gelation point: note, this is entirely
separate from the gel effect (or TrommsdoeNbrish effect), where the viscosity of a
bulk reaction medium gets very high and chain termination $&agibured, resulting

in a loss of control of the polymerisati¢s2].

However, the most important difference between hyperbranched polymers
and dendrimers is that these materials can be synthesised in hoursasimgle one
pot method and industrially available monomd#2], [46], [52] this is a significant
improvemer on the days, weeks or months required to synthesise dendrimers.

Additionally, hyperbranched polymers have the potential to act as
23
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replacements/substitutes for dendrimers, delivering the same performance and

applicationg52].

Consequently, since Kim and Webster first intentionally synthesised
hyperbranched polyphenylene (see above), hyperbranched polymers have attracted
significant and growing attention, as shown by the increasing number of publications
on thetopic inFigurel.12, dueto their interesting properties, wide range of potential
applications, highly reactive and numerous terminal groups and greater availability

than dendrimerg13], [43], [52[58].

No. of Publications

Year of Publication

Figure 1.12. Bar chart showing rise in number of publications referencing hyperbranched pc
available on Web of Knowledge over the last 25 years [37].

1.7.2 Synthesis oHyperbranchedPolymers
5SaLAGS GKS Ayl SNSodyin 195ppSNIy=mRranthiied Cft 2 NE
polymers have only been rably synthesised since the 1990s, initially through the use
of polycondensation technique$d2], [50] selfcondensing vinyl polymerisation
(SCVHLL2], [57]and free radical polymerisation (FRP), controlled udiagnctransfer
agents (CTAs) and sometimes known as CRP techniques, are also common synthesis

routes [17], [59] Many of the developments in synthesis have focussed on
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attempting to develop synthesis routes that are fast, industrially viable, and that allow

the formation of high yields of polymer before the onset of gelation.

1.7.2.1 Branched Polymers by Condensation Polymerisation

Condensation polymerisation, a ofp@t method, uses commercially available
AB: polymers and was the first method used to produce hyperbranched polymers
without reducedrisk of gelatior[42]. In this method, outlined irschemel-6 for an
AB monomer, A groups only react with B groups and the relative reactivities of groups
A and B are equal. Theoretically, this technique is advantageous in that if ideal
selectivity betveen A and B groups is maintained, then cHigsing should be
impossible. However, in reality cretisking cyclisation and side reactions between B
groups do occuf60]. This method allows limited control of the molecular weiglit o

the hyperbranched product, resulting in a high dispersity.

Y

Schemd-6. General reaction scheme depicting single monomer methodologyoselénsation reactic
of AB monomers.

Many hyperbranched aliphatic polyesters are produced this way: a very
popular family of dendritic materials has emerged which is based on the monomer
2,2-bis(methylol)propionic acid (b#&IPA), an AB monomer [61]. This simple

aliphatic molecule is readily available in bulk quantities, and has been used to

25



Chapter I- Introduction

construct a range of hyperbranched polymers, including hyperbranched BBitorn
[62], [63] First carried out by Hudtt al.in 1993 the carboxylic acid group of bidPA
and a tetrafunctional polyol undergo a condensation reaction to form the reactive
polymer centre: subsequent reactions of the-M&A form the polymer arm§3]. A

typical structure is shown iRigurel.13
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Figurel.13. The condensation polymerisation of M$A to form hyperbranched Boltorn(H58]

1.7.2.2 Branched Polymers by Setdndensing Vinyl Polymerisation

Selfcondensing vinyl polymerisation (SCVP) was the first example of using
vinyl polymerisation to produce hyperbranched polymers:(1&hloroethyl}
ethenylbenzene, an AB type monomer where A is a vinyl group and B is a latent
initiator, was first polymerisedia a two-step process, as shown Figurel.14, by

Frechétet alin 1995[64].

\ .
B B*

external
_ activation
=\ —\ .
B B
\B X R B—C —(|3H* — Hyperbranched

Polymers

Figurel.14. Schematic of SCVP of an AB polymer to form hyperbranched polyBjers [1
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The activemonomer, which is in fact a mixture of species, is formed using
SnCjand tetrabutylammonium salt: the latter shifts the equilibrium from a free ionic
structure to a dormant covalent specieasshown inFigurel.15 As both of the
Y2Yy2YSNRA NBadzZ GAy3a NBFOGAGS OSyiNBa KI @S

hyperbranched polymers.

SnCl; =
SnCl, ra— -— = ©
Bu,NBr + + -
I nCls
*

SnCly
AB monomer Activated AB* monomer

Figurel.15. Formation of active monomer for SCVP [60].

This method was found to result in much higher yields thandeosation
polymerisation, with yields of ~80% and molecular weights in the rangg03Da.
However, the obvious disadvantage of SCVP is the need for the correct AB molecular
structure to allow the synthesis of hyperbranched polymeiss this method: this

structure is possessed by a limited number of mononfié43.

1.7.2.3 Branched Polymers by Conventional Chain Transfer Polymerisation
Free radical polymerisation in the presence of even very low concentrations
of di-functional monomer rapidly yields an insoluble, crinked network|[65], [66]
However the application of thiols (as discussed in Secfipas a CTA by Sherrington
et al. [67]¢[71] was shown to enable the copolymerisation of monofunctional vinyl
monomers with low concentrations of mufiinctional vinyl monomers in a synthesis
route now commonly knoyy ' a GKS a{ 0N} 6§KOft &8RS YSUK2R2f
in which it was conceived as shownSchemel-7. In the Strathclyde method, the
number of moleules per kinetic chain length is reduced which delays the onset of

gelation. Branched polymers may be obtained, with some polymers possessing thiol
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Schemel-7. Synthesis of branched vinyl polynterough copolymerisation of mor@and diviny
monomers via the Strathclyde method.

functionality: this thiol functionality is only imparted to approximately 50 % of the

chains, as each transfer event also terminates a chain with a hydrogen atom.

Polymers produced using this method generally exhibit poorly defined B and
poor control over terminal functionality. Attempts to improve this led to the

application of a catalytic transfer agent.

1.7.2.4 Branched Polymers by Catalytic Chain Transfer Polynueri€@CTP)

CCTP allows the polymerisation and molecular weight control of a wide range
of industrially available vinyl monomers, including multifunctional monomers,
through the use of cobalbased control agents as discussed in more detail in Section

1.6.3

Investigations into using CCTP with mfutictional vinyl monomers first
began in the 1980s with the attempted homopolymerisation of triethylene glycol
dimethaaylate (TEGDMA) using a cobalt(ll) (Co(ll)) hematoporphyrin tetramethyl
ester complex as the CTA. While soluble oligomers were produced with this method,
the resulting polymers were inconsistent and not fully characterig&i This was

followed up by the filing of a patent by Abbey1@86 using TEGDMA and iansitu
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Co(ll) catalyst, though the large quantities of catalyst used resulted in only oligomeric

products being obtainefl’3], [74]

More than a decade later, in 1998 Guan filled his first patent in the area,
detailing the homopolymaesation of a wide variety of dand tri- vinyl monomers, in
addition to their copolymerisation with a range of moemimyl monomerq75]. This
was later followed by its publication in academic literature, where the potgme
produced were noted for their low solution viscosity, high vinyl group concentrations
and the monitoring of the molecular weight through multidetector SEC, in particular
viscometry[35]. The proposed mechanism was of trimerization followed by cascade

branching, ashown inSchemel-8.

7 o
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3) Chain Transfer
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Schemel-8. Proposed mechanism for CCTP of EGDMA through cascade branching, leadir
formation of vinylterminated polymer$35].
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Meanwhile Sherringtoret al., Viscotek andneos Acrylics compared the
Strathclyde method to CCTP through the copolymerisation of MMA with tripropylene
glycol diacrylate (TPGDA). They demonstrated that polymers produced using CCTP
increased in weight average molecular weight with decreasing CTA costd@mtbut
the number average molecular weight remained constant, suggesting backbiting was

the cause, rather than branchirg4].

In 2006, Kurmaet al. reported the homopolymerisation of ethylene glycol
dimethacrylate (EGDMA) and other~dnyl monomers by CCT[P6], which was
subsequently confirmed by Haddlet¢ri7], McEwan and Smeefg8]. Haddletonet
al describe the homopolymerisation of EGDMA followed hg use of Michael
addition to functionalise the polymer, confirming the significant degree of branching
within these materials. Similarly, Smeets functionalised pEGDMA through reductive

amination to form corecrosslinked, functionalised micelles.

More recently in2012 work was conducted blyvineet al.into the synthesis
of styrenyl hyperbranched polymers through the application of CCTP to control
polymerisations which usdivinyl benzenedVB as the difunctional monome(59] .
This demonstrated thatth@ @ Yy U KS&dAa 2F | . 5. aGaK2Y2LR{feYy
one hour using high reaction temperatures (150°C) and autoinitiation, provided the
high chain transfer coefficient of BlaBF was exploited to delay gelation and the
monomer conversion was limited t056%. It was also determined that the exact
composition of the DVB mixture used affects the polymerisation rate greatly, due to

the varying monomer reactivities.
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1.8 PolymerCharacterisation

1.8.1 Gel Permeation Chromatography (GPC)/ Size Exclusion
Chromatography (SE)

1.8.1.1 Molecular Weight Definitions

Molecular weights one of a number of characteristics that are often used to
describe polymers and to measure the efficiency of the polymerisation process. There
are a number of molecular weight parameters used, the ngogimon of those being
weight average and number average molecular weight, the degree of polymerisation

and the dispersity.

The weight average molecular weightyMs an important parameter which
is often used in industry as an indicator of the mechanpakiessing properties of

the polymer, particularly the polymer viscosity., M expressed biquationl-5:
0 —_— (1-5)
where M is the molecular weight of the molecules andd\the number of molecules.

The number average molecular weight, N6 the average molecular weight

of the individual macromolecules. It is expressed as shown in iBgua6:

F — (1-6)

and indicates the average length of polymer chains.

The degree of polymerisation, DP, represents the average number of repeat

units in the polymer chains, andan be calculated by dividing the My the

Y2y2YSNRE Y2 S0dzA I NJ YIZAAS & aK26y Ay 9ljdz

31



Chapter I Introduction

0b (1-7)

The dispersityP, is a measure of the molecular weight distribution of a

polymer: it is determined by dividing My M,, as shown ifEquation 1-8:

& (1-8)
A dispersity of 1.00 indicates that the polymer is monodisperse: all the polymer chains

are equal in length, which is the best possible/ideal case.

In this work, the above metrics are all obtained using gel permeation

chromatography (GPC), otherwise known as size exclusion chromatography (SEC).

1.8.1.2 GPC/SEC Overview
GPC is a widely used technique for the characterisation of polymer molecular
weight (MW)distributions, which is achieved through the separation of polymers

according to their hydrodynamic volumes.

This separation process occurs in the column(s) (the stationary phase), which
are packed with, typically, crosslinked polystyrene/poly(divinghzgne) porous
beads: as a polymer solution (the mobile phase) flows through the column,
macromers with smaller hydrodynamic volumes access many of the pores in the
column. These macromers therefore take longer to pass through the column,
resulting a loger retention time. Correspondingly, molecules with a larger
hydrodynamic volume cannot access many of the pores and are, therefore, eluted

more quickly, as is illustrated Figurel.16.
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Direction
of flow

O Stationary phase (porous beads)

[ Molecules with hydrodynamic volume larger than pore size of stationary phase

D Molecules with hydrodynamic volume sufficiently small to access pores of stationary phase

Figurel.16. Diagram of the gel permeation chromatography mechanism.

For this work, the main detector used in the GPC was a differential refractive
index (RI) detector: this method of detection relies on a comparison of the sample
with polymer standards of known molecular weight, and the accuracy is dependent
upon the standrds and samples having the same relationship between their
hydrodynamic volume and molecular weight.  Here, polystyrene or poly(methyl

methacrylate) standards, with close to 1.00 were used.

Conventional SEC is ideal for the analysis of materialdingr architectures
which have minimal interaction with the stationary phase. However, substantial flaws
are seen when analysing ndinear materials, where the relationship between MW
and retention volume is less uniform. As the separation in SE®tistrictly
dependent on MW but rather on the hydrodynamic volume of the polymer molecule,
the calibration standards should be of the same architecture and composition as the
sample, as both of these variables have a significant impact on the retentien tim
this work, only linear standards could be obtained, hence the MW values obtained for

hyperbranched polymers using SEC must be treated with caution and largely used for
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comparison of similar polymers, rather than as absolute MW values. Forturtiely,
b values of HB polymers are characteristically large (>2), and so may be used as a

proxy for evidence of hyperbranching.

1.8.2 Nuclear MagnetidResonancéNMR)

NMR is a useful analytical technique for determining the content and purity
of a sample, as well as the chemical structures of molecules. When a compound that
contains a nucleus which possess spin, suckHa$’C, 1 and®'P, is placed in a
magnetic fidd, the nucleus absorbs energy at a specific (radio) frequency (resonant
frequency) and is promoted to a higher energy state: when the spin relaxes back to
the ground state, energy of the same specific frequency is emitted. This emitted

signal is detectednd processed in order to yield a NMR spectrum for the compound.

The resonant frequency, energy of absorption and signal intensity are all
proportional to the strength of the applied magnetic field, which would suggest that
nuclei of the same type wouldesonate at the same frequency. However, the
strength of the magnetic field that each NMiRtive nucleugxperiencess affected
by the magnetic fields generated by the electrons around it, an effect known as
shielding: generally, this shielding effeeduces the magnetic field experienced by
the NMRactive nucleus. This causes a shift in the signal of eachddlitle nucleus
which depends on the surrounding chemical environment, which is known as
chemical shift.As a result, information about the necls' chemical environment can

be derived from its resonant frequency

Chemical shift is always quoted relative to reference molecule, for example
tetramethylsilane (TMS) is often used as the proton reference frequency, and is given

a shift of zero. If aucleus is shielded by a higher electron density, it will be shifted
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upfield (to a lower chemical shift): correspondingly, if a nucleus is less shielded by the
surrounding electron density, it will be shifted downfield (to higher chemical shift).
Thus, sructural information about a molecule may be determined by understanding

the effect of different chemical environments on the chemical shift value.

Extra structural information may be obtained from NMR signals due to an
effect known as spuspin couplng, or J coupling: if neequivalent nuclei are
separated by less than or equal to three bond lengths, the nuclei can exert an

influence on each other, resulting in splitting of the NMR signal.

For polymers, NMR may also be used to determine the conversfon

monomer to polymer, and in certain cases the degree of branching of the polymer.

1.8.3 DielectricMaterials, Properties and Analysis
1.8.3.1 Dielectric Materials

Dielectric materials are electrical insulators, due to their lack of free charge
carrierswhich either possess randomly orientated dipole charges (polar dielectric
materials), or dipole moments may be induced within them by the presence of an

external electric field (nogolar dielectric materialg)/9]¢[81].

Non-polar materials are generally made of neutral diatomic molecules: in the
absence of an electric field, the molecular charge distribution is equal across the
molecule, however, when an external electric field is applied the charge distribution
respondsand moves, inducing a dipole in the material. In polar materials, the dipoles
are permanent, but, in the absence of a field, are randomly orientated such that the
overall material dipole is zero. Correspondingly, when an external field is applied, the
dipoles rotate to align with the field, leading to a net dipole moment in the material

[79]c[81].
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1.8.3.2 Dielectric Properties
The dielectric properties of a material dictate how it will respond to an incident
electromagnetic (EM) field. The complparmittivity, rR , is given byEquation1-9

below:

- ) (1-9)

The complex permittivity is used when the material is considered as a
dielectric (an insulator) with losse3he real part- , isthe dielectric constantwhich
isdefined aghe ratio of the permittivity of a mediurt) to the permittivity of vacuum

(- ), as showrin Equationl-10 below:

- — (1-10)
The permittivity, -, is a measuref the electric polarizability of a dielectric material
A material with high permittivity, and thus a high dielectric constant, polarises more
in response to an applied electric field than a material with low permittj\titgreby
storing more energy ithe material Thus, he dielectric constantlefines the extent

to which a material will store energy via polarisation

Meanwhile, the imaginary part eeknown as thadielectric loss factoris a
measure of the loss of energp a dielectric materiathrough conductia, slow
polarisation currents and other dissipative phenomerend thus defines the
YFEGSNRFETQa oAt AGe G2 TRe\paak halbfthSdiekedrz NB R
lossfactor for a dielectric material with no directurrent conductivityoccurs at the

relaxation frequency, which is temperaturelated[79], [81], [82]

The loss tangent of a material relates the dielectric loss with the dielectric
constant, and indicates the potential for a material to heat under the influence of an

applied electric field. It is defined aBown in Equation-11:
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oOE - j- (1-11)
There is always a compromise between the values ahd- if a material
has a high dielectric constant, it may not have a high dielectric loss. Water, for
example, has a relatively high dielectric constant of 80.4 at 25 °C, dttévalue
isdzali nomHo RdzS (2 | t2¢6 RASESOGNRO f2aa
25 °C is much lower at 24.3, while B4 Tvalue is 0.941, due to a higher dielectric

loss[19], [83]

Frequency can have a large impact on the dielectripg@riies of a substance,

as is illustrated ifrigurel.17, which shows the frequency dependence of water.

80

60

40

£ or S

0.1 1 245 10 100

Frequency (GHz)
Figurel.17. Dielectricproperties of water with respect to frequency at ZH83]

At low frequencies, the value efags low,indicating that no heating occurs,
because the molecular dipoles are all aligned with the incident field. As the frequency
increases, the value efaalso increases, reaching a peak at ~18 GHz (in the microwave
region): this would be the optimum frequew to apply to the watein order to heat
the sample however, due to regulations to prevent interference, a specific frequency

at 2.45 GHz must be used. Hence, the interaction is not as efficient as it could be.
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The dielectric properties of a materialaalso temperature dependent: as the
temperature increases, the molecules have more thermal energy, resulting in a
greater amplitude of thermal motion. This means that the molecules are generally
less closely aligned with each other, and that the orieotadl polarisation (and hence

dielectric constant) is therefore reduc¢83].

1.8.3.3 Dielectric Properties of Polymers

Polymers can be polar or ngolar depending on their chain geometries,
which can significantly affect the dielectric properties. For example, PNbhinyl
chloride (PV@Q, polyamide(PA and polycarbonate PG are all polar polymers, while
polytetrafluoroethylene (PTFE polyethylene (PB, (polypropylene) PP and
(polystyrene)PS are nompolar. When exposed to an alternating electric field, polar
polymers require some time for the dipolés align: at low frequencies, there is
sufficient time for alignment to occur, while at high frequencies the dipoles cannot
completely align before the field changes. Therefore, polar polymers generally have
dielectric constants of between 3 and 9 at Iérequencies and between 3 and 5 at
high frequencies. For nepplar polymers, there is no dipole polarisation: instead,
the applied electric field instead induces electronic polarisation, which is effectively
instantaneous and results in these polymeswimg dielectric constants below 3 and

no dependence on the frequency of the field oscillati8g].

1.8.3.4 Dielectric Property Measurements

The measurement of dielectric properties of materials has gained increasing
importance, finding applications in material science, microwave circuit design,
absorber developmet and biological research. It can provide useful electrical or
magnetic characteristics of materials, and monitor changes in these characteristics in

real time. For exampld, an alternating, high frequency electric field is applied to a
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chemical reation mixture, the overall dielectric response measured will be a function
of the dielectric properties of all the molecular specmesent and the interactions
between them. It is, therefore, possible to follow the progress of a chemical reaction
by montoring the dielectric changes that occur, so long as they are altered by the

reaction of interes{82].

1.8.3.5 Measurement Methods

There are numerous methods available for measuring the complex
permittivity and permeability, with each limited to specific frequencies, materials and
applications. The four most popular methods are: the sraission/reflection line
method; open ended coaxial probe method; free space method and resonant (cavity)

method.

The coaxial probe method is best for liquids and seotid materials, and is
popular due to it being simple, convenient and raestructive In this method, the
probe is pressed against/immersed in the specimen, and the reflection coefficient is
measured and used to determine the permittivityThe reflection coefficienis
defined as the ratio of the intensities of the reflected and incideraves However,
for small batch samples, the most accurate method of obtaining permittivity and
permeability is the resonant cavity method. In this method, the dielectric properties
(resonant frequency and quality factor @/ 1)) of an empty cavity are first
measured, then compared to the properties measured in the presence of a sample,

which allows the properties of the sample to be determirigdi.

1.8.3.6 Dielectric Analysis of Polymers
Dielectric analysis can be used to monitor changes in viscosity and cure state

of thermosetting resins, adhesives, paints, compssdnd other kinds of polymers or
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organic substances by measuring variations in their dielectric properties. With
dielectric analysis, it is possible to investigate the gel point, flow behaviour, reactivity,
cure, glass transition temperature, aging, degmwsition and diffusion
behaviour/properties of polymers. For example, the response of a material to the
application of an alternating electric field is a function of the dipole mobility. As a
polymer cures, the viscosity of the sample increases andrbkility of the dipoles
decreases. This causes a corresponding reduction in response signal from the sample
as the level of cure increases. Thus, dielectric analysis is ideal for monitoring a curing

process, or determining level of cure of a polymeamsle.

Traditionally, studies of polymerisations have used either offine
measurements of the dielectric properti¢®5]¢[87], or specialised detectors which
are often unsuitable for polymerisations due to their micromesized gap$88]¢
[90], which are easily blocked as the reaction viscosity increases. Howe264.4,
Kamaruddinet. al. [79] used a coaxial probe technique to accurately follow the
progress of a ringpening polymerisatin (ROP): over a broad range of temperatures
and viscosities, the system clearly identified the onset of polymerisation, induction
periods and engoints of the polymerisations. This allowed the reaction to be
conducted for the ideal time period, thus @iing the reaction throughput, the
energy efficiency and the product end quality to be maximised. Additionally, by
relating the insitu measurements to a calibration curve, it was shown that reaction

rates achieved experimentally could be determined.

1.9 Owerview of this Thesis
Theresearch presented in this thesis focuses on three different topics of work,

which all stem from a novel synthesis method for hyperbranched polymers: the
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development and characterisation of new polymers for use as engine oil lubricant
additives; investigamg interesting new biologically active polymers and overcoming
issues with their scatap; and investigating the control of new monomer

combinations for a wide variety of applications.

In the first section of work, chain transfer polymerisation (CTP) 6fra
forming monomer with both macromeric and thiolic control agents has been
implemented. The aim was to produce hyperbranched (HB) polymers which were
soluble in the solvent of choice (engine oil) and which formed protective films on
engine surfaces, ile also proving the industrial viability of the methodology chosen.
To accomplish this, the control agent had to be carefully selected and the level of
incorporation of the control agent into the HB polymer optimised. Also, in
collaboration with BP/Cal, the resulting HB polymers were to undergo extensive
tribological testing, to determine their suitability as engine oil additives. In addition,
the polymers were synthesised at scale, and their performance compared with those
produced at smaller stes. Finally, new characterisation methods were investigated,
to help fasttrack future copolymer formulations and monitor battb-batch
repeatability at scale. This work has the potential to produce industrially viable
additives, which result in redudeengine wear and thus improved lifetimes and

efficiencies.

The next area of research focused on investigating theapijaications of
various monomers and monomer combinations which had been previously identified
as bicactiveviascreening processed.he aim was to optimise and scale the synthesis
of the hyperbranched polymers for use as dudicteriatattachment and prestem-
cellattachment coatings. To achieve this, various polymer control methods were

employed on the dfunctional monomer, tricycldecanedimethanol diacrylate
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(TCDMDA), to optimally functionalise the polymer for each application. These
functionalised hyperbranched polymers were tested for biological activity and, in one
case, investigated as a feedstock for additive manufacturinggases. This work will
enable functionalised HB TCDMDA polymers and copolymers to be reliably and easily

synthesised for various future applications.

Finally, the development of alternative functionalised copolymers for use in
engine oils or metal working fluidsia macromer controlled chain transfer
polymerisation was conducted. The aim was to develop clebngiing and/or anti
fouling lubricant addives for future testing at BP/Castrol, and to further demonstrate
the flexibility of the macromer and thiol control methods. This was achieved by using
monomers which contained an increased oxygen content or the previously identified
anti-fouling monomer TCDMDA. This work was conducted in order to help reduce
the economic and environmental impact of both engine oil burning and wlzdsed

filtration systems.
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2 Chapter 2: Experimental Methods

2.1 General Syntheti¢®rocedure
2.1.1 Materials

Unless otherwise stated, all reagents were used as received and without
further purification, and all procedures were conducted under an inert argon

atmosphere using standard Schlenk line techniques.

2.1.2 Chain Transfer Polymerisation (CTP) of Menar Dt functional
Monomers

The required quantities of monomer(s), initiator, chain transfer agent and
solvent were introduced into a Schlenk flask equipped with a magnetic stirrer bar.
The mixture was degassed with an inert argon atmosphere for at least 30 minutes
then the reaction vessel was immersed in a-peated oil bath, which was
thermostatically controlled to remain at the required reaction temperature. After the
required reaction time, the vessel was removed from the heat and quenched in an ice

bath to prevent further reaction.

In the case of dfunctional monomers, the reaction was run once until
gelation occurred, then was repeated, with the reaction being quenched at least 5

minutes prior to gelation to ensure maximum conversion was reached.

Once he mixture was cooled, polymeric product was isolated by adding the
solution dropwise to a cold arsiolvent and collecting the resulting precipitate via
filtration/decanting The resulting polymeric product was then dried to constant
mass. If the produowvas oligomeric, the product was either not isolated or isolated

using vacuum distillation.
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2.1.3 Note on Gelation:

Gelation was defined as the point at which the solution ceased to be a free
flowing, easily stirred liquid and became a rubbery/solidified Gels point was a
readily observable change in physical form apparent through visual inspection.
However, gelation was confirmed by withdrawing a small sample and attempting to
dilute it in chloroform. Where gelation had occurred, material presented asraon
dissolvable particles in the resulting solution. The time at which this occurred was
defined as the gelation time and represented a change from an

oligomeric/hyperbranched system to an extended crisked system.

2.1.4 Gel Permeation Chromatography:
Gel permeation chromatography (GPC) was performed using a refractive
index (RI) detector with HPLC THF as the eluent. Analysis was performed at 40 °C with
I Ft26 NIXGS 2F wm Y[ -Mdolranswith & ddlbdaidiKranges 2t 2 f
2F py408 @a caliated with 10 poly(styrendpoly(methyl methacrylate)
narrow molecular weight distribution standards. All GPC equipment and standards
were supplied by Polymer Laboratories (Varian). GPC data wereseahalging the

Astra offline software package.

2.1.5 NuclearMagnetic Resonance:

H nuclear magnetic resonance (NMR) spectra were obtained ins 6BCI
either a Bruker Av40@nd CHMNMR 400@00 MHz) spectrometer. Chemical shifts
are referenced against residual solvent signal (1 H = 7.26 ppm) and processed using

the MestReNova software package.
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2.2 Experimental Methods for Chapter 3
2.2.1 Materials

Divinylbenzene 80% (D\8, technical grade, 80% difunctional mononmer (
and p-DVB), 20% monofunctional monomer-(and 4 ethylstyrene)), lauryl
methacrylate (LMA, 96%, 500 ppm nwonethyl ether hydroguinone (MEHQ) as
inhibitor), lauryl acrylate (Technical Grade 90 %160 ppm MEHQ as inhibitor),
stearyl methacrylate (mixture of stearyl and cetyl methacrylates, contains MEHQ as
inhibitor), stearyl acrylate (97%, contains 200 ppmEHD as inhibitor), -1
Dodecanethiol (DDM, 98%+), cyclohexanone (99%-+), toluene (99.8%), deuterated
OKt 2NRPTF2NY OdhppPy::b0 X G§SGONF K& RNB FdzNI vy
Azobis(isobutyronitrile) (AIBN, 98%-+) were all purchased from Sidaniah. High
purity argon was purchased from BOC gases and
Bis[(difluoroboryl)diphenylglyoximato]cobalt(ll) (CoPhBF) was obtained from DuPont.

Durasyn®164 hydrocarbon base oil (PA04) was obtained from BP Castrol.

2.2.2 Synthetic Procedures

Note that for polymerisations contaimj DVB, no thermal initiator species
was added, as DVB is salifiating at 150 °CGhapter 3, Section 3.1.3 Where a
catalytic chain transfer agent (CTA) is used, the process is known as catalytic chain

transfer polymerisation (CCTP).

2.2.2.1 Direct Cepolymersation of DVB and Lauryl/Stearyl Meth/Acrylate via CCTP:
Copolymers were produced through the CTP of DVB (2 ml, 1.828 g) and either
LMA, LA, SMA or SA (8 mL) using a catalytic chain transfer agent (G@&hBF The
desired quantities of these monomeand cyclohexanone (10 mL, 9.48 g) were used.
A reaction temperature of 150 °C was used. The repeat reactions were quenched 15

minutes before gelation was known to occur. The products were precipitated in cold
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(0 °C) methanol and collected via filtratitm provide a brown/white, viscous liquid

(colouration due to PhCoBF), which was then dried to constant mass.

2.2.2.2 Oligomerization of monfunctional LMA via CCTP

A solution of mixed LMA oligomers was synthesiséal CCTP of LMA
monomer (100.00 mL, 80 g). Tehe solvent (5.00 mL, 4.335 g), PhCoBF CTA (78.0
mg) and AIBN initiator (866 mg, 5.274 mmol) were also used. Oligomers were
targeted using relatively large quantities of CTA and initiator. A reaction temperature
of 80 °C was used. After 24 hrs, the teactwas quenched, and averageoligomer

concentration of 40% was obtaineth HHNMR

2.2.2.3 Preparation of Purified Lauryl Methacrylate Oligomers

A crude oligomeric solution of LMA was synthesised by the procedure
outlined above: the crude product wésen vacuum distilled to increase the oligomer

concentration in the solution to 81%.

2.2.2.4 Copolymerisation of DVB and LMA Dimer via CTP

CTP of DVBO (12.5 mL, 11.4 g, 0.088 mol), was conducted using LMA
oligomer (50 mL, 43.4 g) as the CTA and a cyclohexaombrens (10 mL, 9.48 g) at
150 ° C for 35 minutes, followed by precipitation in cold (0 °C) methanol. The resulting
precipitate was collected via filtration to provide a brown/white, viscous liquid

(colouration due to PhCoBF).

2.2.2.5 Polymerisation of DVB vidRZUsing Thiol CTA

Polymeric DVB was produced by reacting DVB monomer (1 mL, 0.914 g,
0.0070) and 60 mol % DDM (1.009 mL, 0.948 g, 0.0047 mol) in cyclohexanone solvent
(1 mL, 0.948 g) at 150 ° C for 360 minutes, followed by precipitation in cold (0 °C)
methanol. The resulting precipitate was collected via filtration to provide a white,

viscous liquid.
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2.2.3 Application Testing

lff GNROo2ft23A0FE LI AOFGA2Y GSaday3
Products Technology (FPT). Durasyn@bfalphaolefina hydrogenated synthetic
hydrocarbon base fluitbr use in fully and partially synthetic, premium, ledigin
lubricating oils, industrial oils, hydraulic fluids, transmission fluids, or heat transfer
fluids, was used as the control in all tests. Thedtogical features for the polymers
produced were tested under hydrodynamielastohydrodynamicand boundary
conditions in order to test the viscosity of the solutions, and film formation at

surfaces.

2.2.3.1 Solubility Testing

The solubility of different polymengroduced in the above test methods was
analysed through adding a small amou@tl(¢ 5.0 wt % of the produced polymer
into Durasyn®164. The tests started at room temperature, and then with stirring, the

temperature of the Durasyn®164 was increased ifiCLintervals.

2.2.3.2 Viscosity Measurements

Kinematic Viscosity (KV)

The kinematic viscosityt, 2 F  F Y G SNA I € Ad I YSI adzNE

resistance to flow under gravitational forgesnd can also be related to the dynamic

viscosityas shown in Equation 2.1:

f - 0> (2-1)

where, ‘ is the dynamic viscosifN s/n?),” is the densityKg/mq), 0 is thecapillary
constant andod is the measured flow time The kinematic viscosity is commonly

quotedin centiStoke(cSt) where 1 ¢St = 1 nfs.
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The KV of the polymeric materials produced was measured by passing
concentrations of polymer of 0.0, 0.25, 0.5, 1.0 and 5.0 wt%, dissolved in base oil,
through a glass capillary viscometafr known 0 (shown inFigure2.1, top leff)
suspended in a thermostatically controlled water bath. The time taken for a known
volume of the solution to pass through the capillary at a given temperaturevas
recorded aml this produced the viscosity. This kinematic viscosity was recorded at 40
°C and 100 °C (KV): the results were reported in centistokes (cSt), using the methods
outlined in ASTM D445. During the KV measurement, the lubrication regime is

hydrodynamic

Cold Cranking Simulator (CCS)

Stabilise & water bath &t 40°C

or 100°C Cold Start Conditions

+C

Allow oil to fall under gravity
and measure time taken for s
meniscus to pass from one
line 10 next

-
Shear Rate 104 s Test temperatures

from 0 to -35°C

Measures kinemsatic viscosity
(no force applied)

Show's oil flow in anengine

Bearing Lubricant Regime

Shear Rate 10 s

Industry Minimum 2.3 - 3.7 cP

Fgure2.1. Top left: image of KV apparatus. Top right: diagram of CCS apparatus. Bottom: diag
high temperature USV shear apparatus.

The CCS, shown Kigure2.1 (top right) measures the apparentdynamic
viscosity of oil at temperatures fro35 °C to5 °C.The dynamic viscosity, is given

by Equation 22:

B (2-2)
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where t is the shear stress (Nfnand is the shear rate (§ within the fluid. It is

often quoted in catipoise (cP), where 1 cP = 0.001 N%/m

The CC$® a high shear method designed to simulate the oil viscosity under
cold starting (cranking) conditions, such that the lubrication regime is hydrodynamic.
The CCS contains a temperature controlled (dlgoomled) pot test chamber. The
motor-controlled stator is housed within the chamber. The CCS uses a vacuum pump
to inject the test sample into the test chamber, where it is cooled to the required test
temperature. A motor stator with a constant currentsartedat a known shear rate
(). The resistance of the stator in the samfigat the test temperature is converted

into viscosityusing Equation 2.2.

In this work, the CCS was used to measure the appahgmmicviscosity of
polymeroil solutiors at concentrations of 1 and 2 wt% 85 °C. The test method

used was ASTM D5293.

Ultra-high Shear Viscosity (USV):

Unlike kinematic viscosity, USV viscosity is measured under conditions similar
to those of an operating engine. The test is conducted at up to 150° C under shear
stress conditions similar to those found in very thin film lubrication areas, and as such
in the hydrodynamic lubrication regime. An example is the pistontoagylinder wall
interface. The value obtained from this test provides an indication of the ability of the

oil to maintain fluid film strength in an engine.

The dynamic shear viscosity of the polymeric materials produced was
measured at 80, 100 and 150 °C, over a shear range frém 1@ s* using an Ultra
Shear Viscometer shown kigure2.1 (bottom), which emplogd a coaxial cylinder

system with a cylindrical rotor and stator. A brief shearing interval (typically 30 ms)
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minimised shear heating in the lubricangnd allowedthese high shear rates to be

achieved. The test method used was ASTM D4683.

2.2.3.3 Film Formation ad Wear Measurement

Mini Traction Machine (MTM):

The MTM, shown iifrigure2.2, is a multipurpose instrument for measuring
friction and traction propeiies of lubricated and unlubricated surface contacts under
a wide range of rolling and sliding conditions, often in the mixed lubrication regime.

¢tKS at¢a A& dzaSR G2 RSGSNXAYS GKS FTNROGA 2y

recorded in the form o& Stribeck curve for metglmetal contacts.

microscope +

spacer layer coated disc
Load Sensor

Traction Sensor

steel ball

Standard Specimens %
(Disc and 3/4° ball) steel disc

Wear Sensor

G—— heaters

Figure2.2. Left: schematic of MTM machine. Right: blown up diagram of equipment involved in MT
wear, film formation and friction coefficient measurement.

The MTM uses the frictional force between a rotating, highly polished
spherical ball and an independently rotating highly polished glass disc. The ball is
placed on the face of the disc in a reservoir of material to be measured tiiecpall
and disc are rotated to produce a rolling/sliding contact. The temperature of the
reservoir can be increased, to allow for measurement at different temperatures.
Measurements of the friction coefficient may be used to produce Stribeck cuites.
coefficient of friction (COF) is a dimensionless number that is defined as the ratio
between friction force and normal forceThe term Stribeck curve is used to describe

a plot showing the frictional characteristics of a liquid lubricant over conditicually
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spanning theboundary, mixed andhydrodynamic regimegsee Chapter 3Section

3.1.1.9.

The MTM was also equipped with Spacer Layer Image Mapping (SLIM). SLIM
is a camera and processing system used to investigate the formation of organic films
on the surface of the ball. Inorganic film formation is effectively mapped throughout
the test using optical interferometry. The higbsolution digital image of the contact
is captured: the colour information is then used to determine film thickness mvithi

the contact.

In this work, he ability of theHBpolymeroil solutions to form surface films
was measured using the MTM. A force of 40 N was applied between the ball and the
disc, which were then rotated at a speed of 100 mhfos 1 hour and 30 minutes with
a slide/roll ratio (SRR) of 50 %, to ensure both surfaces were covered with the oil
solution. The speed of the rotation was then increased to 3200 mransl then
reduced to 10 mm $at 30 °C temperature intervals betwee® § 120 °C, while
measuring the frictional coefficient to produce a Stribeck curve of frictional coefficient
against speed of rotation. Interferometry images were taken before and after the
Stribeck curve was measured: the colour information was then tesddtermine film

thickness within the contact after each step.

High Frequency Reciprocation Rig (HFRR):

The HFRR, shown figure 2.3, is a reciprocang tribometer, originally
designed for analysing the lubricity of diesel fuels, but often used for screening the
lubrication performance of engine oils and additives which are active in the boundary

lubrication regime.
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High frequency reciprocatingrig
{HFRR)
® Incrementa incregsesin
temperature
— Standard test: 40-140 °C,
— Hightemperature: 60 -270°C
* load: 400 g
s Frequency: 40 Hz
® Stroke length: 1 mm

Figure2.3. Diagram of HFRR apparatus.

The HFRR was used to determine the wear rate of the polymers. A 6 mm
diameter steel ball was pressed with fixed force (load 400g) onto a steel plate of
defined hardness and surface roughness, and moved back and forth via a bracket in a
path of the oil tobe tested, with a frequency of 40 Hz and a stroke length of 1 mm.
The temperature range used was 440 °C. The movementcuredl G G KS Wol f
SN A0 NRY GKS RAL YS(vidihe HARRW#HUS. TheSieddd & O N
wasnon-linear due to thespherical nature of the test piece. Poor lubrication results
in a larger wear scar, resulting in a lower surface pressure between the ball and steel

plate. From this, the coefficient of frictiofsee pg. 77was determined at each

temperature.
ElasteHydrodynamic (EHD) Film Thickness Rig:

EHD rigs are used to measure the film formation/viscosity properties of a
formulation in the elastohydrodynamic lubrication reginfgee Chapter 3, Section

3.1.1.4)

Optical interferometrywasused to measure th@olymey/ oil film thickness
between a steel ball and glass disk at very high contact pressure cond@gasown
in Figure2.4. Tests were rumising a protaol of running from low speed to high speed
(ascending speed) followed by measurements at reducing speeds (descending

speed). These tests were run at 100°C under pure rolling conditi@antact stress
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rotation
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Figure2.4. Diagram of EHD Film Thickness Rig.
in the EHD contaatasapproximately 0.5 GPa and shear rate in the inlet regian

approximately 10to 10’ s™.

2.2.4 Film Formation Data Analysis

The thickness (nm) of the film formed by thebricating solutions was
measured by interferometrySLIM)at each coordinateof a circular grid of fixed
radius, centred on the exact middle of the wear scar. This data was plotted in 2D and
3D for each step of the MTM measurement. For the 2D scattds pthe data was
binned (i.e. grouped into a smaller number of consecutive interyals) allow
significant variations in the film thickness in each image to be observed more clearly.
The mean, standard deviation, minimum and maximum thickness vatoglated for
each measurementAll analysis and visualisations were conducted using Python 3.7

scripts with Matplotlib visualisation libraries.

2.2.5 Dielectric Monitoringg Cavity Perturbation

0.5g of DVB.MA copolymer (2:8 and 1:9 v/v) was dissolved imi8 of
cyclohexanone. The samples wesent to Dr Alexis Kalamiotis (Faculty of
EngineeringUniversity of Nottinghafto carry out the dielectric measurements. The

cavity perturbation techniqul] was selected for this study due to the physical form
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of the samples. The experimental setup consisted of a copper resonant cylindrical
cavity (dimensions: diameter 570 nm, height 50 nm) thasattached to an Agilent
Technologies E5062A Vector Network Analyser, capable of producing standing waves
in the caviy around 2.45 GHz. Quartz tudbeere used to hold the samples during
measurement. First the empty quartz tube was inserted into the rig and
measurements were recorded against it with varying frequencies. Then the sample
was placed into the rig via the tuh@aced on a step motor for measurement. The
cavity has Thho identified modes at 912 MHz, 1429 MHz, 1949 MHz and 2470 MHz.
The samples were studied over a temperature range af 280 °C with a step interval

of 10 °C. Each sample was measured thraesi

2.2.6 Liquid Handler System

Solutions of PAO4 base oil and séstuck DVB_.MA copolymer, in a ratio 2:8
(v/v) DVB:LMA, were prepared with polymer concentrations of 0.5, 1.0, 2.0 and 5.0
wt%. These samples were sent to Dr Zuoxin Zho (Centre for Additineflsicturing

(CfAM), University of Nottingham).

2mL of these samples were then loaded into a liquid handling machine. The
liquid handler is a high throughput technique, which enables the testing of 96
formulations per 13working hours A fourchannel ljuid handling apparatus
(Microlab STARIet, Hamilton Robotics, Inc.) was u3dw liquid handler utilized air
displacement pipetting as the mechanism of operation, which is similar to a handheld
electronic pipette system. As the piston moves up withingchannel, the air pressure
is reduced, and the liquid is aspirated into the tip by the atmosphere pressure at a
controlled flow rate. The liquid handler is calibrated by the manufacturer to ensure
the flow rate is accurate. Each of the four parallel pipethannels was equipped with

a pressure sensor to monitor pressure change during the overall process, i.e. during
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both aspiration and dispensing of the sampl@hepipettes automatically inject the
required quantities of each component into a well plateen the plate is heatedo
the chosen temperature for the required length of tim&he pressureequired to
aspirate the resulting solutiois then measured This pressure can then be used to
determine the solution viscosity. The viscosity of the paysamples was measured

at 40 °C: each test was repeated 3 times.

2.2.6.1 Calculative Procedure to Determine Viscosity From Aspiration Data

The pressure required to maintain a constant aspiration rate depends on the
physical properties of the liquid and the geotmeof the pipette. In this study, the
pipette used was a twgart conical frustum. At a given timé)(the radius R) and
height ) of the front surface of a liquid aspirated into the bottom part of the pipette
were calculated The pressures of the liquid were subjected to in the tip can be
defined using Bs = Piow ¢ Phead G Phterfaces WherePgaswas gas pressure in the
channelPiowwas the pressure drop caused by liquid flowing into the
pipette, PreagWas the difference ithe gravitational head pressure between the liquid
levels inside and outside the pipette, aRderracewas the pressure drop across the
interfacial boundary due to the surface tensiomheHagenPoiseuille equatiomvas
used to relatePiow With viscosiy of the fluid if each incremented section of the pipette

was simplified as a cylindrical pipe.

The above analysis was conducted usingathematical modelgenerated
using MATLAB 2016a (MathWorks, Iramf developed by Dr Zuoxin Zhou (CfAM,
University ofNottingham)to fit the experimental pressureP{.) vs. time data. The
sum of the square of the residual between experiment and analytical expression was
taken as a minimization objective; experimental parameters, such as pressures and

time, were taken asariables. MATLAB was used to apply a legstaire method was
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applied to minimise the objective. The computation was performed with MATLAB
Hamcl 2y + LISNE2YFf O2YLlzi SN / dzZNBS FAGGA

a consequence of thectual volumetric flow rat@ot being sufficiently accate

during the transient stage when the liquid starts to aspirate into the pipette. The
influence of ReraceiS Small in comparison to the other contributions beyond the

iGN} yarsSyda LINR2NJ 62 mn & FyR Fa | O2yas|
tension and contact angle were neglected during the curve fitting procedure. With a

known density, the viscosity was determined using the curve fitting to best fit to the

experimental datd2].

2.3 Experimental Methods for Chapter 4
2.3.1 Materials

Tricyclg5.2.1.02,6]decanedimethanol diacrylate, (TCDMDA), butyl acrylate
0. ! I xddir 60 Epe yhdnbmiethy etherrhydroquinone as inhibitor), butyl
methacrylate (BMA, 99%, contains gpm monomethyl ether hydroquinone as
AYKAOAG2ND S O Off &K\BE I ¥y BP By d0okIp iR VK {i2NR2 Y S i |
RSdzi SNI SR OKf2NRBT2NY O xdphpPy: > 0 Zisoprdpyl NI K& RN.
alcohol (IPA, >99%), methyl butyrate (9984)ercaptopropionicacid@ t ! = X ddi’z 0 X
1-R2RSOIFIYySOKA2f oA&c@&?2 apdzld® NH WARG NAZIHS) 06! L. b
purchased from Sigmaldrich. Highkpurity argon was purchased from BOC gases and
Bis[(difluoroboryl)diphenylglyoximato]cobalt(ll) (PhCoBF) was obtained from DuPont.
Industrial methylated spirit (IMS) was obtained rfrothe School of Pharmacy.

Deionised water was obtained directly from Chemistry stores.
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2.3.2 Synthetic Procedures
2.3.2.1 Oligomerization of monrfunctional BMA via CCTP

Oligomerization here refers to the production of macromers (BMA
Oligomers were targeted tbugh the use of relatively large quantities of CTA and
initiator. BMA monomer (20 mL), toluene solvent (1 mL), PhCoBF CTA (800 ppm, 8
mg) and AIBN (1.0 wt%, 89 mg) were reacted at 80 °C for 24 hrs before quenching
according to the procedure outlined i8ection 2.1.2 Monomer conversion was

achieved in the range 2225 %.

2.3.2.2 Polymerization of TCDMDA via CTP

CTA usedncludedthiols (3-MPA or DDM) or PRCABF. The diunctional
TCDMDA monomer, toluene solvent, required CTA and AIBN initiator were reacted a
65 °C and quenched I minutes prior to the gelation time to prevent crosslinking.
The product was isolated using a cold (0 °C) hexane antisolvent, and was collected via
filtration and dried to constant massccording to the procedure outlined in Sect

2.1.2.

2.3.2.3 Copolymerization of TCDMDA and BMA Macromer via CTP

Degassed TCDMDA (2 mL), toluene (9 mL) and AIBN (0.5 wt %) was transferred
to a Schlenk flask containing BMA macromer (BMA mL), a magnetic stirrer bar
and an inert argon atmosphere. Thesulting solution was heated to 65 °C by
immersion in a préheated oil bath until gelation occurred at 155 minutes. The
reaction was then repeated and quenched after 140 minutes to prevent gelation. The
polymeric product was collected as described abg8ection 2.1.2using a cold

hexane antisolvent.

83



Chapter Z; Experimental Methods

2.3.2.4 Two Photon Printing of Scaffolds of HB pTCDMDA Synthesised via CTP

All work on formulation and printing was conducted by Andrea Konta (CfAM,
University of Nottingham).

Formulations were prepared in 5ml amber glass vials kire&/environment.
Formulations containing only linear PEGDA or TCDMDA were prepared by adding the
monomer to the vial, followed by the previously weighted amount of photoinitiator.
The vial was lefitirring on a hotplate at 61 for 1hour. Formulations containing only
hyperbranched materials were prepared by adding the polymers to the vial, followed
by the photoinitiator amount and leaving the vial stirring forhaurs at room
temperature. Formulations containing both hyperbranched polynagrd linear
monomer were prepared by adding the materials to the amber vial and mixing them
at low stirring on a hotplate for hour. Once well mixed, photoinitiator was added to
the vial and the formulation was left stirring for anotheh@ursat room temperature.

Structures were printed using a commercial tploton system (Nanoscribe
Photonic Professional GT) equipped with a A80wavelength fibre laser, a pulse
frequency of 80MHz, and a pulse duration of 128 The laser beam was focused with
an oilimmersion objective (63X, Numerical Aperture (NA) =1.4). The structures were
manufactured by moving the laser beam Y Xlirection with mirrors and by moving

the piezo stage in the Z direction (printing in gataode).

A glass coverslip was used as thbdrate for printing. Thus, a drop of the
test formulation was loaded onto the coverslip which was then then mounted into
0KS Htt aeadsSyQa al YL S K2t RSN ¢KA&A gl a
allow printing to commence. The structures weresdmed on AutoCAD software. To
eliminate unpolymerized material being retained in the final structures, the

specimens were washed after printing by immersing the samples in propylene glycol

monomethyl ether acetate (PGMEA) for betweearl24 hours. Thestructures were
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then thoroughly washed in isopropanol for ffinutes to remove any residual

solvent and andried.

2.3.2.5 Biocompatibility Studies of HB pTCDMDA Scaffolds
LIVE/DEAD Biocompatibility testisd all associated work wpere performed

on HBpTCDMDA ptied scaffolds by DAdja Toure (CfAM).

3T3 cell cultures

3T3 fibroblasts were harvested and cultured from mi@dter thawing, the
3T3 cells were grown in Alpha MEM Medium (BioWhittaker Reagents, Lonza
Walkervillelnc, United States)Cell culture media was complemented with 10% foetal
bovine serum (Sigma Aldrich; UK), 1% antibiotic and antimycotic (100 mg/ml
penicillin, 100 mg/ml streptomycin, and 0.25 mg/ml amphotericin B; Sigma Aldrich;
UK) and 1% of-Glutamire (Sigma Aldrich; UK). Cell cultures were maintained in
T75cm?2 flasks (Costar, Corning Inc., Corning, NY, USA) in standard culture conditions
of 37°C and 5% GQCcells were passaged every 3 days after harvesting them by
trypsinization using 0.05% TrypdTA solution (Gibco R, Fisher Scientific UK) at 70%

culture confluence and further sutultivated into culture flasks.

Preparation of the samples for direct viability assessment

The scaffolds were sterilised using tadiationfor 20 mirutesthen rinsed3
times usingohosphatebuffered salingPB$% Following this step, the scaffolds were
covered with 2.5 mL of media and placed in an incubator under standard culture

conditions of 37°C and 5% £0O

Cell seeding

3T3 cells were counted using the TrypaneblisigmaAldrich, UK) and a

hemocytometer. 10000 cells were seeded on top of the scaffolds placed in a 6 well
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plate. Well plates were incubated under standard conditions of 37°C and 5%CO

24 hours.

LIVE/DEAD Staining protocol

A solution of 2 yM daein AM and 4 uM Ethidium homodimér(EthD1) in
PBS was prepared. Media was removed from the scaffold and the ssaffele
delicately washed once with PBS. Staining solution was then added, and the well plate
was incubated for 1 hour. Fluorescence ragzope images were taken using a Leica
fluorescence microscope and a Lumen dynamic Mercury Source at an exposition of

500ms.

2.3.2.6 UV Polymerisation of TCDMDA and BA and Well Plate Preparation

All work conducted on Uihitiated polymerisations was competed Hyr

Jordan Thorpe and Dr Aishah Nasir (School of Pharmacy, University of Nottingham).

First, the tissue culture plastics (well plates) were etched using oxygen plasma
for 10 minutes, at 100 W and 2xdf@bar. Next, the monomer anghotoinitiator
solutions were prepared. The correct volume of monomen(L®6-well, ~125uL 6-
well, in 2:1 viv TCDMDA:BA) were pipetted into the wells. Photoinitiator solution,
which was heated to fully dissolve the photo initiator, was then added ¢éovikll at
a concentration of 1%. The monomer/initiator solution were degassed for 15 minutes
at 30 °C using a sonicator. Argon gas was run over Hgasted monomer solution
for several seconds before closing the scintillation vidde monomer solutins were
then applied to the tissue culture plastic inside a glove box. First, the plates and
solutions were taken into the main chamber, where the oxygen levels were controlled
to be>XXH n n ThHeJvichomer was applied to the well plates, then irradiatéth
UV for 60 minutes, with the bulb raised approximately 20 cm. The plates were then

removed from the incubation chamber. Finally, the plates were washed to remove
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any residual toxic reagents and unreacted monomer. The plates were washed with
IPA three times, then with DI water three times. The plates were then incubated with
2-3 mL DI wateat 37 °C in an oven for at least 48 hours. The DI water was changed

every 24 hoursifter performing five washes with Db®Hper 24hours.

2.3.2.7 Summary of Stem Cellltire Well Plate Preparatidar HB Polymer

To prepare polymer/solvent solutieat 35 g/L, 42.08 mgof the polymer was
first weighed into vial. Amicropipettewas usedo add 1.2 mL of solvent tihe vial.
The vial was plced on vortex machine to help dissolve polymer at room temperature.
If elevated temperature was required to enable polymer dissolution, the vial was
heated with stirring in an oil bath. Asual inspectiorwas usedo ensurethat the

polymerwascompletely désolved.

To prepare well platgand check for solvent compatibilitthe well plate was first
placedon a shaker. A micropipettewas usedi 2 +F RR wmpn >[ 2F LkRf
solution into each well.Complete coverage of weillvas ensuredsia by shakinghe
plate manually if necessaryThe plates werelbbwedto dry in fume hood overnight
then washedwith IMS and DI ¥D three times. The plates were then soakied?-3
mL DI HO over 48 bursat room temgerature. Following each washing/soaking step,
the plates were visually inspected for argsidualodours whitening crazingcracking

or general opacity.

Subsequently,dr plates not displaying crazing/cracking/whitening/smell at this
point, the plates were washedith IMS and DI ¥ three more times, thenrcubated
in 23 mL DI D at 37 °C for 48 durs, to ensure all remaining residual
monomer/solvent was leached out. The plates were once again visually inspected for

surface effects.
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The following work was conducted by Dr Thorpasit (School of Pharmacy).

To prepare the plates for cell culture, they were sprayed inside and out with 70% IMS.
The plate lid and wells were then soaked in 70% IMS for 20 minutes at room
temperature in a class |l tissue culture cabinet. The IMS was rdraoved with a
glass aspirator and rinsed three times with DI water. The plates wesasgended

with DI water, UV sterilised (with lids on) using a tissue culture safety cabinet UV lamp
for 30 minutes, then placed in an incubator overnight. The glatere then rinsed

with DI water 3 times before further use. The plates were thenipcabated in E8
supplemented withn > a -27632 (ROCKITocrisBioscience #1254/10) for 160

minutes at 37C.

2.3.2.8 Stem Cell Growth Studies

All cellculture preparationswere performedby Dr Thorpe/Dr Nasir (School of
Pharmacy)n a type |l Biological Safety Cabiaetd humidified incubator, at 37°C and
5% CO2 (Heracelhluman pluripotent stem cellqiPSCswereroutinely maintained
in E8 medium (Lifeechnologie#A1517001) on 1:100 MT (Corning #356285gted
plasticware (Nunc)andwere removedfor seedingonto prepared polymer plate
usingTryPLECellswerethenNB & dza LISY RSR Ay 9y & d2ueBX SYSy (i S
(ROCKIiTocrisBioscience #1254/10) arsteded onto polymer plates (~70K/well).
Cellswere cultured toconfluency(usually 72 hjvith media exchangedaily (without

addition ofROCKi)Serial passages are achieved ugingPLE.

2.4 Experimental Methods for Chapter 5

2.4.1 Materials
Divinylbenzene 80¥®VR80, technical grade, 80% difunctional mononmer (

and p-DVB), 20% monofunctional monomer- (&nd 4 ethylstyrene)), lauryl
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methacrylate (LMA, 96%, 500 ppm MEHQ as inhibitor), ethylene glycol dimethacrylate
(EGDMA, 98 %, 9010 ppm MEHQ as inhibitor), di(ethylene glycol) methyl ether
methacrylate (DEGMA, 95 %, 100 ppm MEHQ as inhibitor), diethylene glycol dimethyl
ether (diglyne, anhydrous, 99.5 %), toluene (99.8%), deuterated chloroform
(99.8%-+), tetrahydrofuran (THF, anhydrous, 99%-+), acetone (>95.5 %), methanol
(>98.5 %) Yy R -Azdbis(iobutyronitrile) (AIBN, 98%+) were all purchased from
SigmaAldrich. Higkpurity argon wa purchased from BOC gases and
Bis[(difluoroboryl)diphenylglyoximato]cobalt(ll) (@tBF) was obtained from DuPont.

Durasyn®164 hydrocarbon base oil (PA04) was obtained from BP Castrol.

2.4.2 Synthetic Procedures
2.4.2.1 Oligomerization of monfunctional LMA and DB via CCTP

Solutions of both mixed LMA oligomers and DEGMA oligomers were
synthesised/ia CCTP of LMA and DEGMA monomespectively (see Section 2.1.2)
For the LMA (100.00 mL, 80 g), toluene solvent (5.00 mL, 4.335 g), PhCoBF CTA (78.0
mg) and AlBNnitiator (866 mg, 5.27 mmol) were also used, while for the DEGMA
(5.00 mL, 5.10 g), diglyme solvent (0.25 mL, 0.24), toluene solvent (0.25 mL, 0.25 @),
PhCoBF CTA (6.0 mg, 1000 ppm) and AIBN initiator (51 mg, 1.0 wt %) were used.
Oligomers were targetedsing relatively large quantities of CTA and initiator. A
reaction temperature of 80 °C was used. After 24 hrs, the reaction was quenched,

and an oligomer concentration of 40% was obtained.

2.4.2.2 Synthesis of DVB/DEGMECDMDA/LMAnd EGDMA/LMA copolymers via
CTP

All CTP reactions were conducted following the standard synthesis method

outline in Section 2.1.2.
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CTP of DVB was conducted using DEGMA oligomer as the CTA, with volume
ratios of DVB:DEGMA of 1:9, 2:8, 3:7, 4:6 and 5:5 (v/v). Cyclohexanone solirent (1:
v/iv with DVB) was also used. Each mixture was reacted atQ@%@tween 10 minutes
(5:5 viv) and 90 minutes (1:9 v/v), before being quenched and precipitated in cold (0
°C) methanol. Theesulting precipitate was collected via filtration to provide a

brown/white, viscous liquid (colouration due to PhCoBF).

CTP oT CDMDAvas conducted using LMA oligomer as the CTA anitiume
ratio of TCDMDA.MA of 2:8v/v). Toluene solverand 1.0 wt % AIBN initiatavas
also used Themixture was reacted &5 ° Cfor 24 hours, before being quenched and
precipitated in cold (0 °@exane The resulting precipitate was collected via filtration

to provide a brown/white, viscous liquid (colouration due to PhCoBF).

CTP of EGDMA was conducted using bhkyomer as the CTA, with volume
ratios of EGDMA:LMA of 1:9, 2:8, 3:7, 4:6 and 5:5 (v/v). Toluene and diglyme solvent
(2:1 v/v with EGDMARNd 0.5¢ 1.0 wt & AIBN initiatowas also used. Each mixture
was reacted at 80 C between 5.5 hours (5:5 v/iv)dB4 hours (1:9 v/v), before being
quenched and precipitated in cold (0 °C) methanol. The resulting precipitate was
collected via filtration to provide a brown/white, viscous liquid (colouration due to

PhCoBF).

2.5 References
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[2] Z.ZhouetalX d&-thioudiput characterization of fluid properties to predict
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3 Chapter 3: Synthesis and Testing of Novel, Low
Viscosity Hyperbranched Lubricant Additives
synthesisedvia Chain Transfer Polymerisation with
Catalytic, Thiolic and Macromeric Control Agents

This chapter outlines the synthesis of hyperbranched (HB) copolymers of divinyl
benzene (DVB) and lauryl methacrylate (LMA) using chain transfer polymerization
(CTP), anthe subsequent testing, optimisation and scale up of these copolymers. A
new polymerization methodvasinvestigated for the synthesis of more structured HB
copolymers, to optimiseopolymersolubility in the target solvent. These copolymers
were then subect to extensive tribological testing to investigate their potential for
use as lowviscosity friction modifiers/lubricants in engine oils, in collaboration with
industrial partner, BP/Castrol. Promising candidatese scalal up and retested to
prove reproducibility and industrial viability. New synthesis routes to highielding
oil-soluble HB polymers are investigated using thiol control agents. New methods for
guality control and future copolymer screeningre developed in order to prove the

feasbhility of the copolymerisation strategy on an industrial scale.

3.1 Introduction & Background
3.1.1 Overview of Lubricants

Since the early 20century, lubricants have evolved to enable their application
performance to match the increasingly stringent demands made of them. For
example, the requirements of lubricant materials have extended from providing
simple wear reduction and heat transfen icastiron machinery, to acting as

antioxidants and protective film coatings in modern combustion endibg$2].

The primary function of a lubricant is theduction of friction and wear

between moving mechanical parts, which is achieved by providing a fluid film within

91



Chapter X NovelHyperbranched.ubricants

the lubricated contact to prevent metab-metal contact. The viscosity of the oil is

critical in maintaining optimum oil film thickness it acceptable limits. Too low a

viscosity means insufficient metal surface separation and increased friction and wear

due to metaito-metal contact. Too high a viscosity means high frictional losses in
GOKdzNYyAy3¢é GKS @A a 02 dzi flow. f AzlsiRh, twg omrhoh & 2 LJ2
components of current industrial lubricants are viscosity and friction modifi#rese

are added to engine oil to improve the performance of the engine by reducing wear

and increasing operational efficienf3j.

3.1.1.1 Friction Modifiers

While the base oil itself is the primary friction modifier, additives are used to
further improve fuel economyFriction modifiers, or boundary lubrication additives,
are oil soluble chemicals which are instrumental in reducing friction in key metal
metal contact points. Friction modifiers also help to increase fuel economy, reducing
energy losses in the form b&at generated by internal friction, while they also reduce
engine wear, pitting, scoring and noise by creating and maintaining boundary films on
internal surfaces. Traditionally, friction modifiers are amphiphilic molecules, which
contain both a straighO K Ay K& RNR OF NDb 2y OGKiS AR é¢ =ENERddrJ O
CH1 Sect 1.8) suds esters and natural and synthetic fatty adidls Common head
groups include amines, amides, carboxylic acids and phosphoric or phosphonic acids
[5]. Alternatively, molybdenum compounds are also extensiuebd: these form a
molybdenum disulphide (Me¥deposit on the metal surface, whieixhibita crystal
structure that allows sliding and shearing to ocfi; [6]. More recently, the use of
MoS nanoparticles has been found to give an uioav friction coefficient of 0.04
compared to hexagonal MeF], [8]. The final choice of head group is guided by the

expected level of pressure in the working environment.
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When used as a lubricant additive, the polar head group attaches itself to metal
surfaceswithin the enging as showrin Figure 3.1andforms a coatinghat serves to

minimise frictioncaused bynetalto-metal contact.

Additive
Oil Soluble Tail

Metal Surface

Before Load

Figure3.1. A repreentation of how friction modifiers for protective films on metal surfaces.

The hydrocarbon tail group is key to the oil solubility of the modifier and
ensures the filrforming poperties of the additive. As long as the frictional contact
is light, these molecules provide a cushioning effect when one surface connects with
another coated surface. If the contact is heavy, then the molecules are brushed off,
eliminating the potental benefit of the additive. If heavier contact is expected, a
stronger friction modifier is selected, examples of which are often characterised as
anti-wear additives. For example, zinc dialkyldithiophosphate (ZDDP) is a common
anti-wear agent, which rezs with the metal surface when the temperature is
sufficient, providing sacrificial surface protection. For extreme pressure applications
with high loading and metallic contact, the strength of the additive and reaction
process must increase further, ldiag to the use of sulphephosphorus based
extreme pressure (EP) chemicals. The EP additives form engetadlic salts on the
loaded surfaces, and protect against aggressive surface damage. Phosphorus and
sulphur are part of a set of temperature depesrd EP additives, which also includes

boron and chlorine: the chemical reaction between the additive and the metal surface
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is driven by the heat generated by the friction and pressure. Following the reaction,
these additives form new compounds such as ichlorides, iron phosphides and iron
sulphides, which produce a chemical film that acts as a barrier to reduce friction, wear

and metal scoring4], [8].

3.1.1.2 Kinematic vs Dynamic Viscosity

The viscosity of a fluid is a measure of its resistance to gradual defomiat
shear stress or tensile stress. The shear resistance in a fluid is caused by inter
molecular friction exerted when layers of fluid attempt to slide by one another. There
are two related measures of fluid viscosity, dynamic (or absolute) viscasidy

kinematic viscosity.

Absolute (dynamic)@A 8 O2aAde o>0 Aa | Y& WH&dzZNBE 27F
defined asthe tangential force per unit area required to move one horizontal plane
with respect to another plane a unit velocity, whilst maintaininga unit distance
between the two planes withithe fluid. It can be expressed as shown in Equéadion

1:

- 31
WKSNE . A& (KS 28 KISY RA y 3A & (YNB/Aainic KidsiyisNI (S ¢
often expressed using the metric CGS system in units of centipoise (cP) where 1 cP is
equivalent to 0.001 N sth
YAYSYIFGAO oral2arite 6A0 Aa GKS NIGA2 2
and can be obtained by dividingdhabsolute viscosity of a fluid by the fluid mass

density, as outlined in Equatid2:
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r - (3-2)
Commonly, the unit Stoke (St) is used for kinematic viscosity, where 1 St fsY4 cm

or the centiStoke (chtwhere 1 St is 100 cSt.

The viscosity index (V1) of a material is often quoted, wiscln arbitrary,
unit-less measure of a fluid's changeviacosityrelative to temperature change. It is
mostly used to characterize the viscosigmperature behaiour oflubricating oils.

The lower the VI, the more the viscosity is affected by changes in temperature. The
higher the VI, the more stable the viscosity remains over temperature

fluctuations.For oils with VI values ofI00, the VI is calculated usiBguation 33:

L-U
100 —— If VI < 100
VI = - H . . (3-3)
logH —log U
100 + exp T)* 1 /000715 If Vi > 100

whereUis the oil's kinematic viscosity at 4@ (104F),Yis the oil's kinematic
viscosity at 100C (212F), and_andH are the viscosities at 40°C for two hypothetical
oils of VI 0 and 100, respectively, having the sareosity at 100°C as the oil whose
VI we are trying to determine. That is, the two oils with viscosdy 100°C and a VI
of 0 and 100 would have a viscosity LaéfindH, respectively, at 40°C.

TheselLandH values can be found in tables in ASTM D2370

3.1.1.3 ViscosityndexModifiers
Viscosityindex modifiers are often high molecular weight linear polymers,
which are added to improve the viscosity index of the oil such that the viscosity is less

sensitive to temperature changes, as outlinedrigure 3.2
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Figure3.2. An overview of the effect of temperature on the viscosity contribution of polymeric lu
additives[10].

Mineral oil lubricants become less effective at high temperatures as the high
temperature reduces their viscosity and fliorming abilty: viscosity modifiers
enable this problem to be overcomand thus remove the need fdhe traditional
seasonal oil changakat wererequired in the past. When viscositydexmaodifiers
are added to lowviscosity oils, they effectively thicken the oié aemperature
increases This isdue to the expansion of the polymer which impedes the free
movement of the oil more thathe smaller coiéd oleochemical molecular structures
discussed above At low temperatures, the polymer coil energy is reduced and it
contracts, ensuring its contribution to the oils viscosity at low temperatures is small.
The thickening impact of the polymer is therefore greater at higher temperatures than
f2¢g GSYLISNIGdzNBasz €SFRAY3I (F10li KB alawdA & 02 & A
the oil to operate efficiently over a wider range of temperatures. These fgrdtie
oils enable easier cold cranking and starting, leading to improved fuel efficiency.
Commonly used viscosity modifiers are olefin copolymers such as egytepylene

copolymes, hydrogenated styrendiene copolymers and polyalkylmethacrylaf8k
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When creating a viscosity index improver, a balance between the thickening
efficiency and sheastability of the polymer is important. During routine engine
operation and continued use, engine oils are exposed to more extreme shearing
mechanism that break down the polymer, reducing the overall oil molecular weight.
This can lead to viscosity loaad a subsequent decrease in oil film thickness. In
severe cases, this can cause undesired friction and engine wear. The effect of

increasing shear is outlined Fgure 3.3

temporary permanent post permanent
initial state viscosity loss viscosity loss viscosity loss
polymer coll at rest polymer coll deforms and orients polymer coll stretches and breaks polymer colls at rest
when shear stress applied when severe shearing applied
| |
| I | | —®—]

no stress condition / shear thinning is permanent shear is no stress condition /
initial state viscosity reversed to initial state once irreversible to initial state when oll viscosity reduced
shear stress is removed shear stress is removed

Figure3.3. Overview of response of polymer to increasing shear regimes and resulting effect on
[10].

Under conditions with no shear or flow, the polymer coil is roughly spherical in
shape. As the oil begins to flow, the flexible polymer coil responds to the velocity
gradient within the oil and deforms, becoming elongated and aligned in the direction
of f2 g ® ¢tKS RAAG2NISR O2Af AYLISRSa GKS 2Af ¢
GKdza GKS 2AfQa 203aSNIUSR QOA-aQ@R¥Y¥AEIE DCKI B
From this point, if the shear is removed the distorted coil returns to its @aighape
and the oil viscosity returns to its original value. If the level of shear increases further
and becomes too severe, the polymer coil may stretch and break irreversibly, reducing
the molecular weight of the oil and leading to permanent viscdsisg[10]. Thus,
higher molecular weight polymetgpicallymake better thickeners but tend to be less
resistant to mechanical shear. Correspondingly, lower molecular weight polymers are
more shear resistant, but do not improve the viscosity xees effectively at higher

temperatures and must be used in larger quantifies].
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3.1.1.4 Lubrication Regimes

Lubrication regimes describe the type of lubrication film that is created under
specific operating conditionsand these aredependent on the degree of contact
between surfaces. There are three primary lubrication regimes: boundary, mixed and
hydrodynamic, which may be summarised using a Stribeck ¢sea3.3.4.3, which

depicts how the coefficient of friction changes with rolling spgk].

During boundary lubrication, opposing surfaces meet with little or no oil film
separation as shown irigure 3.4. Thus, netal-to-metal contact between two sliding
surfaces occurs, typically at low speeds. This regime is common during initiaipstart
or shutdown of some equipment or under heavily leddconditions. Friction is often
highest in this regime, with up to 70 % of wear occurring during -statshutdown
phases Protective, antivear additives that promote sliding rather than welding of
surface asperities (i.e. topographical features on sheeface of the metal) prevent

damage. These additives may react with the aspersities by reacting to the increased

A

I I i
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Figure3.4. Representationsf a) boundary, bjnixed and c) hydrodynamic lubrication regimes, whick
may occur simultaneously in engingk2]
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pressure and temperature of contact and forming an altered ductile film on the metal

surface. The film then acts sacrificially, being wavayinstead of the metal surface.

However obtainingthe correct viscosityn this regimes vital Too low a viscosity will

y2i 1SSL) GKS YSGFf adaNFIFOSa aSLI NI G6SRZ 4K,
molecular friction, causing internall@hearing and, in turn, increasing operational

temperatures and energy loss.

During hydrodynamic (HD) lubrication, moving parts are completely separated
by a viscous fluid film, as shownFkigure 3.4. This regime typically occurs at high
speeds between sliding surfaces, after the speeds and loads are such that a wedge of
oil has formed between the two surfaces. There is litb& of asperity contact, thus
this is a desirable condition to avoid wear. Any remaining frictidocetedwithin
the lubricant itself, as the molecular structures of the oil slide past each other during
operation. For HD lubrication to be effectve 1 KS 2Af Qa @Aradzaiide Y
HD conditiorismaintained under every operating condition, i.e. ottee fullrange of
expected operationali SYLISNJ G dzZNS& | yR &LISSRa® LT G4KS

internal drag will reduce the operai efficiency and increase temperatures.

Meanwhile, mixed lubrication occurs during the transition from low to high
speed operation when boundary and hydrodynamic conditions coincide. As sliding
speeds increase, boundary lubrication is reduced, creatiwgdge of lubricant film
between the two surfaces, as showrHigure 3.4. The potential for asperity contact
is reduced andfilm thickness is increased, while the friction coefficient drops
dramatically to the condition known as mixed lubricatiorin this regime, e
asperities of boundry surfaces will extend through the film and occasionally come

into contact.
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Another typeof lubrication regime is elastohydrodynamic (EHD): this is similar
to HD, however EHD lubrication conditions occur when a rolling motion exists
between the moving elements and the contact zone has a low degree of conformity,
such as between a ball and eaay (i.e. the metal plate in contact with the rolling
element) This leads to very small contact areas whigh a result of their size,
experience high pressures. As the oil enters the contact zone between the ball and
NI OSglt ez (KS aAKt QRN BINB a&KAzRR WX a§dzNy Ay ONB
load-holding ability. This concentrated load will slightly deform the metal of the
rolling elements in the contact zone: the deformation only occurs at the contact zone
and the metal elastically tarns to its normal form as the rotation continues.
Incorrect or abnormal operating temperatures will affect the viscosity of the oil and
hence interfere with the formation of the EHD lubricating film. Such films are often
of the order of 1 micron, thoug EHD lubrication (EHL) is considered to operate on a

full fluid film (as with HD) ansb asperities do not come into contact.

3.1.2 Hyperbranched (HB) Polymers as Lubricants

Straightchain/linear polymers, such as these those mentioned above for use
as both frction and viscosity modification, inherently demonstrate strong, attractive
intermolecular interactionsWhile this is a desirable property for viscosity modifiers
at high temperature, this is not usually beneficial for friction modifiérkis idecause
it can limit the minimum oil viscosity that can be achieved at low temperatures due

to the ability of the chains to pack together efficiently.

These interchain reactions may be reduced through the use of -lioear
polymer structures Siuch strictures, sometimes known as architectural polymers,
include combgraft, star, hyperbranched and dendrimeric polym¢§t8]¢[15]. Of

these, hyperbranhed and dendrimeric polymers have been shown to exhibit the
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greatest difference from linear materials in terms of viscosity build that is observed
when they are added to liquid med[a6]. It has been hypothesised that the high
level of branching within these structures reduces inthain reactions significantly,

z

NBadzg GAy3 Ay 6KEG A& NBFSNNBR G2 Fa + a3t

Hyperbranched (HB) polymers can be syntked much more rapidly,e. in
hours rather than weeks, antlence much more cheaply than dendrimeKsee
Chapter 1, Section 1.7 for more discussion of dendrimers). This synthesis can be
achievedusing relatively inexpensive, simple epet methods and awide variety of
industrially available monomeege applicablg¢17]¢[19]. Meanwhile, these methods
produce structuressimilar to those of dendrimerghough they are farless well
defined. This gives them the potential to act as replacements or substitutes for
dendrimers, delivering the same performance and applicat[@d$at much reduced

cost.

During the synthesis of hyperbranched polymers, care must be taken to avoid
crosslinking: this leads to the formation of an insoluble §&¥], rather than the
desired solvensoluble HB material. This coupling can occur in conventional free
radical polymerisation even at very dilute monomer concentrations (<< 10%

monomer) and at low monomer conversion (< 2(24)].

Recently, researchers including Guan, Sherrington, Haddleton and Irvine have
reported the use of catalytic chain transfer polymerisation (C&@® Chapter 1,
Section 1.6.3) to synthesise HBlymers[20]¢[23]. CCTP is an industrially viable
L2feYSNAalGAaAzy O2ydNRBt adGN}GS3es FANRG NB
radical polymerisabn of moncfunctional vinylic monomers. Typically, a cobalt
organometallic complex is used as the chain transfer agent, (CTiAgse species are

catalytic in nature which means that very low molecular weight polymer (e.g.
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dimers/trimers) can be produckusing only very lowi.€. parts per million (ppm))
guantities of CTA with some monomgpes[24] (see Chapter 1, Section 1.7.2 for
more details) Additionally any CCGlerminated methacrylate polymer has vinyl
group as the terminal group, resulting in an increase in concentration of vinyl chain
ends compared to other common CTAsich as thiols, leaving room for pest

modification/polymerisatiori20].

Additionally, low molecular weight CCTP aligos of methacrylate monomer
have been demonstrated to exhibit chain transfer control of free radical
polymerisations of other vinyl monomer typem| -scission mechanisrue to the
very high transfer constants associated with CCTP catalysts, it is relatively simple to
prepare macromonomers of very low molecular weighg, down to dimers, trimers
etc. The terminal vinyl group in these macromonomers makes them suscefatible
radical addition to form macromonomamded polymer radicals. This radical can
dzy’ R S NBdssidn reaction in addition to normal propagation a@danination (see
Chapter 1, Section 1.6.3.1 and 1.4). Thsult is that the ultimate unit of the
macrononomer terminates the propagating radical (i.e. the polymer chain) and the
remaining radical segment of the macromer is released as a new ragieabinitiate
new polymer chainsHencethe macromer acts as a CTA. Consequently, this method
of chain tansfer leads to a fragment of the macromeric CTA becoming an intrinsic
part of the product polymer structure, as with all other stoichiometric J2BE see
Chapter 1, Section 1.6.1Aswhen thiol molecules are employed as control agents,
this allows tailoring of the HB polymer structure and properties, as the majority of
these fragnents will proliferate around the outside of the globular HB structure when

OKIAY SyYyRa FINB GSNXYAYLIUSRO® ¢KAA NBadz da

composed of the chosen@idzy OG A2y I f Y2y 2YSNJ FyR I &aO2N

chosen moneunctional monomer.
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Importantly for lubricant applications, HB polymers, whether synthesised using
catalytic, thiolic or macromeric control agents, cannot efficiently pack and so exhibit
intrinsically low viscosities, while also possessing the high molegalghts common
to currently used viscosity modifief26]. Their globular structures should also
enable improved shear resistance compared to linear polymers, while their many
functionalisable chain ends may allow improved interaction at the surfaces within the
engine. Thus, they are an exciting new architecture to investigate as lubricant

additives.

3.1.3 Styrene and Divinyl Benzene

Styrene, otherwise known as ethylbenzene or vinylbenzene, is a naturally
200dzNNAY3I Y2y2YSNY AGQa LRf&eYSNAASR T2NX¥:=
by Eduard Simon, who found that the oily styrene monomer had thickemedtime
[27]. However, this process was not recognised as polymerisation unti[28&nd
it was 80 years after that when Herman Staudinger discovered that heating styrene
initiates the polymerisation proces29]. Since then, polystyrene has grown in
popularity worldwide, and it often copolymerised to make it less brittle, wideitig

potential applications furthef30].

Divinylbenzene (DVB) is a commercially produced monevhath is related to
styrene by the addition of another vinyl group. Ityipicallyavailable as molecular
mixture defined adDVB 80%, indicating it is actually made up of 80%arditional
para and metaDVB and 20% morwoinctional para and metaethylstyrene, as

illustrated inFigure 3.5.
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959

Figure3.5. Structure of (left to right) par®VB, meteDVB, parsstyrene and metatyrene[33].

However, the addition of a second vinyl group means that whenmonomer
is polymerised, its efunctional vinyl groups act as branching points, allowing it to

form branched, and hyperbranched, polymers, in contrast to linear polystyrene.

DVB, like styrene, undergoes thermal selfiation (see Chapter 1, Sectidm),
the advantage of which is that no conventional initiators, which may be toxic,
explosive and expensive, are required. However, the reaction temperature must be
higher than for conventional initiators to ensure that the reactions defined by the
Mayomechanism proceed at a rate which is sufficient to allow the polymerisation to
be both stable and repeatable (batth-batch). This also has the fortunate side

effect of increasing the rate of propagation, thus reducing the overall reaction time.

In 2012,work was conducted by Irvinet al. into the synthesis of styrenyl
hyperbranched polymers through the application of CCTP to control polymerisations
which use DVB as the-filinctional monomer. This demonstrated that the synthesis
2T 1. 5z%. 4aKi3d YdibRfineuridNE&né hour using high reaction
temperatures (150°C) and autoitiation, provided the high chain transfer coefficient
of bis[(difluoroboryl)diphenylglyoximato]coballl) (or PIEABF) was exploited to
delay gelation and the monomer comggdon was limited to ~50%. It was also
determined that the exact composition of the DVB mixture used affects the

polymerisation rate greatly, due to the varying monomer reactivifadg.
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Hyperbranched DVBHBDVB) contains a high density of functional, reactive
vinyl end groups Copolymerisation of DVB using CCTP with other monomers that are
capable of interacting with vinyl groups and behaving as CTAs means thatBiBan
0S dzaSR Fa | WwWol Olo2ySQ 2N walsStsSizyQx
monomer. ThusHBDVB can be functionalised to enhance its potential range of

applications, which is determined by the properties of the monomer used for

copolymerisation.

3.1.4 Dielectric Monitoring for Batch Repeatability

Traditional free radical polymer synthesis (FRP) isvedl understood

g K
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processes have been successfully deployed on industrial scales and been commercial

successes. Howevemore recently a number ofcontrolled polymerisation(CP)
techniques which allow finer control over many aspects of the polymerisation and
resulting polymer These characteristicinclude the molecular architecture,
molecular weight and polydispersityCCTHs typically regarded as one of these
techniques, for the free radical polymerisatiorof the specific monomer types
discussed earlier. For these reagents, adopting @@abksthe synthesis of three

dimensional polymer structures such as graft, star and hyperbranched polymers.

However, @spite theirpopularity inacademia very few CP methods have
been successfully scaled up to a commercial leVdiis iglue to the requirement for
stringent process conditiongack of availability of control agents and the need for
F OOdzNF GS LINPOS&aa Y2yAl2NARAy3I G2 F2tf26
be solved using dielectric property measurements to monitor the degree of cure and
molecular weight of polymergither continuously during synthesis or batch to batch

as has been previously reported for linear polym@&&¢[37].
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However, first, it must be determined whether dielectric property
measurementcan be effectivelyused in characterising these novel HB polymers
empirically. Irparticular, it needs to be demonstratedthether dielectric analysis is
more accurate, cheaper and industrially applicable than current monitoring
techniques such as gel permeation chromatography/size exclusion chromatography

(see Chapter 1 Section 1.9.1).

3.1.5 Liquid Handler Screening

When newcopolymer famulations are developed for engine additives, they
must undergo performance testing. At present, the lubricant polymers produced in
this work are tested on a variety of largeale very specialised pieces of apparatus.
As a result, they tend to be sieat the lubricantO2 Y LI y & Q&  ((&uéhiad y 3
the sponsor of this project). For example, th@pertiestypically evaluated include
film formation, shear and kinematic viscosity. €¥b testgequire large quantities of
these new copolymers to b&ynthesisedopften putting a strain on the ability of the
academic laboratory to produce enough material to allow the evaluation to be
conducted. Furthermore, typicalthe testing is slow, requiring specialist rigs and a

large amount of manpower.

Therefore, it would be highlybeneficial to develop a labcale screening
process for new copolymer formulations. One crucial property for the lubricant
materials discussed in this work is their viscasifyjhe hypothesis of this section of
study is that thetarget HB polymers should not drastically increase the viscosity of
the oil when added in low concentrations, unlike linear polymers, due to their
decreased hydrodynamic volumes and decreased entanglement. However, the
extent of the observed change in easity will be dependent on the degree of

branching achieved in each new HB polymer, which may be dependent on the
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monomer or reaction conditions used. If the viscosity profile of each new copolymer
can be quickly determined using only a few milligramgdafmer, this would help

accelerate the development of new, suitable copolyniargiture work

3.2 Aims and Objectives

3.2.1 Aims
1 To synthesise and test the tribological properties of novel hyperbranched polymers
in collaboration with BP/Castrdb evaluatewhetherthey can be used to deliver high
levels of wear protectionfriction reductionand/or improved low temperature oil
fluidity.
i To investigate methods of enabling the largeale, efficient production and

monitoring of these HB polymers, to improve their economic viability.

3.2.2 Objectives

1 CCTP will be used to synthesise macromers of LMA, coufiusgng GPC/NMR
analysis.

1 The LMA macromers will be used as control agents, in both their crude and purified
forms, for the polymerisation of DVB, to synthesise HB polymers of two architectures
(known as serdblock and block, respectivelyith room-temperature solubility in a
hydrocarbon base odn a 5 mL scale.

1 Kinematic viscosity testing at 40 and 100 °C, dynamic viscosity testing on a Cold Crank
Simulator at-35 °C, and Ultra High Shear Viscometry will be used to evaluate the
viscositymodifying propeties of the HB polymers.

1 Film formation/friction reduction properties of the HB polymers across a range of
lubrication regimes will be tested using a Mini Traction Machine and an
Elastohydrodynamic Rig.

1 The mechanical performance of the two HB polymer aectures will be evaluated
by comparing to the performance of a linear ethyleo@pylene copolymer currently

used as an industrial standard, as well as to each other.
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1 The HB polymer architecture which performs best in the above testing will be
synthesisd on a larger (50 mL) scale.

1 The 50 mlbatch will undergo the same tribological testiag the 5mLbatch for
comparison to determine the scalability and batd¢b-batch reproducibility of the
synthesis methodology.

1 Thiol (DDM) mediatedhain transfer pgimerisation, with DDM concentrations in the
range 065 mol%, will be used to synthesise oil soluble HB DVB, with higher yields
than the macromeicontrol method.

1 The DDMcontrolled HB DVBolymers will also undergo tribological testing to enable
their performance to be compared tthe loweryieldingHBDVB/LMApolymer.

1 The dielectric constant and loss sémiblock HB DVB/LMAolymer samples of
different molecular weights and copolymer ratios (including 1:9 and 2:8 v/v) will be
measuredviaa cavity perturbion methodand compared to traditional SEC analysis
to investigate the potential for the use of dielectric analysis as dmémonitoring
method or method of ensuring quality control.

1 A liquid handling machine will be used to measure ttgcosity of a small (2 mL)
volume of 2:8 DVB/LMA serhlock copolymer in a higthroughput manner:

9 The viscosity data obtained from the liquid handler will be compared to that obtained
from previous Kinematic Viscosity testing to evaluate whether theédigandler may

be used as a higthroughput screening method for future HB polymer formulations.

3.3 Results and Discussion

3.3.1 Synthesis of Oil Soluble Hyperbranched Polymers
In this work, a hyperbranched (HB) polymer capable of being delivered as part
of a liquid lubricant formulation and forming protective films on hot engine surfaces

was desired.

108



Chapter X NovelHyperbranched.ubricants

Hyperbranched divinylbenzeneHBDVB) homopolymers and copolymers
have previously exhibited high solvent solubility and the potémdiarosslink in-situ
upon hot surfaces to produce protective filrf@8]¢[43]. Thus,n work conducted
within the group(Dr Amy StimpsonPVB was chosen as thefdnctional monomer
for use in the development of HB polymer lubricant additives. However, an initial
inspection of theHBDVB solubility identified thadBDVB was essentially wisible in
the solvent of interest, Durasyn®164 hydrocarbon base oil (also known as[#4J04)
which was attributed tothe Poly(DVB)sighly aromatic nature.  Hence, DVB
monomer Figure 3.&) was initially directly copolymerisadia CCTP with a range of
mono-olefin acrylate/methacrylate monomers (structures shownFigure 3.6-€)
with long pendant alkyl chains in an attemptitoprove the solubility in the base oil

of the subsequent HB copolymers.
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Figure 3.6. Structures of materials used in synthesising functional HB polymers. a. DVB |
methacrylate c. lauryl acrylate d. stearyl methacrylate e. stearyl acrylate f. dimer mad:
lauryl/stearyl methacrylate.

It was observed that using a ratio of either 1:9 or 2:8 (v/v) of DVB:rodefin
monomer produced oil soluble hyperbranched copolymers with identifiable gel
points. As these copolyens were the result of direct copolymerisation of DVB and
the chosen alkyl containing reagent, they were proposed to be statistical/random

copolymers, with the structure having a purely random mix of DVB and mono

functional monomer: a representation of thstructure is shown iRigure 3.3.
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Figure3.7. Structures of tha. random, bsemiblock and c. block, HB copolymers.

The copolymer synthesised from DVB and lauryl methacrylate (ENjése
3.6b) was chosen as the best candidate for further study. This was because this
copolymer demonstrated both the greatest level of solubility in the base oil, fully
dissolving in the Durasyn®16u458 T [Table 3.}, andalso the physical form that the
reagents and polymersxhibitedresulted inthe greatest relative easi processing
when compared to copolymers of DVB and the specis inFigure 3.6 Indeed, the
low melting point of LMA:7 °C, was the key reason that this copolymer was
subsequently chosen for further study, as it would require minimal additional
processing to transport and deliver in an industrial setting. Correspondingly, the high
melting points of 180 °C for stearyl nibacrylate (SMAFigure 3.6) and 3234 °C
for stearyl acrylate (SAsigure 3.8) meant that lengthy mixing times and heating
would be required to deliver these reactants as homogenous liquid mixtures, which is

undesirable from an industrial viepoint.

Table3.1. Solvation propertiesf random structure cpolymersin base oil

Co-monomer Solvation Temperature (°C)  Appearance in Solution
SA 70 Colloidal Suspension
SMA 70 Clear Soln.

LMA 50 Clear Soln.

a Species was unable to be isolated from the reaction mixture.
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However, whilst the monomer combination of DVB and LMA was found to
give the best solubility of those evaluated, it was observed that the direct CCT
copolymerisation of DVB and LMA was inefficient. Tsfficientlevels of LMA
were beingincorporatedinto the random structure, which limited the achievable
solubility of the final copolymer, as demonstrated by the heating required to fully

solvate the polymer.

In order to improve both the efficiency of copolymerisation and the
achievable level of control over the copolymer structure, subsequent wahkn our
research grougDr Richard Moon) focussed on a new copolymerisation strategy. The
new method centred offirst producing low molecular weight oligomers of LMA from
the pure monomerby employing a high concentration of the CCTP catalytic chain
transfer agent ¢atalytic CTA), PhCoBF as shownSdeme 31la. This strategy
involved adding sufficient concentration of CtoAeduce the molecular weight tifie
resultant polymersto just 23 units in length At this length, the polymers wer

capable of acting as stoichiometric CTA in its own right

CCTP e o
Dimerisation 6o 0TSRRI TCH,
a) )YOVH*(;Ha - H3c/\/\/\/\/\/\o“\’(cl):
3
0 N PhCoBF Ch

LMA LMA: @

| ce § g
b) Macromer control WW
LMA. @ Be ty’ g !
e

(%]
©
DVB @ hb(DVB-LMA)copolymer

Schemes-1. Idealisedepresentation of a) LMA monomer undergoing CCTP to produce LMA di
LMA dimer being used to control the polymerisation of DVB monomer to produce a hyperb
structure with a largely DVB "core" and LMA "corona" for enhanced base oil solubility.
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In this way, a solution of LMA monomer/dimer/trimer species, with an
average oligomer yield of ~40 %, was achieved, with the results confirmed through

NMR analysis, an ariple of whiclis shown irFigure 3.8
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Figure3.8. A typical FNMR of LMA monomer (red trace) and LMA oligomeric mixture (black
synthesised via CCTP. Characteristicvinjlgea 6! = ! QX . 0 OMW y5oahd 62 ppa
The peak at M5 ppripdue to the ester linkage of the monomer (C) can be seen in the LMA i
spectrum. In the oligomer spectrum, this peak can also be observed, in addition to newtpeak &
and 3.97 ppmwhich originate from the dimer (D) and trimer (E) species respectively, due to the
in environment experienced by the ester protons within these macromers, indicating conversion
achieved. This region of the spectrhas been expanded in the blue box to enable these peaks
observed more clearly.

Comparison ofthe H* NMR of the LMA monomered trace)and oligomeric
solution(blue traceNB @Sl fa (KS INRgUK 2F ySg 2t A3T2YS
3.97 ppm, which are highlighted in tlexpansion irFigure 3.8 Theoligomer peaks
FLIISENI G £26SN) AaKATHa RdzS G2 GKS AYyONXBI a

provides compared tolte monomer. Comparing the intensity of the oligomer peaks

G2 GKS Y2y2YSNI LIS Fd + T nwesdqetermbdd> |y S

As stated, he dimer/trimer species are capable of actingsasichiometric
chain transfer agents in their owiight, and so have the potential to simultaneously
control the polymerisation of DVB to produddBDVB and to introduce the

hydrocarbyl character required for this work, as outlinedSéneme 31b. This is
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because the oligomer species sphial -scission reactioms outlined in Scheme
1-5 (see Sectior8.1.2) which leaves the growing polymer chain terminated with a
segment of the LMA oligomer plus an olefin end group, thus incorporatiadgaryl

functionality into the polymer

h -
R P R R
%/\%) - s W\ Py Z. . Y\ P
ol a
% R 2 2

% % %% % q
% % 3 £ e %
1 % 2 1 & e -

e S E “o z

Schemes-2. Representation of the-scission mechanism for a dimer, where R is a thermal ini
fragment and *P is a propagating polymer chain. The propagating polymer is terminated
fragment of the dimer and a vinyl group, while the radical segment of the dimer is released
propagating radical.

Meanwhile the other segment of the oligomer initiates the growth of another
polymer chain, again incorporating the lauryl functionality into the HB polymer. This
approach leads to a high density afityl functionality proliferated around the outside

of each HB polymer due to the high density of chain ends in HB polymers.

Once the LMA oligomer solutions had been synthesised, they were used in
two different ways to make hyperbranched copolymers. tljirdo produce what
$SNBE NBEFSNNBER2 Op¢ | SFipaEBI) dadl@aducts of the CCTP
reaction were used to control the DVB polymerisation in a ratio of 2:8 DVB:LMA
2t AF2YSNB 00k QG0 SAGK2dzi | y &6 fFodiErodhN) LIdzNR T
fact that, through the use of the monomer/dimer/trimer solution, some of the
polymer end groups will be terminated with lawfyinctionalised olefin groups, but
that there will also be some LMA monomer present which will be involved in mndo
structure polymerisation Thignearsthat the morphology of the HB polymer will also

contain some random polymer character.
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{ SO2yRf &3 &0 Figu@B.&) ward dyithedisedNb¥s rdacting DVB
with a solution of the LMA CCTP oligomer produtis had been purifiedvia
distillation, in order to reduce the LMA monomer concentration in the solution from
60 % to 19 % Thisresulted in a significantly increased concentration of the
dimer/trimer chain transfer agent. Consequently, there was a higiebability of
the HB polymer end groups being terminated with the LMA CTA fragment, resulting
in a greater number of the terminal groups on the block HB copolymer being these
olefin functionalised groups and in much reduced/no random character being

present.

Subsequent testing demonstrated that both the sdmfdick and block
copolymers werdully soluble in the PAO4 base oil at room temperature, indicating
the successfuhcorporation of LMA Furthermore, since the copolymers synthesised
viadirect CCTP required heating to 56 °C to achieve full solubility in the base oil, this
indicated thatincreased solubilityvas achievedvhen using the LMA oligomer as the
CTA comparedvhich indicated improved LMA incorporation had been achievas
a gereral procedure, all HB polymers were synthesised until the gel point of the
reaction was reached, then a repeat reaction was performed which was quenched at
least 5 minutes prior to the identified gel point, and the polymer was then

precipitated. The redts of these reactions are summarisedTliable 3.2

Table3.2. Yield and molecular weight data of HB EMBA(2:8 v/v)copolymers of random, semi
block and block structures.

oy i NB { i N0 NERSE. ASSRsg 70

M wlyR2Y p o ocnn nah
H { S¥X 2 O cc OTNCH MM
0 . £ 201 cp Dy Mp ™My

* Determined gravimetricallf.Determinedviagel permeatiorchromatography.
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Furthermore,an example GPC trace farsemiblockHB polymer product is

shown inFigure 3.9

Lydsyanr

(ATYEE

Differential Weight Fraction (1/log(g/mol))

10 1 12 13 14 15 16 17 102 10° 104 10° 10° 107
Time (s) Molar Mass (g/mol)

Figure3.9. SEC traces of DVVBIA homopolymer, plotted against retention time and molar ma:
illustrate the broad peaks obtained, which are characteristid®fpolymers.

The crude yield,e.where no further purification methods have been applied
post reaction of the polymer is reported rather than that of the pure polymer due to
difficulties drying the copolymers and to give @rerallindication of the eficiency of
the reaction. This is because all the polymers synthesised here exhibited a glass
transition point () below room temperature. ThegTor a polymer indicates the
GSYLISNI GdzNB | NPdzyR 6 KAOK G(KS LRfe&YSN OKIy
viscous or rubbery state as the temperature is incregaseAs such, the precipitation
product was in its viscous form and could not be completely separated from the anti
solvent without risk of croslnking the polymer collected, which would lead to

erroneously high yield values.

From the data in Table 3.2 it was apparent that these reactions all
demonstratal a high crude yield compared to other HB reactions in the litergag
[45]¢[48], and that sufficient material could be generated to go on to application
testing. Thedwer molecular weight (MW) of the block structure compared to the

semiblock was attributed to the higher concentration of the CTA moieties in the
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distilled reagent mixture used for the block structure, which resulted in more chain

transfer, thus decreasimthe MW of the polymers.

The polydispersity value of the random polymer was observed to be the
f 2 6 S & 44.9) vihile The semblock and block copolymers have dispersity values
2 T gréater than 100. The dispersity value for the random copolymaeshigher than
would be expected for a standard free radical polymerisation, which would not be
SELISOiG SR 4. tS&HkéIGt$aRthe Tandom reaction was in the early stages
of hyper branching when the reaction was quenched due to the highbjiezitinature
of the control agent used, which resett in very short intefbranch distances.In
addition to thisearly-stagetermination, the expectegolymer retardation associated
with the use of PhCoBF was also thoughtdmtribute to both the lower dspersity
and the lower yield of the random copolymer compared to the sblnck and block
copolymers. The high values for the dispersity displayed by theldenk and block
copolymerswere characteristic of HB polymers, which do mmcessarily exhibia
proportional relationship between their hydrodynamic volume and MW due tarthe
non-linear naturd49]. Equally, HB polymers do not interact with the GPC columns in
the same manner as a linear polymer due to both their branched strucamrdghe
high functional group densities, factors which also contribute to elongated peak areas,
as seen irigure 3.9and high dispersity value#s a result, the MW values obtained
for hyperbranched polymers using SEC must be treated with cautidreyshould
largelybe used for comparison of similar polymers and verification of hyperbranching,
rather than as absolute MW values. More accurate values may be achieved by
combining GPC/SEC with viscometry, however, fthida was unfortunately

unavailable lre.

116



Chapter X NovelHyperbranched.ubricants

3.3.2 Application Testing of Controlled Morphology Hyperbranched
Polymers

The semblock and block polymers described above were subjected to
various application tests by BP/Castrol to determine their suitability and performance
as lubricant additives. €bting was conducted by technicians at BP/Castrol, all analysis
and interpretation of the results wereonducted by the author. First, their kinematic
viscosities were determined, with a view to understanding whether these polymeric
additives may be useds viscosity modifiers. Further tribological tests were then
conducted to analyse the performance of these polymers with regard to film

formation and wear prevention across a range of lubrication regimes.

3.3.2.1 Viscosity Testing

Hyperbranched serrdlock and block copolymer and a standard linear
ethylenepropylene (EP) copolymer were dissolved in base oil at concentrations of

0.0, 0.250.50,1.0, and 5.0 wt%, and 0.0, 0.13, 0.25, 0.38 and 0.63 wt%, respectively.

The kinematic viscosities, in centistokes (cSt), of these solutions were
recorded at both 40 °C and 100 °C, and this data is showigume 3.10 Centistokes
are used as thiss the ASTM standard unit for kinematic viscosity measurements

within the industry, where 1 cSt = 1 Mst.
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Figure3.10. Plot of the change in viscosity of both linear and HB polymer/baselution, measured
40 °C(left) and100 °right), where the EP copolymer (pink) is the current commercial linear pi
used in indstrial formulations. The solid lines represent linear best fits to the data.
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It was apparent that the viscosity for each solution incredsas the
concentration of polymer increase with the viscosity for the standard liae EP
copolymer increasing at significantlygreater rate than that of either HB polymer.
Thiswas attributed tothe branched/globular structure of the HB polymer, which due
to the polymer extending from a central caneas much more tightly compacted and
as such, less easily penetrated by solvent than the linear EP copolymer. Thedresult
in a lower hydrodynamic volume for the HB polymer, compared to the linear polymer,
and producel a lower increase in viscosity as the concentration of the polywas
increased. Additionally, the overall magnitude of the viscosity was observed to be
lower at 100°Cthan at 4 °Cas expected, due to the temperatuirduced thinning

of the solution.

It was also clear frorRigure 3.1@hat the increasing viscosity tremdgthin the
HB variations folloedthe molecular weight of the polymers produced, as the highest
molecular weight serdblock structure exhibited a higher viscosity than the lower
molecular weight block structure at the same concentration. However, even th
highest molecular weight HB polymer, when included into the formulation at a 5 wt
% concentration, produced a significantly lower viscosity increase than was observed
for the linear copolymer at one fifth the concentration. This sugegshat
significantly higher concentrations of the HB polymer may be added to an oil
formulation, compared to the linear formulation, before the viscosity is significantly
affected at working engine temperatures. It also suggedhat polymers of this
architecture cannot be used as viscosity modifiers at the usual loadings, which was an
application considered initially for these polymers, due to their reduced impact on the

solution viscosity.
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The HB polymers were also tested on the Cold Cranking Simy@&&s),
which simulates engine stadp conditions: the results are shownHkigure 3.11Here
centipoise (cP) are used, as these are the ASTM standard units of dynamic viscosity,
where 1 cP = 1 mPa s. Centipoise are related to centistokes unit usest &arl
kinematic viscosity measurements by the density of the medium (see Section 3.1.1.2,

Equation 3.2).

1600+
1550
—
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~ 15001
]
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™ 1450 |
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©
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8 EP Copolymer Data
EP Copolymer Linear Fit
1350 ¢ Semi-block Polymer Data
Semi-block Polymer Linear Fit
1300 e Block Polymer Data
L Block Polymer Linear Fit
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Polymer wt %

Figure3.11. Plot of the change in viscosities of both linear and HB polymer/base oil solutisonex
in the Cold Cranking Simulator @85 °G where the EP copolymer (pink) is the current comm
linear polymer used in industrial formulations. The solid lines represent linear best fits to the (

Similar behaviour to that seen at 40 and 1@was observed for the semi
block polymer, with the viscosity of the polymeit solution increasing as the
concentration of polymer increase Too few data points could be collected for the
block copolymer to draw meaningful conclusions regarding thedreith increasing
concentration However, both HB polymersvere seen to cause insignificant (<500
cP) increase in base oil viscosity below 1 wt% loadiigis wasa much smaller
increase than caused by the linear EP copolymer at the same loading,eancherged

the oil viscosity @ decrease below the unloaded value at 0.25 wt% loading. This
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indicated that the HB polymerdid not adversely affect the performance of the engine
at low temperatures This was attributedo a large reduction in the hydrodamic

volume of the HB polymers at these temperatures.

However, due to their reduced impact on the viscosity index of the base oil at
40 and 100 °C, these polymensuld not be suitable for use solely as viscosity
modifiers. Hence, an alternative applica for these low viscosity polymers was

considered, namely friction modifiexsa the formation of surface films.

3.3.2.2 Film Formation Testing

Copolymer solutions in base oil were investigated in order to determine their
ability to form surface films. This was conducted using a-trantion machine

(MTM), a schematic of which is showrFigure 3.12.

Load Sensor

Traction Sensor

Standard Specimens
(Disc and 3/4° ball)

Wear Sensor

Figure3.12. Schematic of MTM machineourtesy oBP/Castrol.

Interferometry images of thevear scar that developed between a rotating
steel ball and disk were takdyoth before and after Stribeck curvegere measured
at 60, 90 and 120 °C. These images provided a measurement of the thickness of the
film between the surfaces, as well as an intaa of the level of wear between the

two surfaces. he lubricant film thickness at any point in the image can be accurately
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calculated by measuring the wavelength of light at that pofrigure 3.13hows the
interferometry images of the contact betwedhe ball and disc in pure oil, with no

polymer additives.
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The zerepoint interferometry image Kigure 3.13) $iows the contact at 60
°C before any rolling was commenced, where the contact is perfectly round with no
deformation. The next imag&igure 3.18) shovsthe contact after the ball has been
rolled at a constant 200 mm$or 1 hour 15 minutes, whil€igue 3.13C is an image
of the contact immediately following a Stribeck curve measurement, which involves
varying the rolling speed between 10 and 3200 mmElongation of the contact can
be seen in both of the imaggB and C), indicative of wear having occurred between
the surfaces during these steps. The final imdggufe 3.1B) shows the contact
immediately after the test temperature was increased to 90 °C, in which further
elongation and wear can be seen. Afthis image was recorded, the test had to be

abandonedFigure 3.18) due to significant wear having occurred to the test surfaces.

An important observation hergasthat the interferometry image increase
in brightness from the start of the testingrifure 3.18) to the end Figure 3.1B),
indicating qualitatively that no surface film was produced and that, in fact, the film
provided initially by the oil became thinner with time, temperature and extended
rolling. However, this imagdid not provide a great deal of information on its own
about how the film thickness changes at each pixel of the image, hence further

analysis of the data was required.

To extend this analysis, ehinterferometry images wereised to provide a
more quantitative view of the thickness and nature of the film that is formda.
achieve this, wer a circle of set radius, centred on the exact centre of each
interferometry image/wear scar, the thickness of the film formed by the pely/oil
solutionwasmeasured and recorded for each pixel. This film thicknessvaasghen

plotted graphically for each step of the MTM measurem@hapter 2.2.4)
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This film thickness data for the pure oil formulation is presentedrigure
3.14, where a 2D scatter plot (top) and 3D surface plot (bottom) of the film thickness
for each step are shown. In the case of the scatter,pitw datawasbinned (i.e.
grouped into a smaller number of consecutive intervaighich alloved signifcant
variations in the film thickness gmach image to be observed more clearly than in the
interferometry images in Figure 3.13. By comparison, the sunfdaewasa 3D
representation of theaw film thickness across the imaged area. These visualisat
highlight how, irFigure 3.18, a film of significant thicknesggd initially form,while in
some regions the film thickness exceed#80 nm. However, this filmvas not
homogeneous, with large regions thinner than 10 nm, whigtsespecially visiblén
the 3D surface plot.

Zero Point Step 7

0nm

0-5 nm
5-10 nm
10-20 nm
20-40 nm
40-60 nm
60-100 nm
100-150 nm
>150 nm

Y Position
Y Position
Y Position

Y Position
e s e 0 e e

300 400 500 300 400 500 300 400 500 200 300 400
X Position X Position X Position X Position

(A) (B) (© ()

Zero Point Step 3 Step 5 Step 7

500
350 400 450 500 550 600 300 350 400 450 500 550 300 350 400 450 500 550 300 350 400 450 500 550
¥ Position ¥ Position ¥ Position ¥ Position

(A) (B) (©) (D)
Figure3.14. Plots of the film thikness (nm) for a pure oil formulation. Top: 2D scatter plots for
step, where the data has been binned, as indicated in the legend. Bottom: 3D surface plots
step. The labels (A, B, C and D) correlate across the two plots and with thenl&iglse 3.13: A zerc
point, T = 60C; Bg step 3, T = 6€C, rolling speed = 100 mm; sC¢ step 5, T = 6€C, after Stribeck,
¢step 7, T =96C , rolling speed = 100 mri. s

Following the 60 °C Stribeck curve measuremEigiire 3.1€ indicate that
the overall maximum thickness of the filmas not significantly changed from the
previous image However, an increased proportion of the filwasnow atless than

10 nm thickwhichsuggestd that varying the rolling speed Hahe effect of wearing
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away sections of the film. Meanwhile, when the test temperatwasincreased to
90 °C irFigure 3.1D, the film thickness decreagsignificantly across the image, with
the majority of the film being less than 10 nm thickhissuggestdthat the effect of
increasing temperaturavasa significant reduction in film thickness, likely due to a
decrease in the oil viscosity. This alsggesed that the effect of increasing
temperature on the film thicknessasmore pronounced than that of varying rolling

speed for the pure oil solution.

The film thickness data from the interferometry images was then processed
to determine the average (mean), minimum and maximum thickness across the image
area, and the standard deviation of the averatgkness was also calculated, as
summarised irmmable 3.3

Table3.3. Summary of the film thickness data alsted from interferometry for a pure oil solution.
blue shading indicates that the measurement was made after film build up (i.e. following a peri
no change of temperature or rolling speed). The orange shading indicates that the measureg
made after a Stribeck Curve measurement was made.

{0SL) b2alE aAy aSly {GR ¢SYL
& YO & YO &/ YO &/ YO o)

%S NP dto2 Ay n ™M ndcp w~hp C N
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A graphical visualisation of the datasalsogenerated, shown ifrigure 3.15.
As a general observation, the average surface film thickness decreased from a
maximum at Step 3 (A) over the duration of the test. The Stribeck measurement was
performed between Steps 3 and 5 (B and C, in Figtii&sand3.14) and after &p 7
(D in Figure8.13 and3.14). As there was no change in temperature between B and

C, itwasconcluded that the changing rolling speed during the Stribeck measurement
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Temperature (°C)
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Figure3.15. A visual representation of th#ata in Table 3, EntriesB. It contains the plot of the fil
thickness in nm for these entries. The overall dathis Figureand Table 3 represent the summan

the film thickness data obtained from interferometry for a pure oil solution. Theshhging indicate

that the measurement was made after film build up (i.e. following a period with no change of temp

or rolling speed). The orange shading indicates that the measurement was made after a Stribe
measurement was made.

caused a decrease in the average surface film thickness of ~ 17 nm, from ~71 nm to
~54 nm. However, the decrease in average thickness between C and D of ~50 nm,
which corresponded to an increase in test temperature from 60 to 90 s
considerably greater than that caused by the Stribeck measurement. This segport
the earlier conclusions drawn from the raw dataRigure 3.14that temperature
appeaedto have a grear impact on the thickness of the film formed for a pure oil

solution than rolling speed.

The interferometry results for a comparative experiment which utilised a 1
wt% solution of the serblock HB polymer in the base oil are showirigure 3.16
It wasfirst apparent that the measurements were able to be conducted at 120 °C
(Figure 3.16 and G) without having to abandon the test due to excessive wear.
Comparing the sertilock polymer solution to that of the pure base oilpiasalso
apparent that venyittle wear occurred between the surfaces throughout the duration
of the test this wasevidenced by the lack of elongation of the contact point. The

interferometry images also became steadily darker throughout the testing as the
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different rolling and temperature regimes were performed, indicative of the

formation of a tribological film at the e¢act point between the surfaces.

126



Chapter X NovelHyperbranched ubricants

The formation of this film has been visualisedFigure 3.17, where the
thickness of the film measured at each pixel of a circular area centred on the middle

of the wear scar has been plotted.
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Figure3.17. Plots of the film thickness (nm) for a 1 wt % selom¢ck HB polymer and base
formulation. Top: 2D scatter plots for each step, where the datébkas binned, as indicated in 1
legend. Bottom: 3D surface plots for each step. The labelg)A&orrelate across the two plots ¢
with the labels in Figure 17.

From both the 2D scatter plot (top) and the 3D surface plot (bottonvyai
clear that a significant film fored rapidly, with the majority of the measured film
having a thickness >200 nm in plot B. From this Step, the film thickoe8suedto
grow and become more uniform as the test progrefseith very little variation in
film thickness seen after plot F. Thigdicated that varying rolling speed and
increasing temperature cauden increase in the thickness of the film formed when
the semiblock HB polymewasincorporated into the formulation, and the formation

of a protective, robust filnwasobserved.
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The film thickness summary statistics for this test, showrTable 3.4

corroborate the previous observation

Table3.4. Summary of the film thickness data obtained from interferometry for a 1 wt %bsmrkiHI
polymer/base oil formulation. The blue shading indicates that the measurement was made a
build w (i.e. following a period of constant temperature and rolling speed).
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Initially, at step 3 (B), the average film thickn@szs180 nm. The film then
grew to a peak average thickness of 202 nm at step 13 (G) at 120 °C. Similarly, at this
point the calculated erroréstandard deviations) redudesignificantly from ~35 to ~3
nm, indicating little variation in the film thickness across the wear scdihese

statistics were visualised in Figure 3.18

Comparing the serblock polymer solution data ihable 3.4hat of the pure
base oil inTable 3.3 it was noted that the trend of decreasing film thickness with
time/temperature observed for pure oWasreversed here. Rather than the surface
contactincreasing, due to loss of film at the contact point, thus the root cause of the
wear for the pure oil casen this casehe thin film was found to grow with increasing
temperature and rotation regimes (i.e. after Stribeck measurements). This

demonstratal that the addition of HB polymer resulted in the formation of a thin film,

128



Chapter X NovelHyperbranched.ubricants

Temperature (°C)
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Figure3.18. A visual representation of the data in Table 4, Entri€s. Bcontains the plot of the fili
thickness in nm for these entries. The overall dathisFigureand Table 3 represent the summan
the film thickness data obtained from interferometry for a 1 wt % dadogk HB polymer/base
formulation. The blue stding indicates that the measurement was made after film build ug
following a period of constant temperature and rolling speed). The orange shading indicates
measurement was made after a Stribeck Curve measurement was made.

which wasnot worn down with increasing temperatur@nd applied foce between
two surfaces. However, 1 is worth noting that the errors on the averagalues

overlgoped significantly, suggesting that the growtlasnot statistically significant.

Similarly, the interferometry data for a 1 wt % solution of block HBrpety
in oil are shown ifrigure 3.19The interferometry images igure 3.1%gain showd
a lack of elongationyhichindicated very little wear occumred between the surfaces,
as well as the formation of significantsurface film over the course of the test, as

shown by the darkening of the contact point.
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The formation of this film has again been visualiseigure 3.20where the
thickness of the film measured at each pixel of a circular area centred on the middle

of the wear scar has been pled.
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Figure3.20. Plots of the film thickness (nm) for a 1 wt % block HB polymer and base oil form
Top: 2D scatter plots for each step, where the data has been binned, as indicatedegeind

Bottom: 3D surface plots for each step. The labels3)Acorrelate across the two plots and with
labels in Figure 20.

In a similar manner to the serbiock polymer, a significant film foreal
rapidly,with the majority of the measured film having a thickness >200 nm in plot B.
From this Step, the film thickness contimu® grow minimally and bexne more

uniform as the test progresse with very little variation in film thickness seen after

plot D.

This suggesd that the block HB polymer fored a more robust film more
rapidly than the semblock copolymer, as it stabilidesarlier in the test andvasnot
affected as greatly by changes in temperature and rotation regime, though the
difference was minimal. This mayhave beendue to the structure of the block
polymer. The greater concentration of chain transfer agent (CTA) in the distilled
oligomer mixture used to synthesise the block copolymer compared to thelsleck

polymermeantthe block copolyner possessd a greater density of vinyl end groups.
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The crosslinking of these end groupss likely the origin of the observed film
formation: if the block polymer possesd a greater density of end groups, the cross
link density within the film formedvould also be greater, potentially leading to a

more robust film being formed more quickly.

When thesummary data for the block copolymer shownTiable 3.5and
summarised in Figure 3.21, sraomparedvith that for the semiblock polymerTable

3.4, Figure 3.18

Table3.5. Summary of the film thickness data obtained from interferometry for a 1 wt % blc
polymer/base oil formulation. The blue shading indicates that the measurement was made a
build up (i.e. following a period of constant temperature and rolling speed). The orange shading i
that the measurement was made after a Stribeckv€umeasurement was made.
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It was observed that the average initial thicknexfsthe film formed by the
block HB polymer solutiowas greater, with an initial average film thickness at Step 3
(B) of 195 nm compared to 180 nm for the sdsttck polymer.Thisfilm, like that in
the semiblock casewasnot degraded with increasing temperature, time, or rolling
speed and gw to a maximum average thickness of 204 nm at Step 11 (F) wahis
very similar to the 202 nm maximum average thickness observed for theldecki
polymer, though the overall diffence in thickness of 9 nmwas not significant

compared to the associated errors and their overlap. However, for the block polymer
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Temperature (°C)

60 60 90 90 120 120
250
H After film build up
After Stribeck Measurement
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Film Thickness (nm)
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Step No.

Figure3.21. A visual representation of this data of Table 5, Entri€ B contains the plot of the fi
thickness in nm for these entries. The overall dathig Figureand Table 5 represent the Sumrr
of the film thickness data obtained from interferometgr fa 1 wt % block HB polymer/base
formulation. The blue shading indicates that the measurement was made after film build
following a period of constant temperature and rolling speed). The orange shading indicates
measurement was madafter a Stribeck Curve measurement was made.

the errors beame very small by Step whichindicatedthat auniform film develogd
rapidly, much more so than for the seivliock polymer which did not become uniform
until Step 11 (F). Once 9Q was attainedhe average film thickness was very similar
for the two HBpolymer solutions.It wasthought that the film formation evidenced

by both HB polymer solutions could be due to crosslinking between the HB polymer

molecules at elevated temperature.

Thus, i wasthought that this reduced film buildp and higher visaity of the
block polymer compared to the serhiock polymemwasdue to the lower molecular
weight of the block polymer. This lower weighsless able to crosslink during the
experiment, due to the decreased volume occupied by the smaller polymer, making
polymer interaction less likely. Interestingly, the average film thickness after the
Stribeck measurement at 12C (Step 13, GYasdecreased compared to before the
measurement (Step 11, F), suggesting that the film formed by the block polyaser

actudly less robust than that of the semi block polymer, amak capable of being
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destroyed, which again suggestd less crosslinkindhad occurredbetween the

polymer molecules.

3.3.2.3 Friction Coefficient TestiggStribeck Measurements

Stribeck measurements were performed between Steps 3 and 5 (B and C) at
60 °C, between Steps 7 and 9 (D and E) at 90 °C, and between Steps 11 and 13 (F and
G) at 120 °C for eadhB polymeisolution Unfortunately, no data was available for
the errors of hese measurements, and the data was not made available for

manipulation. Instead, plots produced by BP/Castrol technicians were made available

and are presented here

The results for the pure base oil are showrFigure 3.22where the 120 °C

measurement was not performed to prevent damage to the analytical equipment.
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Rolling Speed (mm/s)
Figure3.22. Stribeck curvé&om anexperiment using pure oil as the lubricant

The overall observed trend was an increase in the dinoahsss friction
coefficient as the speed of rotation was decreased. Whbecause at slower speeds
the surfacesvereless able to entrain the material being measured, whigsforced
out of the intersurface space due to the force applied between sugfaces This

lead to a change in the lubrication regime, and thus a changeifriction coefficient.
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At 60 °C the trace for the friction coefficient fluctuated considerably, though
it tended to increase with decreased rolling speed, with a maxirooefficient of 0.38
being achieved. Meanwhile, at 90 °C the friction coefficient rose to a maximum of
0.46, at which point the test was stopped to prevent apparatus damage. The friction
at higher temperaturewas greater due to a decrease in the viscygsdf the oil at
higher temperature, meaning that the entrainment of the oil is decreased, allowing

for greater wear.

By comparing this to the data from the HB polymer solutions showkidgnre
3.23 it was immediately apparent that the friction coefficient is markedly decreased

on addition of both the serdblock (left) and block (right) HB polymer.
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Rolling Speed (mm/s) Rolling Speed (mm/s)

Figure3.23. Stribeck curvérom an experiment using a 1 wt &miblock HB polymer inilosolutior
(left) and a 1 wt % block HB polymer in oil solution (right) as the lubricant.

Even at low entrainment speeds the hyperbranched polymer solutions
outperformedthe pure base oilFor example, in the 60 °C test, the HB results pdak
at ~0.14, compared to 0.38 for the oil without polymer. For the selmtk polymer
(Figure 3.23left), the expected trend of increasing friction coefficient with increasing
temperaturewasreversed inthe 90 °C measurement, where the friction coefficient
wasconsistently lower than in the 60 °C case. Grefsrencing this observation to
the average film thickness dataTiable 3.4 this decrease in frictiowasaccompanied
by a substantial increase in the average film thickness of 16 nm, suggesting that the

observed decrease in the friction coefficiamasdue to the formatio of greater film
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depth. The results from the 120 °C curve show increased friction compared to the 60
and 90 °C curves, as would be expected due to the decreased solution viscosity at
elevated temperature. Thisvas likely because the average film thiclaseonly
increase by 2 nm between the 60 and 90 °C tests, so thveasvery little additional

film to further decrease friction.

For the block polymerFigure 3.23right), the expected trend of increased
friction with increased temperature was seen fat three temperatures. While the
block solution produced a lower friction coefficient than the pure base oil case, it is
interesting to note that the friction was higher at each of the temperatures measured
for the block polymer solution when comparedttte semiblock polymer. This was
despite a thicker film having been formed for the block solution, at lower
temperatures (comparing the film thickness for the block and semi block polymers at
60 °C of 195 nm and 180 nm respectively). However, the plagkner solution was
observed to undergo a lower increase in average film thickness (6 nm) than the semi
block polymer solution (22 nm) as the test proceeded, and therefore the increase in
average film thickness did not produce the same decrease in friaBmbserved with

the semiblock material.

3.3.2.4 ElasteHydrodynamic Film Thickness Measurement

Previous testing hdifocussed on boundary/very thin film conditignshich
are the dominant regimes in an engine. However, rolling bearings are the second
most used machine components. The small contact area and large pressures between
rolling elements and raceways due to the moonformity of their surfaces lead to

very thin lubricant films, a regime of lubrication known as elastohydrodynamic (EHD).
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Thus, the performance of the HB sebfdbck and block materials were tested
in the EHD regime using 0.5 wt% polymer solutions. The film thickness was measured
for each HB polymeusing an EH rig with both ascending and descending entraining
speed tests. The results are shownFigure 3.24 The pure base oil was also

measured for comparison.

100.0

10.0; /
N [ ]
—— DH Theory for Base Oil

® Base Oil Data

Semi-Block: Ascending Data
Semi-Block: Descending Data
Block: Ascending Data

Block: Descending Data

Film Thickness (nm)

X @ X @

1.0 0.10 1.00 10.00

Entrainment Speed (m/s)

Figure3.24. EHD data for PAO4 Base oil (orange plots), 0.5 wt%dechki copolymer in solution (gre
plots)) and 0.5wt% block copolymer in solution (purple plots). The circular data points represe
YSIadaNBR 6KSy GKS SydiNIXAyAy3I aLISSR sla AyO
data obtained when the entraining speed was decreasing. The Isttig fit represents the theoretic
values for an ideal (pure oil) solution

For the Durasyn 164, the data, shobwm the orange circles in Figure 3,24
demonstratel the expected variation in film thickness as a function of entraining
speed. According to Dowsoilamrock (DH) theofp0] a plot of film thickness versus
entraining speed should give a straight line of slope 0.67 when plotted with
logarithmic axes, which is known as ideal behavidthis plot can be used to predict
the film thicknes at a given entraining speed, and is plotted as a straight lihigure
3.24, as calculated by BP/Castrdlhe experimental dat@range circlesfor the base

oil closely matckdthe theoretical data as expected.
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For the semblock copolymer, the datéor which is showrin the green plot
in Figure 3.24two occurrences of noitdeal behaviouwere observed. When running
from low to high speed, at the two lowest speeds, the film thickness measuasd
smaller than expected for an ideal solution. Thiss probably due to the
phenomenon of inlet rejection, where the polymer molecubesre not fully solvated
and were unable to enter the EHD contact. As the speed incrédsgher, the
polymerwasable to enter the contact and the solution behauaore idedly. When
running from high to low speeds, themgas a notable increase in measured film
thickness compared to that expected for an ideal solution. This indidhte the
polymer from the solution hé adsorbed onto the ball and/or disand formed a
protective film. ltwasalso noted that the film thickness at an entrainment speed of
1 m/swashigher than that of the base oil alonehichindicated the polymer had a

thickening effect

For the block copolymer, the data for which is showrthe purple @ta in
Figure 3.24 the datafollowed essentially the samdrend as for the pure base
oil. While a small amount of inlet rejectiomasseen when entrainment speegas
ascending, when descending thesasno evidence of either noideal behaviour or
increased oil film thickness at 1 m/sThisindicatd this polymer had only Emited
thickening effect under these high stress high shear conditions. cdhisasted with
the trend seen for the serblock polymer, whichwas attributed to the higher
molecularweight of the semblock polymer and its greater ability to actasgiscosity

modifier.

At higher entrainment speeds both polymbkase oil solutions behadeas

constant viscosity fluidsyhich wasevidenced by the fact that the gradients of their
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measuementswere parallel to that of the base oil. This suggabshearthinning of

the polymers occued at these increased entrainment spee@d].

3.3.2.5 Conclusions from Small Scale Batch Testing

Overall, both the serdlock and block HB polymers demonstrated excellent
film formation and wear prevention propertiexcross a range of lubrication regimes
when syithesised on a-R2 mL scale, indicating good potential for their use as friction
modifiers Howevertheir viscosity improvemenwastoo low for them make suitable
viscosity modifierat normal operation temperaturesWhile the block polymer was
found toproduce a thicker film, on average, than the séatuck polymer, their overall
performance was very similar. Certainly, any performance difference between the
two polymers was not significant enough to warrant the extra distillation step
required for thesynthesis of the block copolymer. Hence, the daptk polymer
was chosen as the best candidate polymer for further scale up and testing and is the

focus of the remainder of this Chapter.

3.3.3 Synthesis Scale Up of HB Seatock Polymer

If the HB semblock polymemasto be of any use on an industrial scale, proof
of scale up potential and bateio-batch reproducibilitywas needed. Hence, work
was conducted to scalep the synthesis of the serblock HB polymer. Using the
same reactant ratios and mebds outlined above, the synthesis was scaled up by
approximately an order of magnitude to produce-80 mg of semblock HB polymer

per batch, an increase in yield of ~30 fold. From this point, the polymers discussed
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previously which were produced an1-2 mL scale will be known as Batch 1, while

those produced at larger scale wik Bnown as Batch 2.

The Batch 2 sentilock polymer was analysed by GPC, the results of which are

summarised imable3.6.

Table3.6. Yield and molecular weight data of HB BEMBA copolymeof semiblock structureproducer
on a 2030 mL scale

Crude Y34 elMnkb Mwb -
Entr Structure
y ( %) (kD (D)

1 SemBl ock 6 40 653043600 6.68

o
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By comparing this with the data for the Batch 1 sdxoick polymer Table
3.2), itwasclear that while the Batch 2 polymeashigher molecular weight than the
Batch 1 polymer, itvas more lightly branched. For example, the number average
molecular weight (M) for the Batch 2 serilock polymemwas653.1 kDa, while the
Batch 1 semblock polymerwasonly 37.1 kDa, howevehe polydispersity of the

Batch 1 polymewas102.7, compared to 6.68 for the largsecale Batch 2 polymer.

Thereare a number of possible explanatiorisr these observations. For
example, the concentration of dimeric transfer agent in the oligomeridurgxmay
have been lower in the Batch 2 polymer: this would result in an increased molecular
weight for the Batch 2 polymer, compared to the Batch 1 polymer. However, given
that the average oligomer conversion rarely deviated from 40 + 3 %, this eitedd
be minor. Alternatively, the increased scale of the polymerisation may have impacted
the architecture of the polymer producthough this requires further investigation. A
reduction in heat and mass transfer in the larger scale Batch 2 polymerisaagn
havelead to a reduction in the production of initiating radicals in the initiation step.
This wouldhaveresultedin fewer, higher molecular weight polymers being produced
with lower overall polydispersity. Thus, in future, to obtain polymer ofnailar

molecular weight and branching density to that produced on a small scale, it may be
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necessary to increase the initiator concentration, which should increase the number
of chains initiated and thus reduce the molecular weight of each chain and s&rea
dispersity. Alternatively, as the chain transfer processmuld be influenced by
diffusion it may be that a reductiomimass transfer within the larger batch reactions
reduced the ability of the CTA to find radicadghich would haveeduced the levebf

chain transfer achieved and so resdtin an increased molecular weight.

However, the Batch 2 polymer was still hyperbranched, as evidenced by the
dispersity value of 6.68 and the broad peaks in the SEC spectrum, shéwguia
3.25 which indicatedhat the polymer was suitable for the current application and

could be sent for tribological testing.

LydSyaadi

{ATYI ¢
Differential Weight Fraction (1/log(g/mol))

10 1 12 13 14 15 16 17 18 102 10° 10* 10° 10°
Time (s) Molar Mass (g/mol)

Figure3.25. SEC traces of D\RIA homopolymer made at 50 mL scale, plotted agagtsntion
time and molar mass to illustrate the broad peaks obtained, which are characteristic of HB po

3.3.4 Further Application Testing of HB SeiBlock Polymer at Increased
Scale

The scaledip Batch 2 HB polymer product was then subjected to the same
testing as the polymer produced on a smaller scale (Batch 1), starting with kinematic
viscosity testing and moving on to wear and film formation property testing, to ensure
the scale up process had not affected the overall behaviour of the polymer. Due to
the larger quantity of polymer available, further testing, including shear testing and

high frequency reciprocation were also conducted on the Batch 2 polymers. From this
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point, all synthesisanalysisand interpretationwas completed by the author, while

tribological testing was conducted by BP/Castrol technicians.

3.3.4.1 Viscosity Testing

The kinematic viscositkV) of theBatch 2 HB polymer was tested under the
same conditions outlined above and the results are showoramge in Figure 3.26:
the data obtained for the Batch 1 HB polymer is also presented (red) for easier

comparison (see Figure 3.10 for more detail)
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Figure3.26. Plot of the change in viscosity of both Batch 1 (red) and Batch 2 (orange) HBlcs®
polymer/baseoil soltion, measured a0 °C(left) and100 °C(right), where the linear EP copolyr
(pink) is the current commercial linear polymer used in industrial formulations. The solid lines
linear best fits to the data.

As observed previously, the KV incredsewith increasing polymer
concentration at both 40 °Gigure 3.26left) and 100Kigure 3.26right), though not
so significantly as the linear EP copolymer standard. Due to the slightly altered testing
range and limed scope of theKV testing conducted on the Batch 2 sebpiinck
polymer, itwasdifficult to draw quantitative conclusions from comparing this data to
that from the Batch 1 serblock polymer(Figure 3.26, red) However, itcould be
observed that the geral trend for Batch 2 polymer at 40 Wasdelivering aslightly
increased KV at each polymer loadimgen compared to the Batch 1 polymerThis
waspossibly due to the reduction in branch density observed in the GPC results for
the Batch 2 polymerwherereduced levels of branching méave resulted in the

polymer experiencing greater entanglement, and thus incrddke viscosity of the
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polymer. Meanwhile, at 100 °C the KV valuese very similarwhen compared to
the Batch 1 polymer, indicating that warextra entanglement of the more lightly
branched Batch 2 polymevasless significant at increased temperature, likely due to

the thermal expansion of the polymer.

The Batch 2 sentilock polymer was also tested on the Cold Cranking
Simulator (CCS), and the results are showRigure 3.27: the data for the Batch 1

polymer is also shown for easier comparison (Sgeré 3.11 for more detail).
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Figure3.27. Plot of the change in \d@ssities of bottthe Batch 1 (reddndBatch 2 (orangefiBsemiblock
polymer/base oil solution measured in the Cold Cranking Simulato8&fC , where the EP copoly
(pink) is the current commercial linear polymer used in industrial formulatioressalid lines represe
linear best fitso the data.

Again, @milar behaviour to that seen at 40 and 100 °C, and to that observed
for the Batch 1 polymewasobserved for the serdblockBatch 2polymer,wherethe
viscosity of the polymeoil solution increasd as the concentration of polymer
increasel.  Additionally, the Batch 2 sethbiock polymerwas seen to cause
insignificant (<500 cP) increase in base oil viscosity below 2 wt% loading, a much

smaller increase than caused by the linear EP copolymer at the §@zading. The
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decrease in viscosity from the unloaded value seen previously at 0.25 wt% lé@ding
the Batch 1 polymer wasot repeated here. However, the testing range was not the
same and 0.25 wt% loading was not tested for the Batch 2 polymerlariyg 2 wt%,

hence this behaviour may jusavebeen masked.

Clearly, the small change in architecture between the two batches of HB
polymerhadnot greatly affected the performance of the polymer, as the KV and CCS
values measurewere still significatly lower for the HB polymer than those for the

EP copolymer, and the overall behaviour tremése not changed.

3.3.4.2 Film Formation Testing

The film formation properties of the Batch 2 sebhdck polymer were then

evaluated using the MTM, as described presily.

The interferometry images obtained for a 5 wt % solution of the Batch 2-semi
block polymer in oil are shown Figure 3.28 Itwasclear that, as previoushFigure
3.16), the measurements were able to be conducted to a temperature of 120 °C
(Figue 3.28) without having to abandon the test, and very little wear ooedr
between the surfaces, as shown by a lack of significant elongation of the contact wear
scar across the rolling and temperature regimes. Similarly, a tribologicalvéibn
formed & the contact point between the two surfaces, as evidenced by the darkening
of the image as the test progressed. However, some scarring of the icoadgtbe
seen, with dark furrows apparent Figure 3.28-G for the Batch 2 polymer, which

wasnot observal for the Batch 1 polymer.
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The film thickness data collected from the interferometry measurement was

visualised for the Batch 2 setliock polymer in the same way as described previously
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for the Batch 1 polymeiHjgure 3.1Y, and the data is presented kigure 3.29as both

a 2D scatter plot (top) and 3D surface plot (bottom).
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Figue 3.29. Plots of the film thickness (nm) for a 5 wt % Batch 2-bésok HB polymer and base
formulation. Top: 2D scatter plots for each step, where the data has been binned, as indicate
legend. Bottom: 3D surface plots for each step. The labelsqAcorrelate across the two plots ¢
with the labels in Figure 3.15.

These plots indicaté that, as for theBatch 1 polymer, a significant film

formed rapidly, with the majority of the measured film having a thickness >200 nm in

plot B. However, i wasinteresting to note thatdespite the Batch 2 polymer being

included at an increased concentration comparedte Batch 1 polymer (5 wt % for

the Batch 2/oil solution, 1 wt % for the Batch 1/oil solution), the initial film thickness

achievedwassimilar for the two batchge This mayavebeen due to increased levels

of polymer crosslinking occurring in solution, rather than at the surface, due to the

increased availability

of vinyl groups in solution. Beyond this Step, weanssars

observedto form which increase in depth and width a the test progresskfrom

image B to F. For example, large portions of the film mddvem the >200 nm
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thickness designation to 15200 nm thickness, and some striationsre seen with
thicknesses in the range 14%0 nm, while other small aredsad a thickness as low
as 60100 nm, as indicated by the legend on the 2D scatter plot. The striatieres
also observedin the surface plot, which very clearly indicdteisually the non
uniformity of the surface by image FHowever, some recovery of the fiklmckness
wasseen in image Gyhere areas of the film which were only 1a%0 nm thick (or
less) in image F increadto 150 ¢ 200 nm following the 120 °C Stribeck curve

measurement.

The striationgouldalso be analysed by taking a slice through thes@Gace
image, as shown ifigure 3.30to show the profile of the surface. Here, the film
thicknesswvasplotted as a function of the-¥oordinate of each image, with a set value
of the Xcoordinate of 401, for both the Batch 1 (top) and Batch 2 (botteemyiblock
polymers for comparison. From these,cibuld be observed that films of similar
structure and thickneswere initially formed in Step B for both batches. In the case
of the Batch 1 servtblock polymer, the filnwasseen to grow steadily, withreas of
f2g GKAOlYySadaa o0SAy3 3INI Rdz oul awdfarhi f SR
thicknesswasachievedat Step F. In comparison, the Batch 2 polymer sftbgood
overall film growth, as by Step D theweere no further regions of zero thickness.
However, beyond Step D, regions of the film &®e slightly worn, with areas of the
film reducedin thickness by up to ~100 nm, up to Step F asotservedin Figure
3.29 At Step G, some of the striatiofmecamenarrower in extent, while others
recoveredcompletely whichsuggestdthat the polymemnwascontinually forming the
film throughout the test andwas capable of regenerating the film in areas where

damage occued.
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Figure3.30. Plots showing how the film thickness varies across-tteoydinate of the interferometry images for the Batch 1 (top) and Batch 2 (bottomjdecki polymer in ba:
oil solution at 1 wt % (Batchl) and 5 wt % (Batch X)=a#01. The labels {&) correlate across the two plots and with the labels in Figures 10 and 17.

It was further hypothesised when reviewing this data and the pattern of

damage relating to the applied conditiortbat the gouging of the thin film stace
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evidenced in both-igure 3.2%nd Figure 3.30 may have been the resultresidual
metal catalyst in the Batch 2 polymerThis my have been present in larger
concentrations than in the Batch 1 polymer due to issues with precipitatingrlarge
guantities of viscous liquid polymer. This may be resolved in future work through the
application of multiple precipitation steps, which will help to ensure that as much CTA
is removed as possihldHoweverthis was not applied here due to the large quantities

of anti-solvent required when working on a ten$-gram scale.

The film thickness data for the Batch 2 sebiock polymer was then
processed to obtain the summary statistics for each Step/image, the data for which is

shown inTable3.7 and visalised inFigure 3.31

Table3.7. Summary of the film thickness data obtained from interferometry for a 5 wt % Batch-
block HB polymer/base oil formulationhélblue shading indicates that the measurement was made
film build up (i.e. following a period of constant temperature and wear rate). The orange ¢
indicates that the measurement was made after a Stribeck Curve measurement was made.
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Comparing the data iflable 3.7 to that for the Batch 1 serviilock polymer
(Table 3.4), little trend wasobserved across the test, although in 2 of the 3 cases the
average film thickness appestto increase following a Stribeck curve measurement
(Steps E and G). Additionally, the average film thickness for the Batch 2 paigmer
reduced at all figes of the testing, with a peak average thickness of 173 nm at image
(E), a reduction of 29 nm compared to the smaller scale Batch 1 polymercotitds

be attributed to the reduced branching of the copolyniecausehe film growthwas
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Figure3.31. A visual representation of the data in TalleEntries BG. It contains the plot of the fi
thickness in nm for these entries. The overall dathis Figureand Table 3 represent the summan
the film thickness data obtained from interferometry for a 1 wB#%ich 2semiblock HB polymer/ba:
oil formulation. The blue shading indicates that the measurement was made after film build
following a period of constant temperature and rolling speed). The orange shading indicates
measurement was made after a Stribeck Curve measurement was made.

believed to be enabled by the large number of ckliskable vinyl end groups
availabe in the HB polymergsulting fromboth from the chain transfer product and
unreacted DVB bonds. Therefore, if the branchiagreduced, therevouldbe fewer
vinyl groups available for cro$isking, resulting in reduced film formation. The
reduced fim thickness at 120 °C (Step F) nhayebeen due to the degradation of
these shorter chains due to the film being less cilodeed and thusweaker
However, these mean values miagvebeen heavily influenced by the gouging of the
film under entrainmentcausedby the CTA contaminanthat wasevident inFigure
3.29andFigure 3.30, andrhichwasreflected in the large errors seen for each Step.
In fact, these errorsvere so large that the difference in the average film thickness

between each Step appezdt not to be significant.

Despite the observed differenceswasclear that the addition of the Batch
2 HB polymer resudd in the formation of a thin film of comparable thickness (peak

thickness within ~30 nm) to that measured for the Batch 1 polymichwasnot
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significantly worn down with increasing temperature, applied force between two

surfaces, and changing rolling speeds.

3.3.4.3 Friction Coefficient TestiggStribeck Measurements

The Stribeck curve for the Batch 2 polymer/base oil solution measured by the
MTM machine between Steps 3 and 5 (B and C) at 60 °C, between Steps 7 and 9 (D
and E) at 90 °C, and between Steps 11 and 13 (F and G) at 120 °C is drigurein

3.32
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Figure3.32. Stribek curve from an experiment using a 5 wt% Batch 2-béyok HB polymer in oil
the lubricant.

The observed trensvasan increase in the dimensionless friction coefficient
with decreasing rotation speed. Comparing this to the data from the pure base oil
soluion (Figure 3.2% it was apparent that the friction coefficientas markedly
decreased on addition of the sethiock HB polymer even at low entrainment speeds,
as seen for the Batch 1 polymer previously, with the 60 °C test peaking at 0.115,
compared t00.38 for oil without the polymer. Comparing to the data obtained
previously for the Batch 1 serblock polymer, which peaked at 0.14 at 60 °@yds

clear that the overall trend of the friction coefficiewasvery similar for both batches,

151



Chapter X NovelHyperbranched.ubricants

aswerethe absolute values. The expected trend of increasing friction coefficient with
increasing temperaturevasobserved for all temperatures, unlike the data obtained
for the Batch 1 polymer, possibly be due to marked decrease in average film thickness
observed &Step F. For the Batch 2 polymer, the friction coefficients measured at 60
and 90 °Gvere observed to be extremely similar, while the coefficients measured at
120 °Gwere significantly higher. Thiouldbe attributed to the dramatic decrease in
averagefilm thickness observed at 120 “Talple 3.7F). Additionally, at low rolling
speeds, the expected trend of increasing frictimoefficient with increasing
temperaturewasreversed in the 60 and 90 °C measurement. From the average film
thickness data ifTable 3.7D, this decrease in friction médyave been due to the
increasel average film thicknessyhich suggestd that the decrease in frictiomas

due to the formation of greater average film depth. However, at higher rolling speeds
where entrainmentwasincreased, the trend retured to the expected increase in

friction coefficient with increasing temperature.

3.3.4.4 Conclusions from Comparison of Sraalll LargeScale Batch Testing

In summary, the film thickness achieveds more variable for the larger
scak polymer batch (Batch 2) when compared to the Batch 1 polyriais watikely
due to a combination of reduced branching and an increase in the amount of abrasive
contaminant leading to increased damage to the film. In future, removal of excess
PhCoBF ay help to improve the performance of the larggzale batch of polymer.
However, the film thickness obtaineeasstill significant, especially compared to that
for oil without a polymer additive Table 3.3), which indicated that the scaleup
processhad not affected the film formation properties of the HB polymer in any
significantly adverse way. Additionally, the trends and values observed in the friction

coefficient for the Batch 2 polymevere comparable to those seen for the Batch 1
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polymer, indicating both that the scalgp processhad not affected the friction
reduction properties of the HB polymer, and that the branching of the HB polymer

alsohadlittle effect on the measured friction coefficient.

3.3.4.5 Further Tribological Testing

In the case of the Batch 2 polymer, sufficient polymeric material was synthesised
to extend the tribological testing further. This included testing on the High Frequency

Reciprocating Rig (HFRR) and the thtgh Shear Viscometer (USV).

HFRRAnalysis

The average friction coefficient measured for a pure base oil solution at 60, 90
and 120 °C is shown Figure 3.33. Lower rotation speeds were used during this
testing thanduring the Stribeck measurement, resulting in the boundary regime being

examinedin this case
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Figure 3.33. Average friction coefficient of PA04 base oil over temperature rangé&ZirC.

The observed trendwas of increasing friction coefficient with increasing

temperature, whichwasconsistent with the Stribeck curve measured-igure 3.22
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The friction coefficientvaslowest at 60 °C, with a value of at 0.182 anseto a peak
of 0.244 at 120 °C. This imase in friction with increasing temperatunasattributed
to the thinning of the oil and reduced entrainment with increased temperature, as

discussed previously.

The Batch 2 sentilock HB polymer was dissolved in base oil at concentrations
of 1.0, 2.0 and 5.0 wt%. The average friction coefficier each concentration was
recorded at temperatures in the range 4040 °Cand this datas shown inFigure

3.34
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Figure3.34. Average friction coefficierdf semiblock HB polymer over temperature range-4210 °(
at loadings 1 wt% (blue), 2 wt% (orange) and 5 wt% (green).

The average friction coefficienivas observed toincrea® with increasing
temperature up to approximately 80 °Gyhich againwas consstent with earlier
results Figure 3.32 However, above this temperature, the frictistopped
increasing and even begin decreasing with further increases in temperature. Given
that these polymerdiadbeen previously found to form protective films under stress
and temperature Figure 3.29 it seened likely that this decrease in frictiowas
caused by the formation of a protective film on the surfadae to thermallyinduced

crosslinking of residualinyl groups within the polymer. This indicdtéhat these
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polymers perforned well as friction modifiers under more extreme temperature
conditions in the boundary regime, and that the film forms most significantly above
temperatures of 80 °C. Once agalittle difference in the measured friction
coefficientwasseen between 1 and 5 wt% polymer loadindpichindicated that the
level of loadingdid not greatly affect the friction reduction properties of these

polymers.
USV Analysis

In order to testhe performance of the serlock polymer undemuch more
extreme and realistic conditiortean previously used, the polymer was analysed using
an Ultrahigh Shear Viscometer, the data for which is summarised in Figure 3.35. Data

on the errors associatedith these measurements was not available.
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Figure3.35. The measured average viscosity at 80, 100 and°Ch@ver a range of shear rai
(indicated by the red plot) for 1 wt% (dark blue), 2 wt% (mid blue) 5 wt % (light blueblsek
polymer in PAOA4.

The Batch 2 senfilock HB polymer was dissolved in base oil at concentrations of 1.0,
2.0 and 5.0 wt% Eachpolymer solutiorwasthen subject © high shear rates, which

increased steadily frorix1® ¢ 1x10 s, (illustrated by the red plot in Figure 3.B&t
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a fixed temperature, and the average dynamic viscosity of each polymer/oil solution,
shown by the blue plots in Figure 3.35, was recorded across the shear rHnigavas
repeated at three diffrent temperatures80 (left section) 100(centre sectionand

150 °fright section).

Firstly, itwasclear fromFigure 3.3%hat the viscosity of all three polymer/oil
solutions decreasgwith increasing temperature, from a maximum of ~4.7 cP at 80
°Cto a minimum of ~1.4 cP at 150 °C,veas expected given the reduced viscosity
modification abilities of the HB polymer and the decrethsd viscosity associated
with increagdtemperature. Interestingly, however, the magnitude of the shear rate
appeaed to have no effect on the viscosity of the solutions at fingdtemperature,
indicating that the polymer/oil solutions behagt@s sheasresistant Newtonian fluids
in the hydrodynamic lubrication regime. Thigsin direct contrast to the usual
behaviou of linear polymers under high shear rates, where shear thinning behaviour
is observed when the polymer is distorted along the direction of flow. Wasdikely
NEfFGSR (G2 (GKS Ww3f20dz I N &0 NHzOG dzNBE G K
volume and more robust 3D netwotkwhichmay result in a reduction in the amount
of deformation under shear, with the HB polymers behaving more like

soliddeformablespheres than linear polymers.

Comparing the results for each polymer loading, the greatestrdififee in
average viscosityas noted to ben the 80 °C testing regime, where the 2 wt% loading
(mid-blue plot) wasneasured as ~0.2 cP greater than the cases witi¥d(darkblue
plot) and 5 wt%(light-blue plot) loading. Howeverit was not possible taget a
guantitative evaluation of the errorfor these tests, anas thedifferences observed

were very smallthis suggess it may not be statistically significantCertainly, in the
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100 °C and 150 »@&gion there wasno significant difference between ¢haverage

viscosities of each polymer loading.

3.3.5 Using Thiol CTA to Develop Oil Soluble Polymers

So far, the process for developing basiksoluble polymers had focussed on
the incorporation of hydrocarbon character into DVB polymiermacromer control
of the DVB polymerisation. While this process successfully generated oil soluble HB
copolymers, iinvolves awo-step processwherethe first step takes a full 24 hours
Additionally, as a crude mixture of LMA oligomers is used, thetstre of the HB
polymer obtained could vary between batchesdepending on the level of
dimer/trimer available to act as the CTAThisintroduced an added level of
uncertainty and variability. Moreover, the yields obtained using wdie relatively
low, limiting the attraction for industry due to the poor economics. While it may be
possible to reduce wastage by recovering the unreacted monomer and cobalt CTA
(through distillation or filtration etc.), this introduces yet another costly step into the

process, further reducing the economy of this route.

Consequently, thietontrolled chain transfer polymerisation was
investigatedto define if this strategy could provide more controlled, rapid and
economic method of producing esbluble HB polymers. Buo the nature of the
chain transfer process, when a thisused as the CTA fragment of that thiolill be
incorporated into these HB polymers Thus, by choosing a thiol with a high
hydrocarbon content, the chain ends of a HB DVB polymer may bednaltsed with
a long hydrocarbon chain to encourage base oil solubility in a single step. Additionally,
previous workwithin the research groupas shown that vastly improved yields may

be achieved using thiol CTAs for hyperbranched polymerisations.
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Thus, the chosen thiol was dodecanethiol, also known as dodecyl mercaptan
(DDM), which contaied a chain of 12 carbon atoms, similar to LMA. A range of
concentrations of DDM (60 mol %) was used with a 1:1 mixture of DVB monomer
and cyclohexanone solveat 150 °C to produce a range of HB polymers with differing
levels of incorporated DDM, on a 1 mL scale. The gelation times associated with these
polymer reactions can be seenfigure 3.36where a roughly linear relationship can

be seen between DDM coetration and gelation time.
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Figure3.36. The average gelation time over three repeats, obtained for DVB polymerisations us
(DDM) concentrations from-60 mol %. The circles represent the meaiesg while the error ba
indicate the standard deviation across these repeat measurements.

Thiswas expected, because dhe thiol was consumed in a stochiometric
manner, and b) as the CTA concentration increatiee average branch length within
the polymeric solutiorwas reduced and the probability of chains undergoing transfer

with each othemwasreduced, thus reducing the rate of gelation.

A selection of these DVB polymers were then analyse&PCGind tested for
solubility in PAO4 base oil, as summarisetiable 3.8, using a polymer concentration
of 1 wt% and heating upt56 °C.The actual composition of the polymers was not
determined due to time constraints, as it was the solubility of these polymer in the

base oil that was of interest, rather than the exact structures achieved.
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Table3.8. Measured yield, molecular weight and dispersityrémresentative samples @DVB mad
using 560 mol% DDM chain transfer agent. The solubilit} @ft% ofeach polymer in PA04 base ¢
also indicated., with Y = fully solubles partially soluble, N = insoluble.

EntryPDPM Yi ed dMn?b MwP A b Sol ubl e
{mol%) (%) (kDr (kDhn PA &
1 5.0 131 3.8 136 3.5 N
2 3 Q0 76 27 251 9.3 N
3 4 Q0 68 2.8 862 308 N
4 4 50 79 31 152 521 P
5 5 50 81 33 188 570 P
6 6 Q0 75 21 6.2 2.9 Y

aDetermined gravimetrically. Determinedvia gel permeation chromatography.

First, the high yield obtained for 5.0 mol % DDM (Entry 1) was likely due to
the presence of residual solvent, which could notlé/ removed due to the nature

if the polymer sample.

Meanwhile, the molecular weight data indicated that all the polymers were
hyperbranched (b > 2.5), and the number average molecular weights recorded were
very similar across all polymerisations (2.8.8 kDa). However, it also highlighted
three distinct regimes. In the first regime, where the relative concentration of CTA
was low, the polymers were observed to be lightly branched, with relatively low
dispersity values observed from 5.0 mol% to 304 & (Entry 1 and 2). This was
likely due to the low CTA concentration, which would have resulted in the HB
polymers developing fewer, relatively long branches. In the next regime, as the
concentration of CTA increased from 40.0 (Entry 3) to 55.0 mdErsy(5), the
dispersity increased significantly up to a maximum of 57.0, indicating highly branched
polymers were produced. This suggested that this range of CTA concentration may
have been the optimal range for HB polymer production, likely due to tience

between increased reaction times, which allowed the facile isolation of HB polymer,
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and the reduction in branch length, due to the presence of appreciable quantities of
CTA. For the polymerisation conducted with 60.0 mol % CTA (Entry 6), thesitsper
was the smallest seen, indicating that these conditions resulted in polymers with the
lightest branching, likely due to the large quantity of CTA present which would have
terminated all branches very quickly. Furthermore, this reaction had to beaipeeh
further from the true gelation time due to time constraints, which would have

resulted in a reduced level of branching.

To determine solubility in the PAO4 base piblymer/oil mixtures(1 wt %)
were heated for up to 24 hours with stirring, and dikgmn was measured by visual
inspection. For the polymers with-40 mol % DDM, the pDVB was found to be
insoluble in the PAO4 base oil. For those witkb%5mol% DDM, the pDVB was found
to initially be soluble in the PA04 base oil after a minimum of drhwating and
stirring. However, once these solutions were removed from the heat, the pDVB
dropped out of solution to form a cloudy dispersion. For the pDVB with 60 mol% DDM,
the pDVB dissolved completely and remained dissolved once removed from the heat.
This trendwascaused by the increaslincorporation of hydrophobic DDflagments
into the pDVB with increasl CTA concentration, which enharttiie solubility of the
polymer in the hydrocarbon oil. The yieldtbe 60 mol %polymerisation was the
lowest seen, which was likely due to a combination of physical losses during work up
and the polymerisation being quenched a little further from the gel point, as the
reaction had to be stopped due to time constraints. However, the yield was still
higher than most of the dimer/trimer-controlled HB polymerisations conducted
previously in this workand the polymer produced was confirmed to branched (see

above)
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Thus, the pDVB synthesised using 60 mol % DDM was chosen as the best
candidate for further testingn this work The synthesis was scaled by a factor of 50
to ensure suffiient polymer was available for testing. The resulting polymer is

summarised imable3.9.

Table3.9. Yield and molecular weight data of BBB homopolymer produced using 60 mol % DDV
the transfer agent on a 50 mL scale.

Entr Struct UrDeDM% Crude Y3 eMrdb Mwb
’ (Mo o) ( %) (kD (D)
1 pDVB 60 91 214 7.09 3.31

'58GSNYAYSR PBBE DS MBENERILISNY S| o2y GOKNRB Y (2 INI LK@
Comparing this to the smaller 1 mL scale reaction outlined in Entry&ded

3.8, itwasfirst apparent that the yield obtainedasconsiderably higher for the larger
scale polymerisation. Thigvas attributed to physical losses associated with
precipitating and recovering viscous polymershe 1 mL scale polymisations
resulted in relatively large physical losses during workagpa percentage of the
materials synthesised whatompared to the 50 mL scale polymerisations, hence the
associated yieldsvere lower for the 1 mL scale polymerisationsThe molecular
weight and dispersity data obtained for th® BnL scale polymeawvere very similar to
those obtained for the smaller scapolymerisation {able 3.8), which demonstrated
that the polymer was hyperbranched and indicated that the scglelid not adversely

affect the resulting polymer architecture.

Following solubility testing which confirmed that the polymer was still fully
soluble n the PAO4 base oil, the 50 mL scale sample of pDVBswgscted to
tribological testingat the BP/Castrol laboratoriedJnfortunately, due to government
restrictions, this testing was unable to be conducted in the required time frame, thus
we do not have confirmation of the effectiveness of the pDVB polymer as a lubricant

additive
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3.3.6 Dielectric Monitoring for HB Polymer @ality Control

For the DVB/LMA HB polymers described above, a robust method of polymer
characterisation will be required to provide a quality control mechanism if they are
ever to become industrially viableThis is becaustheir structures and molecular
weights (MWTs) must be withia specifidolerance if every batch of polymer is to
function as expected. However, the method of characterisation most widely used to
measure polymer molecular weight and polydispersity (P), Gel Permeation
Chromatography (BC), possess inherent limitations with respect to highly branched

polymers such as hyperbranched polymers (see Chapter 1, Section 1.9.1).

Due to the proven applicability of dielectric analysis to HB polymeric samples
[52], dielectric analysiChapter 2.2.5)was chosen as the analysis method to
investigate, in an attempt to develop a more accurate method of characterisation. It
was decided to conduct this testing on the HB LMA/DVB polymershwigive been
of most interest so far, to provide a new viable industrial strategy for polymer

characterisation.

A range of HB polymers based around the sblock HB copolymer described
above were producedo investigate whether dielectric analysis coldd used to
monitor the reproducibility of HB reactionsThree samples of 8:2 v/v HB LMA/B
semiblock copolymer were synthesised under identical reaction conditeeesTable

3.10, 1-3).
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Table3.10.¢ KS ydzYo SNJ I @SNF 3S oayuv FyR ¢SAIKGE | @S
all polymer samples subject thielectric property testing.

EntrIyMADVBReac_tion Mna Mw 2 A a
(v/v) (mi n (k D (k D
1 8:2 35 653 4360 6.7
2 8:2 35 6256 41349 6.6
3 8:2 35 4.4 252 584
4 8:2 30 4.2 311 747
5 8:2 20 8.3 552 6.7
6 8:2 10 2.5 137 5.5
7 9:1 75 614 2992 438

'5 84 SNWAFSIR LISNYSIF a2y dOKNR2 Y (2 INF LK@

Additionally, to further investigate whether dielectric analysisuld be
suitable for monitoring HB polymer cure usinglime analysis, 8:2 v/iv HB LMJVB
semiblock polymerisations were reacted for 10 minutes, 20 minutes3hchinutes
(Table 3.10, 4-6) before being quenched. Finally, in order to determine whether
dielectric analysisoulddistingush between copolymers of similar molecular weight
but different copolymer ratios, a HB LM3VB polymer with monomer ratio 9:1 v/v
(Table 3.10, 7) was synthesised and compared to the 8:2 dalaik structure(Table

3.10, 1).

These polymers wersubjectal to dielectricanalysis which was conducted
by Dr Alexis Kalamiotis (Faculty of Engineering). The dielectric properties of these HB
LMADVB copolymers were studied over a temperature range of 280 °C with a
step interval of 10 °C. Cavjperturbation technique was selected for this study due
to the physical form of the samples. The experimental setup consisted of a copper
resonant cylindrical cavity with Tgw identified modes at 912 MHz, 1429 MHz, 1949
MHz and 2470 MHzee Chapter 2.2)5A small sample (2 mL) of each polymer was
used. The GPC results for these polymers were also measured for compéses®n
Table3.10).
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3.3.6.1 Determining Batclo-Batch Repeatability

Firstly, threeisolated 8:2 HB polymer samples produced under identical
conditions were analysed. The GPC data for these polymerisations are shown in
Figure 3.371-3, whileFigure 3.3@ and b show the dielectric constant and loss values

versus frequency, respectively.
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Figure 3.37. a) Dielectric constant and b) dielectric loss versus frequency (MHz) for 8:20\K
copolymer repeats. Error bars are included for to plots, though they are small enough to
indistinguishable for the dielectric constant data.

Here, Repeat 1 corresponds Table 3.10.1, Repeat 2 corresponds f@ble
3.10.2 and Repeat 3 corresponds Table3.10.3. Looking first at the dielectric data,
two of the samples displayed similar dielectric properties (Repeat 1 and 2), indicating
structural sinilarity. However, the third batch (Repeat 3) displayed an increased
dielectric constant, suggesting the structure was changed or molecular weight was
significantly lower: smaller polymer chains demonstrate increased dielectric
properties, since they havegreater freedom of movement due to decreased
entanglement and thus respond more readily than longer chains to the incident
electric field. Similarly, the GPC analysi3ahle 3.10 indicated that the molecular
weight of Repeat 3 was significantly lower than Repeats 1 and 2, while dispersity was
increased, confirming the validity of the dielectric analysislifferentiate different

HB structures
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The results above supported the pgathesis that dielectric properties could
be used to differentiate between different types of HB structure. AdditionBiypeat
3 was observed visually to be less viscous than Repeats 1 and AiffEhénce in
polymer structure was attributed to thiact thatin the process that produceldepeat
3, the LMA oligomer mixture produced in the first steplef polymerisationvasused
directly at the5°C overnighstorage temperature As the process for Repeat 1 and 2
used LMA at room temperature, theffectively increased the gelation time of the
polymerisation As a result of the increased time required Repeat 3to reach
reaction temperature, this meant that, at 35 minutes, this reactiwas quenched
further away from the gel point of the reactionah Repeats 1 and 2. Thisategy
was adopted to show that dielectric analysis could indicate the presence of such

procedural, and thus molecular differences in the HB polymerisation process.

Compared to the results from previous woi§2] the difference in the
dielectric properties and molecular weigh®dl between batcheswas significant.
This was due to the change in manufacturing process adogted,the dielectric
property measuremenivascapable of capturing these differences between batches.
This suggests that dielectric analysis may provide a simple and potentiily in
method of both ensuring batcto-batch repeatability and possibly monitoring the

level of crosdinking to maimise yield and branching of HB polymerisations.

3.3.6.2 Monitoring Polymerisation Progress and Level of Cure

Next, the three 8:2 LMAVB copolymers quenched at 10, 20 and 30 minutes
(Table 3.10, 4-6) to form, polymers of lowentry 6) mid (entry 5)and high(entry 4)
molecular weight, respectively, were analysed. The dielectric properties of these

polymers are shown iRigure 3.38
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Figure3.38. a) Dielectric constant and b) dielectric loss versus frequency (Mtzpfe molecular weigl
polymer (10 min reaction time)a midmolecular weight polymef20 min reaction timeand a higl
molecular weight polymeg30 min reaction timedf 8:2 LMAZDVB Error bars are included for both plc
though they are small enoughb be indistinguishable for the dielectric constant data.

It was observed that both dielectric constant and |akscreasedas the
reaction time increased. Thigasthe expected trend: in previous work, and in the
section above, ihad been shown that the response from the polymeasweaker
than that of the monometower MWT polymer hence a higher molecular weight

polymer should result in lower dielectric propenglues.

Looking at the GPC data Table 3.10, 4-6 demonstrates the difficulty of
relying on GPC data for HB polymers: thevilues dd not follow the expected trend,
as the 26minute reaction hd the highest M value. Thisvaslikely due to problems
with the calibration standard, and the JM/alues should be considered more reliable
for highly branched polymers, as these are related more to the mechanical behaviour
of the polymer than the chemistry. As such, thg Wlues follow the exgcted trend,
where the 10-minute reaction demonstrad the lowest M, and the 30minute
reactiondemonstratedthe highest M, polymer as was expectedlhus, theM,, data
corroborated the data obtained from dielectric analysis, which prowetde able to
distinguish HB polymers of various molecular weighihis suggesteil may bea

useful techniqudor monitoring cure idine in future applications.
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3.3.6.3 Distinguishing HB Copolymers with Different Molecular Weights

Finally, the copolymer synthesised using a 9:1 v/v ratio of LMA:Date(
3.10, 7) was analysed. This polymer contained an increased level of the
monofunctional LMA than the 8:2 copolyméigure 3.38 and b show the dielectric
constant and lossalues for the 9:1 and an 8:2 LM)VB copolymerTable3.10.7 and

1, respectively).
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Figure3.39. Dielectric responses of two ratios of LIBAB copolymers. Part a) shows the diele
constant, part b) shows the dielectric loss vs frequency (M@ bars are included for both plc
though they are small enough to be indistinguishable for the dielectric constant data.

Looking first at the GPC data for theseotpolymers, it can be seen that the
My value of the 9:1 polymewas similar to those of the 8:2 polymer in Entries 1
(Repeat l)and 2 (Repeat 2) However, the M value for the 9:1 polymewas
considerably reduced, awas the dispersity, indicating lighter branching in this
copolymer. Thisvaslikely due to the reduction in crodmk density, as the relative
amount of difunctional monomervasreduced by 10 % in the case of the 9:1 polymer.
This reduction in craslink density and increased incorporation of a flexible,
hydrocarbyl specieshouldhaveresultedin greater chain flexibility and mobility, and
hence in a greater interaction with the incident fiekhd tus an increased dielectric
responsewould beexpected. The sample of 8:2 polymer (Entry 1) was chosen for

comparisorbecausdts molecular weightvasclosest to that of the 9:1 copolymer.
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Focussing now on the dielectric constant datéigure 3.3, the measured
dielectric constantvasseen to be greatein the polymer with greater LMA content
across all frequencies, as expected. Waslikely due to that fact that the crodik
density of the cepolymer decrease. The addition ofa greater proportion othe
monofunctional, flexibl& MAmonomerto the structure increasd the mobility of the
polymer chainwhich resulted in an increased interaction of the polymer with the
incident electromagnetic fieldnd an increase in the ability of the polymer to store
energy Thiswasin agreement with work previgsly reported by He et al., that the
relative permittivity of DVBbased copolymergiasrelated to the extent of the cross
link density in the copolymer, whiakasrelated to the concentration of dunctional
monomer, DVB. lvasalso in agreement with theesults seen in the previous work
within the groupfor HBDVB[52]. Meanwhile, the dielectric loss data was comparable

for the 8:2 and 9:1 copolymers, which may reflect their similavMues.

Thus, this indicated that the dielectric analysis data could also provide
information about the relative PDI of the HB polymer, endn the data above
suggested that the dielectric loss gave the clearest indication of the relatiod te
HB polymer. This was because this property indicated the ability of the material to
transfer stored energy into heatiaintermolecular friction. Thus, globular polymers
of the same M could transfer similar amounts of energy into intermolecular friction.
However, the dielectric constant, which gives an indication of how much energy a
molecule can store, would be influenced by the level of endigiensity and degree
of flexibility in the structure (i.e. the level of branching achieved in the polymer). The
ANBIFGSN) GKS a4l OO0OSaarotSe FTtSEAoAtAGeT GKS
data showed that the polymer which possessed thedessanching and/or greater

flexible hydrocarbyl end group recorded the greater dielectric constant.
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two copolymers, as visualiséFigure 3.0.
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Figure3.40. Loss tangent for 8:2 (blue circle) and 9:1 (orange diamond) v/v LMA:DVB copol

Generally,tiwas observed that the 8:2 copolymer demonstrated a higher tan
1 0KFYy GKS dpYm O2LRfe@YSNE SalLlSOAartfte 4 f
Ay Gy + @FfdzSa o0SGeSSy GKS UGg2 O2LRfeY
architecture between the two ggmers, with the more flexible 9:1 copolymer storing

more of the incident radiation than the 8:2 copolymer.

Overall, thiglata demonstrate that it should be possible to differentiate HB
polymers with varied monomer ratios using dielectric spectroscopy, due to the
change in the value of the dielectric constant observed with a chengencentration
of DVB wherethe dielectric properties mesaured increase as the concentration of
DVB decreaske Thiswasdue to the change in the degree of branchingherethe

addition of more LMAesultedin a more flexible, linear structurgjhichincreagdthe
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ability of the dipoles to align themselves withe external field. However, care must
be taken, as any difference in molecular weight between the two polycwukialso
contribute to the difference in dielectric properties observed, though the contribution
from a reduction in molecular weight appeatto be a smaller effect than that of
varying copolymer ratio. A more thorough investigation, using copolymers with a
variety of ratios of more similar molecular weights should be conducted to verify this
result. Also, it has been demonstrated that rewing both dielectric constant and

loss data can give different information about the relative polymer structure.

3.3.7 High Throughput Copolymer Viscosity Screening

Previously, alihe kinematic viscosity testing of HB polymers in gtigdywas
conducted usingparge scal@pparatuson-site at BP/Castrol. This testingsessential
for any new polymeric additive, however, tiesperimental work waproblematic for
a number of reasons: each test requdrens-of-grams of samplghe testing sitevas
not local tothe synthetic laboratorythe testing processvastime consumingand

each sample (polymer concentratiolndd tobe prepared and loaded manually.

Hence, a faster, more convenient alternative method of screening new
polymeric additives was investigated liquid handling systenfMicrolab STARIet,
Hamilton Robotics, Ind53]) was employed in the attempt to develop a high
throughput alternative for viscosity testing: a diagram of the liquid handling system is

shown inFigure 3.4Xsee Chapter 2.2.6))
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Figure3.41. Diagram of the process used to determine viscosity in the liquid hasydiem[53].

This high throughput technigue enables the testing of 96 formulations per 13
working hours It involvesa series of pipetteshichautomatically inject the required
guantities of each component into a well plate, heats the well plate to the chosen
temperature, and then measures the pressure required to aspirate the resulting
solution. This pressure can then be used to determine sbkition viscosity.
Additionally, only a few mL of sample is required per test in this system, making this
much more suitable for screening new copolymers, which are often only produced on
a milligram scale, than the larger scale apparatus currently énimghe industrial
laboratories. Athiswas a proof of concepthe evaluation was conducted on one

copolymerformulation.

Previously, kinematic viscosity data at 40 °C for daodk (crude LMA
oligomers used) DVB:LMA copolymers were obtained fragelacale testing at the
AYRAzZAGNRA £ aLl2yaz2NRa adedryureddp s, inthi©® LIA £ £ |
work, solutions of PA04 base 4] and the semblock DVB.MA copdymer, in a
ratio 2:8 (v/iv) DVB:LMA, were prepared with polymer concentrations of 0.5, 1.0, 2.0
and 5.0 wt%. These formulations were then tested on a liquid harafipgratusin
order to determine their viscosityiathis method This section will discsishe results
of these viscosity measurements and how they may be useful in providing a fast and
simple screening process for future copolymers and compare the results to those
obtained from larger scale testing. Testing was conducted in collaboratitnDwit

Zuoxin Zhowf the CfAM group at the University of Nottingham
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3.3.7.1 Comparing Liquid Handler and KV Results

The 40 °C kinematic viscosity data discussed previously (see Sk8tibr)
for the semiblock DVB_LMA §ee Figure 3.26% shown in the purple and blue plots in
Figure 3.42(EP copolymer and sethiock copolymer, respectivelyps discussed
previousy, Centistokes are the unit used, as this is the ASTM standard unit for

kinematic viscosity measurements within the industry, where 1 ¢St = sthm

® EP Copolymer Data
—— EP Copolymer Linear Fit
[ ]

—_ 301 Semi-block Polymer (Large Scale Batch) Data
§ —— Semi-block Polymer (Large Scale Batch) Linear Fit
'J Semi-block Polymer - Liquid Handler Data
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Figure3.42. Viscosity data for 2:8 DVB:LMA copolymer. The panpdeblue data was obtained fro
large scale kinematic viscosity testiagparatuson-site at the BP/Castral Purple: linear ethyler
propylene (EP) copolymer, used as standabdicant additive. Blue: serdiock DVB:LMA copolym
The data shown in red wabtained on the liquid handling system for a sdxaick DVB:LMA copolym

Straight lines represent a linear fits to the data. Data on the errors was not available.

When compared to data obtained for a standard linear ethylene propylene
(EP) copolymer (shown in the qple plot inFigure 3.42 which is commonly used as
a lubricant additive, itvas observedhat the viscosity of the oivasonly marginally
increased with addition of the HB polymer, even up to 5.0 wt% loading, due to the

globular structure of the HB patyer.
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The viscosity data obtaineir the semiblock HB polymefrom the liquid
handlerapparatuss shown in the red plot iRigure 3.42 Comparing to thdata from
the KV capillary rheometdblue plot),it was observedhat the trend observedfor
increasedviscositywith increased polymer loading wasry similar The straightline
fit posseseda similar gradientwhichindicatedthat the polymer testedn the liquid

handlerbehaved in a similar manner to the sample tested in the capillary rheometer.

However,it wasalso clear that theravasan offset of ~7 cStetween these
two data sets This discrepancy could be due the level of shear associated with the
measurements mde via the liquid handler. KV measurements in a capillary
rheometer are not measured under high shear conditions, as the only force acting on
the sample is gravity. Meanwhile, the liquid handler uses high pressure to force the
polymer out of the pipettdips, which creates shear in the polymer. Thus, the offset
could have beendue to the fact that the shear forces in the liquid handing system
caused a small and consistent amount of shear thinning of the polymer during the
measurement, and therefore redad its apparent viscosityAlternatively, the offset
may be due to an error in the conversion from pressure to viscosity, however it is
difficult to be sure with just one dataset: similarly, due to erbar overlap, the fit
gradient may not be accuratéAnother possible source of error would be differences
in the molecular weight/dispersity and architecture of the two polymer samples. The
GPC data for the two polymer samples tested dreven inTable 3.11these are the

same two polymers outlinechiTable 3.10L and 2 respectively.
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Table3.11.¢ KS ydzYo SNJ | SNIF 3S dayov FyR ¢SAIKG | @S
sample sent to BP for large scale testing on KV capillary rheometer apparatus (1) and sample
liquid handler system. These correspond to entries 1 and&bla T0.

Ent rIS/MADVB Reacti on Mn2 Mw a A a
(viv) (mi n (k D (k D

1 8:2 35 653 4 36.0 6.7

2 8:2 35 6256 4132 6.6

"5 80 SNWAFSSIR LISNX¥ S o2y dOKNB Y| (12 INF LK@
It was observed that the two polymer samples displayed very similar

molecular weights and dispersities, hence differences in architecture are unlikely to

be responsible for the observed offset.

Despite the offsetthis initial dataset did indicate that the liquid handler could
0S dzaSR G2 3IAGS | Y2NB NILAR SadAYIGAzZ2y 2
interest to fuel lubricants.However to improve the reliability of this data in future,
further oil-soluble HB copolymers should be tested, with a wider range of loadings,
which would also make use of the automation available with the liquid handler.
Furthermore, polymer samples which have undergone more thorough testing at
BP/Castrol on their largscaleapparatus and are well characterized and understood,

should also be tested on the liquid handler: this will allow a direct comparison to be

made on a much larger array of samples.

3.4 Conclusions

3.4.1 Synthesis and Tribological Testing of HB DVB/LMA

1 Successfufl synthesised twoarchitectures of low viscosity, oil soluble
hyperbranched copolymer of DVB and LMA, using oligomeric control agents to
enhance control and oil solubility at < 5 mL soalsemi block (using crude

monomer/oligomer mixture) and block (usipgre dimer/trimer).
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Kinematic Viscositytesting indicated that HB polymers displayed significantly
reduced viscosity compared to linear EP copolymer, up to 5 wt% loading.

1 HBPs not suitable as viscosity index improvers, as would need much

greater loadingd achieve same effectvhich would bemore expensive

CCS indicated that inclusion of HBPs iformulation would not adversely
impact low temperature performance
HBPs underwent tribological testing to determine that they act to reduce
friction and wear amss a range of lubrication regimes.

1 MTM data indicatd both semiblock and block copolymers form thin,
robust protective films with increasing temperature and rolling
speed, which reduakfriction between the moving parts.

0 HBPs crosslink on surface &\eated temperature, thus films
increased in thickness as the experiment was run.

0 The block polymer solution undsent a lower overall
increase in film thickness than the sehtock polymer as the
test proceeed, and the increase in film thicknesi&d not
produce the same decrease in friction for the block
copolymer as the sentilock.

o This was de to the lower molecular weight of the block
polymer compared to the senfilock: the lower weight
polymerwasless able to crosslink during the experimenedu
to the decreased volume occupied by the smaller polymer,
which male polymer interactions less likely than for a higher
molecular weight polymer.

0 The film produced by th8lockpolymer wasalso less strong

and more capable of being destroyed comparedh® semi
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block film, which suppoed the idea that therewas less
crosslinking between the polymer molecules.
1 From EHD measurements, the addition of séoick polymer caused
a thickening effect and formed a protective film under
elastohydrodynamic lulication regimes. Meanwhile the block
polymer did not display thickening behaviour or film formation. Both
polymers were seen to act a constant viscosity fluids, which
suggested shear thinning occurred at these high entrainment speeds.
Both HBPsdemonstraed excellent film formation and wear prevention
properties,with good potential for use as friction modifiers, but not viscosity
modifiers.
Identified semiblock polymer as best option for further study as compromise
between performance and synthesis cost
Scaled up synthesis of sebiock copolymer by order of magnitude, sent to
BP/Castrol for tribological testing.
T KV, CCS and MTM testing show comparable results for thedaeie
polymer batch
9 Slight reduction in film thickness due to slighthduced molecular
weight and metal contaminant.
1 Extra purification step may be required in futueremove PhCoBF
contaminant
1 Overallperformancedifferenceswereinsignificant, and scale up was
a success

Further tribological testing:
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1 HFRR confirmed s@-block polymer reduce friction at low rolling
speeds (in boundary regime) owewide temperaturerange, and that
films formed most significantly above 8@ due to crosslinking.

1 USV confirmed polymers behave as shesmistant Newtonian fluids

in the hydrodynamic lubrication regimecontrary to EHD results.

3.4.2 Using Thiol CTAs to Synthesise Higlvéelding Oil Soluble HB
Polymers

1 Aimedto improve yields and make thedB polymersynthesis daster, more
economic, onestep process
1 Successfully synthesisggDVB using thiol (DDM) control at variety of DDM
concentrations on 1 mL scale.
1 60 mol% DDM was identified as concentration which gave best oil solubility.
o While 40.0¢ 55.0 mol % DDM were the best conditions for
producing HBPs, the resulting polymers listrange were
insoluble in PAO4 base oil.
1 Synthesi®f pDVB controlled with 60.0 mol % DDM wgaaled to 50 mL scale
1 pDVBwas found tastill be oil soluble
9 VYieldfurther improved to 91 %
1 Tribological ésting of pDVB could not be conducted due to COVID 19

restrictions.

3.4.3 Dielectric Monitoring of HBPs for Batetm-Batch Reproducibility
1 Wanted to find new, more accurate characterisation method for HBPs, which may
potentially be able to monitor HBolymerisations irsitu and monitor batcko-

batch repeatability.
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Measured the dielectric properties afange of hyperbranched cgpolymers
synthesised from mondéunctional lauryl methacrylate (LMA) and-fdnctional
DVBviaCCTP.

Measurements of the diectric constant and loswere used to determine the
effect of molecular weight and polymerisation time on the dielectric properties of
LMADVB samples with the same LMA:DVB ratio, and to determine {atch
batch repeatability.

Demonstrated that dielectci spectroscopy can be used to differentiate HBPs with
varied monomer ratios, observing that, as the concentration of LMA incdease
the dielectric constant measured increases due to a decreasing degree of
branching: the addition of LMA resattin a moreinear, flexiblestructure,which
increa®d the ability of the dipoles to align themselves with the external field.

Both dielectric loss and constant were found to be good indicators of variance in
the molecular weight/structure of different batches ofe¢tsame HBP: this work
supporiedthe observations made by Nambiar previou&g].

Findings largely corroborated by GPC data, while also indicating the need for this

new measurement technique fdHBPs.

3.4.4 Liquid Handler For Screening New Copolymers

T

1

Aimed to develop faster screening method which requires less material per test,
and thepossiblyof automaton.

Viscosity profiles of new copolymers can be obtained through thentiadiquid
handling system: may be possible to screen the viscosity profiles of future
lubricant formulations quickly and efficiently, while requiring only a few

milligrams of sample to do so.
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1 This will significantly increase the speed at which new copolymers may be
develgped and optimized in future.

1 More testing is required to confirm whether offset is due to science or equipment.

3.5 Future Work

3.5.1 Synthesis and Tribological Testing of HB DVB/LMA

The DVB:LMZA:8 viv semiblock copolymer has been proven to perform well
as a low viscosity lubricant, while the methodology used to synthesise it has also
proven robust up to the 50g scale. Howevertltier scale up othe synthesis of the
is needed in order to pnge the industrial viability of this methodology, and to provide
sufficient material for extended tribological testing and formulation optimisation.
Thus, it would be valuable to investigate and optimise the synthesis of theldeoki
copolymerusinga 5kg rig such as that available in the Faculty of Engineering, to

further develop the batch processing methodology for this polymerisation

However, largescale batch processing of a free radical polymerisation carries
inherent risk, due to large volumes bginonrruniformly heated and the potential for
runaway propagation due to reduced mass and heat transfer efficiencies. Therefore,
future work should also investigate the synthesis of HB d#atk polymer in a flow
rig with microwave heating. This wouldable the development of a continuous flow
methodology, which would both reduce the risk associated with large scale polymer
heating and allow polymer to be produced on a further increased scale in a more

economic and efficient manner.

Once these largscale methodologies are developed, extended testing of the
polymer should be conducted. This will ensure the scale up process does not impact

the performance of the polymer, and enable testing over a wider range of conditions.
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For example, the polymer sht be tested in fulscale engine rigs under realistic
conditions, to ensure that the results obtained from srsalble tribological tests are
representative of reaWworld results. Additionally, the polymer should be tested in
combination with all of theadditional additives required in the full engine oll
formulation, to investigate whether the interactions between the additives results in

any adverse (or synergistic) effects.

Additionally, similar scale up and testing should be conducted on polymers
synthesised using different monomer combination, developed to further optimise

performance or reduce emissions (see Chapter 5 for more details).

3.5.2 Using Thiol CTAs to Synthesise High@elding Oil Soluble HB
Polymers

The polymerisation of DVB using DDM as the control agent proved that this
methodology could produce edloluble polymers and help increase the yields of HB
polymers. Now, these polymers need to undergo tribological testing at BP/Castrol
laboratories in oder to determine whether they may be of use as lubricant additives.
Following these tests, the polymerisation may have to be further optimised, as

outlined for the semblock polymers above, or a new application identified.

3.5.3 Dielectric Monitoring of HBP#or Batchto-Batch Reproducibility
Dielectric monitoring demonstrated promise as a method of accurately

monitoring the batchto-batch reproducibility of HB polymers. Howeverwaler

range of monomers and monomer ratios should be tested to ensure tlegethesults

are applicable to all HB polymers.

Additionally, to extract the most value from this characterisation technique, the
use of a coaxial probe tmonitor HB polymerisation isitu should be investigated.

This would enable continuous flow synthessuch as that described above, to be
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monitored in real time, ensuring the polymerisation remains optimised and any

deviations from the ideal conditions can be quickly rectified.

3.5.4 Liquid Handler For Screening New Copolymers

The results obtained so far iiwdite that using the liquid handler to screen the
rheological properties of various HB copolymers should, in theory, be possible.
However, epeat testings neededo determine whethetthe offset in viscosity values
compared to the KV viscometseen herds significantor simply due to a calculation
error. Additionally, it would be beneficial toest somepolymers which have
previously been used by BP/Castrol, and which are alreadghagthcterisedin order
to calibrate liquid handler with KV viscotee Furthermore, it would be useful to use
this wide range of preneasured additives to make use of thé the automation
inherent in the liquid handling systerwhich would enable thdesting of a wider

range of additives at wider range of concentraton
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4 Chapter 4: Synthesis and Optimisation Bio-Active
Hyperbranched Polymers

This chapter outlines the synthesis and optimisation of hyperbranched (HB)
polymers and copolymers of tricy¢#02.1.¢°decanedimethanol diacrylate
(TCDMDA) using chain transfer polymerization (CTP) with catalytic, thiolic and
macromeric control agentslt also detailstie subsequent optimisation and scale up
of these (co)polymers for usas bacterial attachment resistant and pstem cell
attachment surfaces, which is described in the application testing reported later in
the chapter A new polymerizédn methodwasinvestigated for the synthesis of more
controllable andstructured HBTCDMDAopolymers, to optimisenonomermixing in
the final copolymer and improve the polymer yield and gel time repeatabilitese
copolymercoatingswere then subject toapplication testing. Furthermore, the thiol
controlled TCDMDA was investigated as an improved feedstock material for two
photon polymerisation (2PP). Macromeontrolled HB pTCDMDANderwent
biological testingo investigateits potential for use asmproved stem cell culture

surfaces Successful candidates were scaled up for further biological testing.

4.1 Introduction
4.1.1 Biofilms and AntiFouling Surfaces

Following their discovery by Pasteld] microorganisms were classified as
planktonic, indicating theyvere single celled creatures living as floating organisms,
much as plankton dodg]. Biofilms, on the other hand, are microorganisms that live
in a selforganised, cooperative communitiesTheyattach to a substrate andover
themselves in aelfproducedmatrix of extracellular polymeric substances (HBE)
[4] essentally forming a slimy, slippery coatingrhis process is illustrated kigure

4.1
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BIOFILM FORMATION

Adhesion to Biofilm Growth - other Release - planktonic

surface formation organisms attach bacteria released
and bacteria multiply

Bacteria Bacteria

——

SR 10

Figure4.1. Diagram outlining the process for biofilm formation on a surf@®].

The EPS are natural, high molecular weight (MW) polymers secreted by
microorganisms into their environment to establish the functional and structural
integrity of the biofilm. They are also the fundamental comporiaieterminingthe
physicochemical properties of a biofilm. Importantly, biofilms exhibit vastly different
characteristics to their planktonic counterpart$or examplethey have been found
to exhibit up to 1000 times higher resistance to antibacterial agents or gitigine,

z

(2 (KS K2aiQAa[BAYYdzyS RSTFSyOSa

On the global scale, the impact of biofilm formation is almost incalculable,
with billions of dollars spent throughout different sectors of the econdamprevent
their occurrence or remove them once they have forrf@&din the medical sectorf i
has become widely known in recent years that healtheassociated infection is a
frequent problem in hospitals. Up to 80% of such infections involve bidfilmshich
can give rise to lif¢hreatening systemic infections. These contribute to post
operation morbidity, mortality, protracted hospitadition, higher reoperation rates,
and increases ithe need fordiagnostic tests and treatmentsvhichcreates a large

medical and financial burden.
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Biofouling is also an issue in other market sectors, such as aerofflace
marine structureq9] and in oil recovery9], and may affect a variety of systems and
devices such aplumbing, medical implants, food processing facilities, and heating
and air conditioning systemsThe result is a reduced industrial yield, efficiency and
physical degradation of industrial systems, due to problems during device use or
application An example that is relevant to this study isiaereased fuel demand in
transportation due to incresed drag and blockage, or erosion/obstruction of pipes

[10].

Therefore, developing materials or coatings that are more resistant to
biofouling than the current commercial benchmarks will bring many social and
economic benefits. Traditionally, strategies to alleviate the effects ofilii
formation have focussed on cleaning and disinfection treatments aimed at killing the
microbes following surface attachmenfhis strategy ishown in the first window of
Figure4.1. However, these strategies were nptoven to betotally effective, as
biofilm microorganisms have features that provide successful conditions for microbial
life, including enhancedolerance to antibiotic and biocide reatments. Multiple
factors appear to contribute to the overall resistance of biofilm bacteria. These
include reduced metabolic and growth rates, protection by extracellular polymeric
substances and specific resistance mechanisms conferred bgitdred physiology
of biofilm bacteria compared with planktonic bacteridhe failure of antibacterial
agents to rapidly penetrate all areas of a biofilm has been considered as a contributing
factor to biofilm resistance. Reports indicate that spe@esyposition of biofiims and
the choice of antibiotic have a marked impact on antibiotic penetratiBiofilm cells
have been shown by several investigators to have reduced growth rates, and this is
believed to impact the effectiveness of antibiotics thatgat rapidly multiplying cells.

Therefore, antibiotics such as the fluoroquinolones or macrolides may be better
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0 KSNI LISdzii A O -ladetmd @ea tredtiKgh lyfofilm  infectionsAltered
physiological states of biofilm cells compared with planktonic dedlge been
demonstrated for several bacteria. The activation of specific resistance genes in
biofilms has been demonstrated in a few instances. Specific resistance mechanisms
should, therefore, be considered when treating biofilm infectionSurthermore,
resistance towards many antibiotics has increased in several microbes, reducing the
chances to effectively treat infections and increasing the risk of complications and

fatal outcomeq11].

Consequently, in the past 20 years, research has addressed the development
of prevengtive strategies. For example, in relation to medical devices, methods for
reducing infections associated with biofilms generally focus on modifying the
materials that are used to manufacture implantable devices by incorporating
antibiotics or antimicrobibagents that kill bacteria on contactThese materials
include silver salts, nitrofurazone, chlorhexidine, polymerised quaternary ammonium

surfactants, antibacterial peptides and anionic nanoporous hydrd@gl§12]c[19].

The above materials can be classified as dalgasing or nomreleasing
biomaterials. Drugeleasing materials are applied to biomaterials by physical
absorption, impregnation in a polymer matrix, complexation or conjugation. They are
designed to work as carriers of biocides which are transferredtaziaed microbial
cells and released in high local concentrations during the criticatipggantation
period, in order toinhibit the initial surface colonizaty’ | YR LINB @Sy i
formation. These include antibiotic silver, furanone and nitric oxdle-releasing

materials.

However, these materials have a number of drawbackdhey can be

expensivetoxic, have a lifetime that is limited by depletion of the active agents over
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time and potentially contribute to the development of antibiotic resistdnaicteria

The latter effect arises because the biocid#terial cannot maintain the correct,
therapeutic dose throughout the lifetime of the devijchus it tends to be used in
larger concentrations than should be requirgt], [20]. This overdosing eventually
leadsto the development of biocide resistant strains with time. Thus, new-aroigy
releasing matdals have been developed, which are based on coatings that are, in
principle, able to counteract bacterial adhesion and biofilm formation when
microorganisms come in contaweiith a coated surface. Most of these coatings are
based oneither polymers possaing antimicrobial activity bythemselves or
photoactive metaloxide NPs However, some polymer biocides have also been
investigated. These are commonly cationic polymers which are capable of binding to
the membrane proteins of microbial cells. Additionally, photoactive coatings based
on metaloxide nanoparticles, which aapable of producing reactive oxide species
(ROS) in the presence of UV or visible radiation have been developed. These species
can damage organic biomolecules includiagbohydrates, lipids, proteins and DNA,

and therefore are responsible ftracterialcell death. Several metalxide NPssuch

as TiQ, CuO and ZnO, have been reportehtussess potent antimicrobial activity in
relation to the oxidative stress induced by photogenerat®&DS. NPs are more
SYOASYyUG Ay wh{ 23Sy SNJI { ks2ligely duk koythehigikK SPA NJ 0 dzf

surface area providing better interactiavith UV irradiation[21].

More recently, the focus has shifted &itempting to developnew polymeric
materials that possess an inherent resistance to bacterial attachmemwn as
antifouling coatings such that the resistance is achieved from the structure and
ordering of the polymer rather than any additiy22]. These polymers interrupt the
interaction of the bacteria with the surface, and thus prevent attachment.

Additionally, it has been found that the polymers do not kill the bacteria and so do
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not promote antimicrobial resistance These bacterial attachmentesistant (BAR)
materials can be usedn their ownor in combination with traditional additives to
improve the effectiveness of coating23]. So far, only a small number of these
materials have successfully been used as coati8gseh microbial repellent coatings
are based or(i) hydrophilic polymers, mainly PEG; (ii) zwitterionic matenal§ii)
superhydrophobic low surface energyaterials possessing nanoscale surface
topology. For example,eductions in bacterial attachment of between 1ahd 2.5
fold have been seen from poly(ethylene glycol) brush@d] and zwitterionic
polymers[25], [26], respectively, compared to a native glass surfddeatings able to
FaSOG o0A20tY | NaBediod Baimmokitzation ot ehnges dither
interfering with bacteriabuorum sensing@ NJ RS3I N} RAy3 GKS o0A2U0ftY

considered antifoulingoecause, even if they do not properly prevemicrobial

adhesion, they facilitate the process®fA 2 Uf Y [MBY 2 @I f

PEG is the most frequently used polymer to impghe biomaterial surfaces
with resistance to proteiradsorption. PEG antifouling properties have be@dely
investigaed and are believed to be related twth hydration and steric hindrance
S 0 S Onilthie @arly 1990s, Jeon et {27] proposed a theory to justify the interaction
between proteins andPEGunctionalized surfaces. According to trssudy, the
approach to the surface by proteins lidndered by the repulsive electric forces
resulting from the compression of the highly mobile PERains. In addition, the
compression of polymechains would need the thermodynamicallyfavourable
removal of water molecules from tHeydrated polymer. The formation of this tightly
bound water layer interacting with the polymeeems to act as a physical barrier for

the adsorptionof protein and bacterig21].
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Zwitterionic coatings have been recently investigatedterms of resistance
ability to proteins and prevention of bacterial adhesi@8]. As for PEGlso in this
case, the antifouling properties at@ghtly related to the hydration layer formed on
the polymer and act as a physical barrier foetadhesion of proteins and bacteria
[29]. However, inpoly-zwitterionic materials, water molecules bimdore strongly by
ionic interactions. The strength stirface hydration is also related to surface packing,

seltassembled monolayer§AM30 SAy 3 GKS [gBad SYOASy

7 A

{AyO0S UK RAAO20SNE 2F UKS Wwf2iGdza € SI¥T
revealed a plethora ofinique functional properties and potential applicatiofs9].
AlsgA Yy (G KS Y SRA Osduperhydi®phebity Mas bieSn\shoivri to play a key
role in reducing bacterial adhesion and enablie@sy cleaning of the surfa¢gl]. A
measure okurface hydrophobic/hydrophilic features is the contact angle (h) that, for
ideal smooth surfaces, RS Uy SR 0¥ 3 @& SSRiEhdnahg contact
angle is 0 °, the wetting is complete, whereas when it is 180°, the liquid doegehot
the material and the drojgit stands on the surface. The surface is hydrophilic when h
is less tharB0° and hydrophobic when higher than 90°. Superhydrophobic surfaces
are those having h high¢han 150°. It is now well accepted that two crudedtors
govern surface wetting feates ¢ surface chemical composition and surface
roughnes§32].L Y RSSR> 246 &adz2NFIF OS SySNHe& YIGSNRI €
can reach a maximum contaangle of 119f33]. To obtain h higher than 113 rough
surface is required as found in the lotleaf where hierarchical micro/nanostructures
areLINBASy(d G(G23S3GKSNI 6 A (3] Aor thede kikds df SuRaNER, LIK 2 6 A
heterogeneouswvetting occus with water droplets sitting on the top of the surface
protrusions due to the air entrapped inside the roughness grooves, thus hindering
liquid penetration[34], 35> ¢ KA & & A 3IyAUOL y (forée bedeéndzOS &
the water droplet and the surfaceitK | 02y aSljdzSyd RNRBLX SG NI
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surface is tilted. Therefore, dirt particles as welbasterial cells deposited on these
surfacescanb@ | {1 Sy gl & o6& (KS ¢ ipoSibkn RopBrivyf SG NP
With this in mind, investigatiomtoli KS Ay bdzSy 0SS 2F adzZJSNKeEé RNERL

adhesiveness has been initiatgll].

4.1.2 Stem Cells and Pr8tem Cell Attachment Surfaces

Stem cells (SCs) are cells with the capacity toreedw and the ability to
differentiate into specialised cell types, such as muscle cells and active cells in an
immune systemdepending on their environmentPuripotent SCs are capable of
unlimited selfrenewal andcan differentiate into almost angf the over 200 typesfo

cellin the body, a representative summary of which is showRigure4.2.

Totipotent

Ellastomerel
Pluripotent
- Induced Pluripotent
Embryonic Stem Cells Stem CeIIsEiIESCE}
Multipotent - \ . .
Mesenchymal Stem Cells Hematopoietic Stem Cells Mewral Stem Cells
/ / \ \ Myeloi:l'/ \Lymphoid L \\.
Osteogenesis Chondrogenesis  Myogenesis  Others -
- ® o
Erythrocytes B Cells
Unipotent L l l l v vt Neurons Astrocytes'
Oligodendrocytes
i Eg Leukocytes MNatural
Differentiation “ g Marrow, Fat Killer Cells
and maturation [ v / andSkin  Thrombocytes 4
Bone Cartilage Muscle T Cells

= Reprogramming Factors
Somatic Cells {c-Mye, KIf4, Octd and Sox2)

Figure4.2. Diagram summarising the differentiation pathways of stem ¢8I,

There are two sources of pluripotent SCs. The first, embryonic stem cells (ESCs)
are derived from the inner cell mass of a fngplantation blastocystThe blastocyst
is a structure formed in the early developmefgiestation period)of mammals. It
possesss an inner cell mass (ICM) which subsequently forms the embryo. The outer
layer of the blastocyst consists of cells collectively called the trophobfstond,

induced pluripotent stem cells (iPSCs) kigoratoryengineered stem cellsreated

196



Chapter 4 Synthesis and Optimisation of Blative Hyperbranched Polymers

from reprogrammed cells Other types of SCs include mesenchymal stem/stromal
cells (MSCs), which are isolated from adult sources (e.g. bone marrow and adipose
tissue), or perinatal tissues, (e.g. umbilical cord, cord blood, placenta and amniotic
fluid). Unlike puripotent SCs, MSCs are multipotent and differentiate into only

limited cell typeq36], [37]

As suchSCsshow great promise for a variety of applimats, includingcell
therapy, tissue engineering, regenerative medicine and in pharmaceutical and
biotechnological applications. However, all of these applications require (ad#n
high quantity and quality o65Cs which requires both a largecale gravth in the
number of SCqexpansion) andb) homogeneous differentiation into the required
derivative. Traditiondy, SCs are propagated as a monolayer indimoensional (2D)
plastic culture plates, and often require undefined or xenogenic materials, e.g
attachment substrates, cytokines and growth factors, as well as serum. These
monolayer cultures require routine passagirfgansfer to new media)to maintain
the selfrenewal and potency of the cells, which is highly inefficient for lsape
expangon of cellsand may result in cells losing their clonal and differentiation

capacity after longerm passagin36]¢[38].

Regulation of fundamental stem cell behawiaising2D synthetic templates in
vitro is of immense importance in regenerative medicine. Control over cell adhesion,
proliferation, and differentiationbehaviour may facilitate increased therapeutic
applications of stem cells.Chemically defined growth of stem Ite allows for
guantifiable celtmaterial interactions and hence, control owlesecell behaviaors.
However, cells are traditionally grown on tissue culture polystyrene (TCPS), which is
low cost, sterile, and senneusable, leading to its widespread useer other materials

such as glassTCPS undergoes rapid adsorption of proteuhen putin contact with
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biological fluig, creating a poorly defined surface for cell studies, where identity,

density, and orientation of the proteins is unknown.

To betta understandthe substrate factorshat influene cell behavior, a
substantial amount of research has focused on creating synthetic 2D substrates for
OKSYAOIftfte RSTFAYSR OStt Odz GdzNBod ¢KSasS A
hydrogels, polymer bru$hd = GKAY FAf Y& [BI[RL]. Mang & NIt & m f
these systems use poly(ethyledef € O2f 0 o6t 9D0 (2 LINRPDARS |
to cells and prevent nonspecific protein adsorpti@b]c[47]. Thiss because, it is
easy to functionalise with biomolecules using a variety of chemis{d8f For
example, SAMs terminated with oligoethylene glycol chains and functionalized with
specific peptides can present a powdrplatform for regulating stem cell behavio
They are formed easily anfhcile functionalization with peptides can be achieved
using a wide variety of distinct chemistrig®], [50] The use of multiple substrate
types is oftendesirable in orderto explore additional factorssuch aghe effect of
substrate stiffness on cell behauioor the utilization of the optical clarity of the
substrate for imagingThus, it is highly desirable to have a chemically defined coating
that is compatible with multiple substrate types and is stable over long taroeil
culture conditionsFor example, Schmitt al. used a plyethyleneglycol copolymer
to coat plastic substrates for hMSC culture. The coating was functionalised with
peptidesviathioester or amide linkages. The amides exhibited more stablegatka
and so presented the attached peptides for longer period when under serum
containing conditions. Furthermore, the coating was found to promote hMSC
adhesion and spreading, and support multiple human cell types. The coating also
enabled successful psaging on the plastic surfaces, and the possibility of reusability

from the coatingg38].
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4.1.3 Hit Polymers

In recent years highthroughput 2dimensional, micrearray screening
methods have led to the discovery of new classes of synthetic polymers which display
both high BAR and show promise for use as improgallure plate surfaces
However, up to this pointhese have only been tested at small scaiesa(96well

plate).

For example, Hookt al. reported the screening of more than 1300 unique
copolymers in almost 2000 different bacterial attachment assaitss led to the
discovery of a nevelass of polymers which exhibited up to af8d reduction in
inherent bacterial attachment compared to conventional silver hydrogel catheters,
due to a combination of the weak amphiphilic nature and the molecularitygad the
L2 f @ YSNEQ LIZY[R] Thé andohlibgimhiialsidentified allcontained
both ester and cyclic hydrocarbon moieties that substantially reduced the attachment
of pathogenic bacteria(Pseudomonas aeruginosa, Staphylococcus aureus and

Escherichia colih a similar fashion to that observed for zwiti@nic polymers

Following on from this study, in 2016, Adlingetral.reported the optimisation
and scale up of these high BAR polymers: they found that copolymerisation of these
GKAGE Y2Y2YSNAR 6AGK RASGKEt Sy S défeaséd2 f S K
the glass transition temperaturdy, and so increased the flexibility of these materials
such that they are suitable for use in catheters. For example, the ideal ratio of an
ethylene glycol dicyclopentenyl ether acrylate EGDPEA:DEGMA copealgmiaund
to be 75:25 mol % This copolymer performed well as a functional coating with

regards to flexibility and BAR performance (compared to existing benchijzdyks)
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A variety ofother monomers have emerged from these screening processes
One such monomer that has subsequently received significant ntitte is

tricyclo[5.2.1.02,6]decanedimethanol diacrylate, (TCDMDA), structure shown in

Schemed-la.
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Schemed-1. Structures of (aJCDMDA, (bbutyl acrylate (c) butyl methacrylate, (d) CoPhRE) 3
mercaptopropionic acid, (odecane mercaptan.

Homopolymers of TCDMDAave shown antibiofilm formation properties,
while statistical copolymers of TCDMDA with the mduactional monomers butyl
acrylate (BA)Schemet-1b) and butyl methacrylate (BMASchemed-1c), havebeen

reported todisplay relatively high levels of stem cell attachmgfit [52].

Due to its diacrylate functionality, TCDMDA can undergo controlled free
radical polymerization to form hyperanched structures. As described in detall
earlier in this study, (Chapter 3)yperbranched (HB) polymers are extremely highly
branched, polydisperse, thredimensional macromolecules, with a high density of
end groups They can be regarded as beailg=ly related to the more ordered and
widely studied dendrimer polymer architectig¢53]¢[55]. However, as has been
detailed in Chapter 3HB polymers can be more rapidly, cheaply and flexibly
synthesized than dendrimernf$6]¢[58], to produce structures similar to those of

dendrimers, but less well defined. This gives them the potential to act as
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replacements or substitutes for dendrimers, delivering the same perforeamd
applications at much reduced cofi6]. Importantly, HB polymers possess a high
density of end groups, which can help improve attachment properties and allows

better incorporation of end group functionality, such as stesil attachment.

4.1.4 Additive Manufacturing for BieApplications

Additive manufacturing (AM), also commonly known as 3D printing, is a
process where parts are created laymr-layer from 3D computer model data. 3D
printing technologies involve a 3D object beigliced into computermodelled
layers The structure is then creatday the deposition of each layer at a time. The
term AM refers to the deposition of layer upon laysr that no material is wasted.
This contrasts with subtractive methods such as the usedirtg boards, where the
FAYlLIE &aKIFILIS A& aRNAREESRe 2dzi 2F | of 207
article. AM was first introduced commercially in 1987 with stereolithography (SLA) by
3D Systems. Since then, AM has evolved rapidly, pantigitathe last decade, due
to its many advantages, including its ability tieliver low-cost complexity
customisation small part number batches short lead times andminimal waste

materials.

As a result, AM has found applications in a wide varietyindfistries.
Lightweight materials and structures manufactured by AM have potential use in
marine and aerospace industries. The medical sector is utilizirgoentage®f AM
by printing organs, tissues, blood vessel stents, etc. AM is able to 3D praiit s
guantities of customised products with relatively low costs. This is specifically useful
in the biomedical field whereby unique patiertustomised products are typically
required. For example, using AM, it is possible to produce a wide varietedital

implantsfrom CTFimaged tissue replicg®9]¢[62]. In dentistry, AM is used to print
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customsized teeth, implants, and dental moulds at reduced cost and with reduced
fabrication times[63]. In architecture, AM processes are utilised tisualize and
materialize ideas and even buildings more cheaply than using conventional
construction method$64]. In addition, recent NASA initiagis for MARS colonization
have generated a great deal of enthusiasm for 3D printed halj&fs Neertheless,

there are some serious limitations to ANhany of which centre on the limited
number of materials that are currently available for use in AM techniqueesé&
technical challenges still need to be addressed for meeting engineering demands such
as customized geometry, building scalability, material heterogeneity, and structural

reliability [63], [66K[69].

4.1.4.1 Two Phtn Polymerisation

Among the additive manufacturing processes, {plwton polymerization
(2PP) is one of the most flexible and higisolution of processes t enables the
production of arbitrary threedimensional structures on the basis of compuééded
design (CAD) mode&nd is capable of deliveringsolutiors of less than 100 nm.
These properties open up new possibilities for the development of novel and
miniaturized components for different applications, so that today 2PP is successfully

beingusedin various areas of research.

2PP is an additive manufacturing process that can be classified in the group
of 3D lithography processes and can be traced back to a study carried out by Maruo
et al.[70]. It differs from the wetknown 3D lithography methods, which are mainly
based on the application of UV radiatioby the applicationof shortpulsed laser
radiation in the visible to neanfrared range It alsoexplots nonlinear effects,
namely, twephoton absorption[71]. In 2PP, 3D stictures are produced by direct

laser writing in the volume of a transparent photoresist, as showkigare4.3.
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Laser focusing objective lens

Femtosecond laser beam

Polymerized structure Photoresist

Fig]ure4.3. Principle of the threglimensional structuring process using #pieoton polymerizatio
73].

Thereby a limited photochemical reaction is induced by tpboton
absorption in thesmall volume ofthe photoresist that is impinged by strongly
focused femtosecond laser beam The resist within this volumsolidifies by
polymerizationinitiated by exposure to the laser energmputer-controlled three
dimensional movement of the focus through the matemdbwsalmost any three
dimensional structurdo be produced As stated abovestructure resolutiongdown
to the sub-100 nmlevel have been demonstrated by some groups, such as Ferreras
Paz et al[72]. In comparison to othelithography methods, 2PP does not depend on
a strict layered construction method, which offers greater design freedom. The high

resolution and the possibility to produce any thrdenensional (3D) objects are

unique features of this technology.

Due to i closeness to conventional photolithographic processes, 2PP today
benefits fromthere being anumber of available materials, enabling this promising
production technology to open up a wide range of applications in a relatively short

time. Typical applicdons of 2PP are characterized by the necessity of a high structure
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resolution and a high structuring flexibility, whereby the maximum size of the
required structures lies in the micrometre to singlgit centimetre range.
Applications today include mictoptics, micromechanics, microfluidics,

microelectronics, as well as medicine and biolpts).

4.1.4.2 BioApdications

Since the beginning of the millennium, biomedicine has become one of the
most important applications of 2PPThe advantages of 2PP, such as high precision
and flexibility, make it interesting for various biomedical applications. It therefore
opens up new possibilities for the production of novel biological structures ana
result, shows great potential to be of greamportance for the delivery of
developments in this field. One of its most important applications today is the
development ofscaffolds in the field of tissue engineering. However, it is also
increasingly used for the rapid prototyping of medically relevant structures and the

construction of micrestructured implant473].

4.1.4.3 Challenges of 2PP

However, to date2PP is not commonly used for biological applications due to
the toxicity of manyof the feedstock magrials,and theneed for the monomers that
are 2FP processable to typically have to contain multiple functional groups to achieve
the necessary spread of cure. Thus, these two elements resuliffinulties in
producingmesoscalestructures that are relevant for biological applicatiodus,
most 2PP polymers have been adopted from established SLA technologji¢bis
means hat they have not been specificaligrmulated for either 2PP or biological
applications. In addition, theancscaleprecision offered by 2PP @&soa source of

weaknesdor this processing method, becaus&uctures with smalkcale features
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require relativelyslow fabrication speedsTo increase the manufacturing rates,

strategies such as soft lithography replication of a ZRifricated master structure

have been demonstrateff0], [74] However these strategiemust be regarded as

stop gap measures and do not overcortiee key existing weaknesses.Novel

photopolymers exhibiting increased 2PP sensitivity and opticsthat are able to

process larger volumes must be developed to enalamescale commercial

translation[73].

4.2 Aims and Objectives

4.2.1 Aims

T

To increase the scale amgtimise the synthesis of TCDMDA homopolymer and
TCDMDA/BMA copolymer for large scale biological testing asttathment and

pro-attachment surfaces, respectively.

To investigate whether HB TCDMDA can help improve conversion (and thus
reduce toxicity) ad allow faster, lower power (and thus higher resolution)
printing compared to a commercial TCDMDA monomer feedstock irptvadon

polymerisation (2PP).

To determine optimum conditions for coating polystyrene tissue culture plastic

with HB TCDMDA/BMA fotesn cell work.

4.2.2 Objectives

1

Synthesise HB TCDMDA homopolymer using catalytic (PhCoBF) and thiolic (3
mercaptopropionic acid§cheme 4le), and dodecanethiol/dodecyl mercaptan
(DDT/DDMScheme 41f)) control agents to determine most controlled, efficient
and industrially viable synthesis route for the production of doattterial

attachment polymers at increased scale.

205



Chapter 4 Synthesis and Optimisation of Blative Hyperbranched Polymers

1 Use 2PP to print cuboidal scaffoldgh a HB TCDMDBased feedstock over a
range of laser powers (3D00%) and speeds €5 mm/s), to determine

processing range, and compare to commercial TCDMDA monomer feedstock.

0 Use aLIVE/DEAD biocompatibility test to determine whether HB TCDMDA

retainsits bio-activity following 2PP printing.

1 Synthesise HB TCDMDA using butyl methacrylate oligomers as the control agent

on a 50 g scale.

9 Test solubility of TCDMDA/BMA polymer in range of-tudic, tissue culture

plasticcompatible solvents.

9 Determine coatig, washing and drying protocols for HB TCDMDA/BMAnalb

and 96well plates.

1 Use pluripotency, integrin and mechanistic testing of the coated plates to

determine viability as stem cell culture plastic.

4.3 Results and Discussion
4.3.1 TCDMDA Homopolymergia GCCTP

In previous work by the School of PharmdBby Andrew Hooke)a limited
scaleup of the production of HB pTCDMDA had been attempted using CCTP, to
produce sufficient polymer for testing (microgram scale). A 1:1 (v/v) mixture of
TCDMDA monomer and toloe solvent, 0.5 wt % of AIBN initiator and approximately
2000 ppm of PhCoBBghemed-1d) were used with standardatalytic chain transfer
polymerisation CCTPtechniques(see Chapter 2, Section 2.1.Zyhe mixture was
degassed for 30 minutes and reacted at 70 °C for approximately 6 hours. However,
further scale upwvould berequired for future bacterial assay work, which could not

be condwted easily within Pharmacy due to equipment and procedural limitations.

206



Chapter 4 Synthesis and Optimisation of Blative Hyperbranched Polymers

Hence, the scalep and optimisationwork was outsourced to become part of this
project. Initially, the targets were to: a) synthesise a larger batch of pTCDMDA for
further biologtal testing; b) decrease the reaction time to 3 hours to enable more

rapid synthesis.

TheCCTP method outlined above was used as a starting.poi@TP was the
preferred method, as it results in the polymer chain ends being terminated with vinyl
groups and does not add any other functionality to the polymer. This erdhble
polymers with similar structures to those generated previously, usingnitisted

polymerisation at a small scale, to be produced.

4.3.1.1 Optimising CCTP Using Previously Reported Conditions

Throughout this section of the study, all threactions wereconducted
following the same strategy. An initial reaction wist run until gelation occurred
in order to determine the gelation time associated wilie specificset of conditions
adopted. Ten, the reaction was repeated but quenched 10 minutesoptio the

identified gelationtime to obtain solvent soluble HB polymer for analySiable4.1

Tabled.1. Summary of the reaction conditions used for TCDMDA polymerizafivesage values of tl
yield, number average molecular weight{)jMveight average molecular weight (Manddispersity )
are also reportedCH = cyclohexanone.

Reaction  Mon:sol Solvent  Temperature  AIBN PhCoBF Reaction/Gel Yielda Mn b Dispersity,b

(°C) (% wt) (ppm) Time (kD) b
1 1:1 Toluene 80 0.5 ~2000 13 min 7% 153.9 3.737
2 1:4 CH 80 0.5 ~1000 >19 hrs 34% 3288 3.940
3 1:2 CH 80 0.5 ~2000 4 min - Shr -
30
4 1:1 CH 80 0.5 ~2000 10 min — 4hr -
7
5 1:1 Toluene 70 0.5 ~2000 1hr—1hr 30 -
6 1:1 Toluene 65 0.5 ~2000 1hr 33 - 3hr
35
7 1:1 Toluene 70 0.5 ~2000 60 min 5.6% 1.6 6.015

aDetermined gravimetrically.Determinedviagel permeation chromatography.
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summarises the initial reaction conditions amaderageresults obtained for this
investigation. A variety of reactions conditions were altered simultaneously because
the main aim with this work was simply to achieve a viable polymerisation strategy
which reliably produced polymer over an ~3hr time frame; thect conditions
required and resulting polymer characteristics were secondary considerations. The
AIBN concentration was not altered, as 0.5 wt% was considered a sensible lower limit,
while increasing the concentration of initiator in CCTP reactions laisnal impact

due to the dominant catalytic transfer and initiation processes.

First, in order to decrease the reaction time, the reaction temperature was
increased from70 °C (used at small scale as outlined above) t®0n order to
increase the rate of polymerisation, as outlinedliable4.1, Entryl. Hyperbranched
polymer was successfully obtained, with a number average molecular weight of 153.9
kDa. However, the reaction time achieved (13 minutes) was considerably shorter than
the desired 3 houramaking the isolation of highly converted HB polymer challenging

and the yield (7 %) was low.

To combat these issues, the reaction conditions were slightly altered, as
shown inTabled.1, Entry2. Rrst, the solvent waswitchedto cyclohexanon¢CH) as
both PhCoBF (the CTA) and TCDMDA monaveeg considerably more soluble in
cyclohexanone than toluene, hence this shordchove any miscibility issues and so
lead to improved yield. Secondly, the mononrtersolvent ratiowas decreased,
reducing the concentration of monomer and thus reducing the propagationirate
potentially increasing the diffusion through the medium as polymerisation occurred
Finally, the level of the CTA was dropped to see if this increased thebyiebducing
the potential for a chain transfer event to occurhese changes proved to have mixed

results Asignificant increase in the reaction tinmeexcess 019 hours was observed

208



Chapter 4 Synthesis and Optimisation of Blative Hyperbranched Polymers

Thiswas much too slow for the purposes of this study, indigatthat a higher
monomerto-solvent (MS) ratio was required. However, the yield increased to 34 %,
indicating that the solvent change had the desired result and appeared to solve the
issue of low yield. In addition, the molecular weight of the polymeaioied (328.8
kDa) more than doubled compared to Entry 1, likely due to the relative decrease in

the concentration (ppm) of PhCoBF compared to Entry 1.

In anattempt to achieve a ~Bour reaction time the M-S ratio was next
increased from 1:4 to 1:@nd then 1:1Table4.1, Entry3 and 4 respectively) in order
to increase the rate of propagation. However, despite numerous repeats, these
reaction canditions resulted in random and nereproducible gelation times, making
isolation of a representative, solvent soluble HB polymer unfeasible. While acrylates
are known for their relatively high reactivity and reduced amenability to CCTP
compared to methagylates due to their lack of an easily abstractable hydrogen on an
h YSGKef 3INRdAzZLIE { K Akadnbt Bedibeikpected. ThrgelddB RA O | ¢
hypotheses were initially suggested for this irreproducibility: a) poor degassing; b)
degradation of inititor and c) variable fume hood temperature. Hence, further

reactions were conducted to investigate the validity of these hypotheses.

In the case of hypothesis a), it was thought that the mixture may not be fully
degassed each time, resulting in varyingelewof oxidant in the reaction which would
retard the polymerisation at different rates: degassing with inert gas is not always the
most effective method, though it is the most industrially viable. Therefore, the
reaction mixtures were degassed for oneunprather than the 30 minutes used

previously, however, this had no impact of the variability of the results.

In the case of hypothesis b), it was thought that initiator efficiency may have

been lower than expected due to thermal degradation prior totaction. The AIBN
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initiation mechanism is thermally activatedAt elevated temperatures, thermally
labile GN bonds are broken, creating nitrogen gas and two radical fragments which
then initiate the free radical polymerisation. Consequently, in orttemprevent
premature thermal degradation, AIBN is stored betwe®® and-1.0°C and exposure

to room temperature is limitedas far as possib)@rior to use. However, the AIBN
used in this work was a communal reagent, thus there was the possibilityt thay

have been exposed for extended periods to room temperatures and, subsequently,
have undergongherma degradation. Consequently, a new sample of AIBN was
obtained and used tbwever, there was no positive impact on the variation of the

measured glation points.

In the case of hypothesis c), it was observed that the ambient temperature of
the fume hood varied noticeably dag-day and between reactions, which mhagve
lead to varying levels of initiator degradation during the-&D minute degassing
period. Hence, the reaction mixtures were placed in an ice bath during the degassing
stage to ensure a stable temperature was maintained and to prevent radical
formation until the reactant mixture was immersed in theatedoil bath. Once again
however,this measure had no noticeable impact on the variability of the gelation
times measured for the conditions usedédither Entry 3 or Entry 4, and ndid any

combination of these factors.

Therefore, the remaining possibility was that cyclohexanoa@d by
extension PhCoBFwere not a suitable solventor control agent for this
polymerisation Ehhanced solubility of the PhCoBF control agent seemed to increase
the variability of the gelation times, suggesting that PhCoBF was not an ideal control
agent for TCDMDA. However, due to the desire to produce HB polymers with vinyl

end groups, work withite PhCoBF CTA was continu€ébnsequently, toluene was
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once again used as the solvent for this polymerization, as the variability of the gel time

was significantly reduced compared to when cyclohexanone was used.

Therefore,tiwas decided to return to the original polymerization method and
attempt to replicate the results obtained previously on the small scale. The data for
this reaction is shown ifiable4.1, Entry 5 Agelation time of approximately 6 hours
was expected, however this was not observed. Instead, the gelation time was again
variable, though less widely than with the cyclohexanone solvent, with all repeats
falling between 60 and 90 minutes. In an attempt to better control the reaction by
reducing the reaction rate, the polymerization was then repeated at 65 °C, shown in
Tabled.1, Entry 6. However, this appeared to increase the range of the gelation times

observedurther, though the range did shift towards slightly longer times as expected.

Thereaction conditiongletailedin Entry Swere noted to haveesulted in the
narrowest gelation time window Thusthese conditions were chosen for the next
stage of the investigation. The polymerization was conducted for 60 minutes (the
minimum gelation time recorded for these conditions) before quenching, owtline
Table4.1, Entry 7. The product obtained was of very low molecular weight (1,600
g/mol), indicating that the material was oligomericdventhat TCDMDA monomer
has a molecular weight of 304.38 g/mible material obtained likely largetontained
pentamericstructures. Abroad dispersity 6.0) was obtained, which suggest a
broad range of molecular weightgas obtained. Thiswasattributed to the fact that
the polymerisation had to be quenchedsagnificant length otime prior to itsactual
gelation time. It was proposed thatite relatively high concentration of CTA used may
havebeen a significantfactor in the low molecular weight obtainedihe ~2000 ppm

guoted in the protocolwas higher than $ often seen with CCTP when polymeric
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product is desired, thus the CTA concentration rhayebeen so high that all chains

wereterminated prior to the formation of polymeric product.

4.3.1.2 Optimising CCTP Using New Conditions

Clearly, the reaction conditions devisidthe prior internal reportsvere not
ideal for thispolymerisation at scale, anés a consequenc#e reaction could not
be reliably reproduced. These problems with optimization prevented either of the
original aims from being met, hence ne@action strategies were investigatéar this

monomer. The dda for the resulting reactions is summarisedliable4.2.

Table4.2. Summary of the reaction conditions used for two TCDMDA polymerizations, usin
toluene solvent and (3) DCM solvent. Average values of the yield, number average molecul:
(Mp), weight averagenolecular weight (M) and dispersityH) are also reported.

Reaction

Entr Mon: Solvent Temperature  Initiator CoPhBF ) Yield Mn b Mw © ot
Y sl (°c) (% wt) (ppm) Time (%) (kDa)  (kDa)
(min)
0.5
(1) 1:1 Toluene 70 ~800 36 6.6 1154.5 3158.1 2.7
(AIBN)
0.5
(2) 1:3 Toluene 65 ~1000 113 17 36.2 2537 7.0
(AIBN)
0.5
(3) 1:3 DCM 35 ~500 65 4.8 1619.1 3419.4 2.3

(V70)

aDetermined gravimetrically.Determinedvia gel permeation chromatography.

As previously, a variety of reactions conditions were altered simultaneously
because the mia aim with this work was simply to achieve a viable polymerisation
strategy which reliably produced polymer over a reproducible time frame; the exact
conditions required and resulting polymer characteristics were secondary
considerations. The initiatoroocentration was not altered, as 0.5 wt% was
considered a sensible lower limit, while increasing the concentration of initiator in
CCTP reactions has minimal impact due to the dominant catalytic transfer and

initiation processes.

Firstly, he reaction wa repeated using a significantly lower concentration

(=800 ppm) of PhCoBF, shownTiable4.2, Entry 1and this resulted in the reaction
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forming a gel #ter ~41 minutes h this case, the reaction time became significantly
more reproducible, with all repeats falling between 40 and 43 minutes. This
concentration of CTA was chosen as a balance between gelation time and molecular
weight achieved As thereaction must be quenched at least 5 minutes prior to
gelation to prevent unwanted gelation during cooling, gelation times shorter than ~30
minutes can lead to difficulty in isolating any significantly hyperbranched polymer
beforesignificantcrosslinkingoccurs. In free radical polymerisations, the addition of

a CTA slows the gelation process by shortening branch lengths, but also leads to lower
molecular weight polymer being produced for the same initial monomer
concentration Thus CTA concentrationh®uld be kept as low as possible when high

molecular weight polymers are desired.

Upon quenching this reaction at 36 minutes, a polymer of relatively high
molecular weight{1154.5 kDajvas producedwhich indicated that the reduction in
/¢! O2yOSYUiUN)I A2y RAR KI @S (KS RSaANBR
molecular weight. However, the yield (6.6 %) and dispersity (2.7) werealbish
indicated that it was very likely that predominantigear polymemwasbeing formed
via this method. This conclusion was supported by the fact #)gtolymer theory
would predict thatbranchingin these types of systentoes not occur below 20 %
conversion and b) dispersity is correlated to the degree of branchingdguatymers,
with 2.7 being only slightly higher than the dispersity obtained from the CCTP
polymerisation of a linear polymef20], [7H, [84], [76Kk[83]. This lack of
hyperbranching was attributed to the short reaction time observed for these
conditions: the architectural transition from lightly branched, to hyperbranched, to

crosslinked polymer occurs very rapidly for this diacrglgiolymer, thus the HB

polymer could not be isolated over the timescale of this reaction.
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Thus the optimisation of the reactionwas furthered by lengthening the
gelation time and the branchepolymerto-gel transition periodto attempt to
increase the lksance of isolating HB polymeiThe result of this experiment is shown
in Table4.2, Entry 2 In this polymerisatiorthe solventto-monomer ratio was
increased to 3:1, the temperature was decreased to 65 °C and the CTA concentration
was increased slightly to ~1000 ppm. These conditions resulted in the greatest
achievedyield (17 %) and branching, though molecular weighs sacrificed The
reaction time increased to 113 minutes and the dispersity value to 7.0. The reduction
in molecular weight was expected, given the increb&€& A concentration relative to
Entryl. However, in comparison to typical CCTP hyperbragatgactions, the yield
remained low k was concluded that the toluene solvent was likely the limiting factor,
as this had been observed earlier to be a fideal solvent for this system. Thus, the
best way to increase the yield further would be to fiachew solvent in which the
reactants showed good solubility, but which did not adversely affect the

reproducibility of the gelation time.

Previous work by theesearch group at Nottingharf20] had shown that
DCMbased reaction conditions provided good control p#ee polymerization of a
related monefunctional monomer, ethylene glycol dicyclopentenyl ether acrylate
(EGDPEA) due to good reactant solubility. Hence, these conditions were adapted for
the difunctional TCDMDA monomer in an attempt to determine whetimeproved
monomer and CTA solubiliat significantly reduced reaction temperaturesultedin
greater control over the reaction and/or improgi¢he yields obtained compared to

the toluenebased system.

The reaction conditions used for the D&@ldsed readbns areshown inTable

4.2, Entry3. Due to the difference in the boiling temperatures of the solvent used,
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the reaction temperature with DCM (35 °C) was significantly reduced compared to
with cyclohexanone and toluene; a suitable thermal initia@2tAzobis(dmethoxy
2,4dimethylvalgonitrile), or V70)with a lower halflife temperaturewastherefore

used in place of AIBN. The CTA concentration was reduced to ~500 ppm due to its
enhanced solubility in DCM. Unfortunately, the only improvement observed when
using DCM rather than tolue solvent was to the molecular weight (1619 kDa), which
was attributed to the reduced CTA concentration usethe yield achieved (4.8 %)
was still very lowwhich suggestethat the solvent choicgvasnot, in fact, the limiting
factor for the yield. The were also some issues with using DCM as a soliaatto

its high volatility, appreciable quantities of solvent evapourated during the degassing
phase, making the results unreliable. In future work, repeating these polymerisations
using a twepart de@ssing technique may prevent this issue: degassing the DCM
solvent separately, then transferring the required volume into the degassed reaction
vessel would ensure the expected quantity of DCM was used. However, this was not
pursued in this work due to th continued poor performancelyield of these

polymerisations.

Overall, it was concluded that it could not simply be poor solvation that was
causing the issues with yield and variable gelation timiesrthermoregiven that all
of these parametersvere linked to the growth/termination of HB polymer chains,
whichwere controlled by the CTA, it seexdlikely that the CTA PhCoBF vgaaplya
very poor control agent for TCDMDA. Thiasnot entirely unexpected, as acrylates
are known to be poorly controlled B3CTP compared to methacrylates due the lack
2 ¥ kmgthyhgroup for facile hydrogen abstraction. However, the extent of the
issue was surprising, and a new control method was needed to provide a viable

method for the synthesis diBpTCDMDA at larger des.
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4.3.2 TCDMDA Homopolymergia Chain Transfer Polymerisation (CTP)
with Thiol CTA

Due to the extremely poor yields and control observed when attemgtting
synthesise HB pTCDMDia CCTPuyse of anew control agent wasmvestigated and
the thiol, 3mercaptopopionic acid (MPA), was chosen to replace PhCoBF. In order
to optimise the new reaction conditions forNPA, which had not previously been
used during this work, the effect of CTA and initiator concentratinrihe TCDMDA
homopolymerisationwas investgated, with the aim of determining appropriate
guantities of each to enable a suitable reaction timescaldese thiols were chosen
due to a) their potential to add interesting new functionality to the polymer and b) to

tie in with another project beingun simultaneously by a peer.

4.3.2.1 Determining Appropriate Starting Conditions

Firstly, an investigation into the effect of the thiol CTA concentration on the
gelation time of the reaction was conducted. The monoiteesolvent ratio (1:2),
weight percentage (0.1 wt%) of AIBN initiator and reaction temperature (65 °C) were
kept consant, while the concentration of-81PA was varied from &65 mol %.The
data which boked firstly at the average gelation times obtained with increasing CTA

concentrationare displayed irFigure4.4.
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Figure4.4. The average gel time over three repeats, obtained for TCDMDA polymerizations ut
concentrations from @ 65 mol%. The circles represémé mean values, while the error bars indic
the standard deviation error across these repeat measurements

It wasclear that the CTA liba negligible impact on the gelation time until
the concentration reach& 55 mol % or above: beyond this point, the gelation time
rose marginally with increasing CTA concentration to a peak of 31 minutes. This effect
was due to the reduction in branch Igth that occured when the CTA aad to
transfer the radical from the growing chain to a new chairhelevellingoff of the
effectiveness of the CTA below 55 maétildbe attributed to the CTA concentration
becoming so low relative to monomer and solv@oncentration that the effect of
the CTAwvasnegligible. However, once the extent of the error bars for this datee
taken into account, no significant trermbuld really be identified due to the large
overlap. The use of more than 65 mol % of tlgdlA was not investigated, as this
would prove uneconomical at larger scales. Consequently, 65 mol % was identified as

the mostsuitable CTA concentration for use in future experiments.
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Further optimization involved investigating the effect of initiator
concentration on the gelation time. The monontersolvent ratio (1:2),
concentration of thiol CTA (65 mol%) and temperature (65 °C) were kept constant
while the initiator concentration as varied from 0.%, 3.0 wt%; the average gelation
times obtained for initiator concentrations of 0.1, 0.3, 0.5, 0.7, 1.9, 2.0 and 3.0 wt%

are summarised ifrigure4.5.

40 . . . . . .
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Figure4.5. The aveage gel time over three repeats, obtained for TCDMDA polymerizations using in
concentrations from 0.¢ 3.0 wt %. The circles represent the mean values, while the error bars ind
the standard deviation error across these repeat mwraments.

At low initiator concentration, the gelation time@as seen to decrease rapidly
with increasing initiator weight percentage, from an average of 31 minutes at 0.1 wt%
to 7 minutes at 1.0 wt%.Above the latter concentration, the effect of increasing
initiator concentration on the gelation time lsameless pronounced, though a small
decrease in gelation time to 4 minutesas noted as the initiator concentrationvas
tripled to 3.0 wt%. This trelwas due to the increased availability of radicals for chain

initiation with increasing initiator concentrationyhich lead to a greater number of
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propagating chains for the same quantity of monomer. As the reaction with 0.1 wt%
of AIBN had the longesgelation time, these conditions were chosen for the
subsequent synthesis of HE CDMDAThis was to ensure that a practical amount of

time was available to maintain a repeatable termination point for these reactions.

4.3.2.2 Investigating Chosen Conditions

Thus, 65 mol% CTA and 0.1 wt% initiator was used to synthesise HB
pTCDMDA The reaction was quenched at 25 minutes to prevent gelation: the data

for three repeats are shown ifable4.3.

TaHe 4.3. Summary of the yields, molecular weights and dispersities of three identical T
polymerizations using 65 mol 4VBPA CTA and 0.1 wt % AIBN initiator.

Entry Reac(tiig; )T Me " Yield 2 (TB:) (T(VDV:) pbo
1 25 95% 8.02 61.04 7.61
2 25 75% 8.94 24.75 2.77
3 25 82% 15.19 100.70 6.63

aDetermined gravimetrically.Determinedviagel permeation chromatography.

The resulting polymer demonstrated relatively low molecular weights
compared to the CCTdrerived polymers discussed earlier, as might be expected from
such a high CTA concentratiokbwever, the dispersity values were high indicating
branching had occurred. Importantly, tlygelds for these polymerisations were very
high, ranging from 75 95 % This was considerably higher than a standard
hyperbranching reaction (385 %), possibly due to a higher efficiency of interaction
between the monomer and thiol compared to betwedretmonomer and PhCoBF. It
was, therefore, tentatively concluded that CTP with a thiol CTA was a more feasible

route to synthesizing hyperbranched pTCDMDA than CCTP.
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This was confirmed by repeating the CTP reactions above using
dodecanethiol/dodecyl mercaptan (DDM) as the CTA in placeMPA&. The same
conditions (65 mol % CTA, 0.1 wt% AIBN, 1:3 monomer:solvent ratio) were used,
resulting in an average gelation time & Binutes This reaction was then repeated
and quenched 7 minutes prior to the average gelation time to ensure maximum
conversion, as summarisedTiable4.4.

Table 4.4. Summary of the yieldsnmolecular weights andlispersities ofthree identical TCDML
polymerizations using 65 molB®MCTA and 0.1 wt % AIBN initiator.

Entry Re"’(‘nfit): ON yi ed d('\k"%bh ('\QVB; Ao
1 45 7 &% 8.27 2482 292
2 45 78 699 6802 9.7
3 45 7% 721 8956 124

aDetermined gravimetrically.Determinedvia gel permeation chromatography.

0
The resulting polymer demonstrated similarly high yidklgerage 74.7 %d

that produced using -BAPA (min 75 %) The number average molecular weights
obtained for the DDM controlled polymer (average #M7.5 kDa) were also similar to
those for the 3MPAcontrolled polymers (average M= 10.7 kDa), whicindicated

that the increased control observed forMPA was not an isolated incidenfThe
weight average molecular weights and dispersities, howevergwlightly increased

for the DDMcontrolled polymers, indicating that a more branched structure was
achieved when using DDM. This may have been due to the extended reaction time
obtained when using DDM (45 minutes) compared fMBA (25 minutes), as #hi
would have allowed the reaction to be quenched closer to the true gelation time for
the DDM control. Consequently, the higher levels of branching would have been

achieved for the DDMontrolled polymer.
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Comparing the results of these DEddntrolled reations to a similar reaction
using DVB as the-flinctionalmonomer (Gapter 3, $ction 3.3.5),it wasclear that
similar yields were obtainedyith a DVB (60 mol % DDM) average yield of 83 %,
compared to 74.7 % for TCDMDA. Howetkee, molecular weights ehieved for
TCDMDA were significantly higher than for DVB, despite the increased concentration
of DDM used (60 mol % for DVB, 65 mol % for TCDMDA). This was attributed to the
DDM providing less control over the TCDMDA compared to the DVB. This was
expeced, given the difficulties observed in this work of controlling the polymerisation
of the TCDMDA monomerAdditionally, the reaction timewere quite different; for
pDVB, the gelation time at 65 mol % DiMsis> 420 minutes, whictvasconsiderably
longer han the 52 minutes seen for TCDMDA. It is likely thatwlisdue to the
relative reactivity ratios of styrenyl vinyl groupad acrylate groups Syrenyl vinyl
groups are generally more stable than acrylates due to resonance of the vinyl group
“electrya sAGK GKS RSt20FftAT SR - aeadsSy 27F
likely to undergo radical addition than the acrylate group, resulting in slower radical

reactions for styrenyl monomers.

An additional advantage to polymers made in this vimythat they may
possess some interesting amphiphilic properties due to the CTA mechaii$rana
growing polymer chain is terminated by chain transfer with thiohydride radical
fragment is added to the end of the chaiiihe functional sulphucontaining species
then possesses a radical, which may initiate another chain or attach to a pendant
acrylate group. Thus, having a large CTA concentration should lead to high levels of
sulphurcontaining functionality in the final products. Thus, duethe acidic and
hydrophilic nature of this thiol in the case oMPA, and the carborich nature of the
TCDMDA monomer, an amphiphilic structwras created. This may be proven by

determining the acid value of the polymer, which should be done in future work
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Additionally, contact angle measurements and the determination of critical micelle
concentration (CMC) could also be used to determine the level of amphiphilidity
may help to increase the artittachment properties of the polymer, by introducing
increased levels of amphiphilicity similar to that seen for -ntfilm zwitterionic

polymers (see Section 4.1.1).

Similarly, DDM possesses a long hydrocarbon chain, which introduces new
hydrocarbon character to the polymer, increasing its hydrophobiditys, in turn,
increased the solubility of thpolymerin hydrocarborbasedsolvents (see lapter 3
Section 3.3.5). Furthermoreby substituting in other thiol CTAs with different
properties, the polymercould be tailored for a specific application by lieerately
introducing a second functionality. Thus, this new thiated hyperbranching
method mayconstitutea way to synthesise functionalized, higielding HB polymers
from a variety of dfunctional monomers which otherwise prove difficult to control

using a PhCoBF CTA.

4.3.2.3 Scaling up-31PAControlled Polymer Synthesis

The HB pTCDMDA polymerisation was then scaled up to a 10 g scale, in order
to prove the industrial viability of this methodology and to provide sufficient polymer
for future appication testing. The data from this polymerisation is summarised in

Table4.5.

Table4.5. Summary of theconversionyield, molecular weight and dispessiof 10g scaleTCDMD
polymerizations using 65 mol 34VMPACTA and 0.1 wt % AIBN initiator.

EntrReactionConver Yi el OlMnC Mw ¢
Y (min ( %) (kDp (kDq

o

1 25 6 00 128% 3.31 1292 3.90

aDetermined by FNMR.P Determined graimetrically.cDeterminedviagel permeation chromatography.
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The polymer was precipitated as a very viscous liquid, which was tlilesly
origin of the > 100 % vyield, as the polymer could not be vaedted. The molecular
weights achieved weresimilar to those observed ata smalkr scale (Table 4.3).
However, they werslightly reduced at the larger scale, possibly due to the reduction
in heat and mass transfer efficiency at scale, which would have limited CTA and radical

diffusion.

The proposednaterial testing to define ithese HBpTCDMDA polymensere
suitable for use as anbacterial attachment coatingshen an acid functionality was
included could not be completed. This wdsecause while testing of the HB
pTCDMDA/MPA for use as a high BAcoating for watebased emulsion
polymerisation mesh filters was planned in collaboration with BP/Castrol, dévid

restrictions closed both BP and University of Nottingham labs.

However, the suitability of HB pTCDMDA for use in 2PP was investigated,

using a sample of the polymer synthesised able4.5.

4.3.2.4 Two Photon Printing ofi@PA Controlled HB pTCDMDA for/ARiplications

In work conducted by Andrea Konta (Centre for Additive Manufacturing),
commercial TCDMDA monomer and HB pTCDMDA synthesised tding as the
CTA were compared in a 2PP formulation. Both were used as a feedstock to print an
array of 3D, rectangular scaffls across a range of printing speedg & mm/s) and

laser powers (1@ 100%). These scaffolds are presenteBigure4.6.
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Figure4.6. Array of scaffolds produced using 2PP to print commercial TCDMDA (top) and HB p
(bottom) across printing speeds in the range 25 mm/s and laser powers from 10100 %. Re
indicates conditionsvhere the final cuboid was burn. Yellow indicates conditions where insul
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Here, the colour assigned to the scaffold indicates the quality of the final
product produced for each combination of conditions. Red indicated conditions
where the final cboid was burned. Yellow indicated conditions where insufficient
polymerisation occurred, such that the final shape was not representative of the CAD
shape. Green indicated conditions where polymerisation occurred and- well
structured shapes were produced. Blue indicated conditions where no

polymerisation was observed.

Additionally, an SEM image of the scaffolds for HB pTCDMDA has been

included agrigure4.7.
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From 10% to 50% LP

From 2mm/s to 25mm/s

From 50% to 100% LP

From 2mm/s to 25mm/s

Figure4.7. Polymerization threshold SEM images ofgdTBDMDA formulation

Comparing the results for the commercial TCDMDA feedgkigkire4.6, top)
and the HB pTCDMDAigure 4.6, bottom), it was first clear that the use of HB
polymer significantly broadened the polymerisation threshold, with good scaffolds
produced across a wider range of conditions, including lower laser powers and
increased printing speeds. Raman spectroscopyusad to determine the average
reacted vinyl group (RVP) as a percentage for each array. For the commercial
TCDMDA the average RVP was 30%, while for the HB materials a RVG of 80% was
achieved, indicating an increased degree of conversion of ~50% whanthsi HB

polymer.

This suggested that the use of HB materials caused the formulation to cure
more quickly and to a greater extent than with the commercial monomer, as expected
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given that ~60% monomer conversion or higher was achieved during the HBegpolym
synthesis, prior to any printing taking plase¢Table4.5). Not only did this enable
printing times to be reduced, the ability to use lower lagewers also enables higher
resolution printing. Additionally, the higher average RVP ensures that less monomer

must be removed to prevent toxicity of the resulting materials.

Following printing, the HB pTCDMDA scaffolds were sent tadjr Toure

who conducteda Live/DeadBiocompatibility test, whiclis shown irFigure4.8.

Figure4.8. Microscope image of fluorescing fibroblast cell cultured on HB pTCDMDA scaffolds |
via2PPs. In the composite image (top), green indicates live cells, while red indicates dead ce
example raw images (botin), the white spots indicate regions of fluorescence from live cells (le
dead cells (right).

In this test, afaciletwo-colour assay was used to determine the viability of
fibroblast cells(see Chapter 2.3.2.5) Thistest indicated that the printed polymer
demonstratel high biocompatibility, with 92% live cellgreen fluorescence in top
image, all fluorescence in bottom left imagajd only 8% dead cellsed fluorescence

in top image, all fluorescence in bottom rightage) following staining after 1 hour.
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Thus, these HBICDMDApolymers hold promise for use in biological
applications, as well as helpirig combat some of the major challenges in 2PP,

including redued fabrication time and increasl printing resolution.

4.3.3 Preliminary Studies oHB Copolymersia Macromer Controlled CTP
for Stem Cell Attachment

From 2D screeninm work conducted by Dr Jordan Thorpe in the School of
Pharmacyit was found thawwvhen TCDMDA monomer was mixed with butyl acrylate
(BA) in a ratio 2:1 v/v in awell plate and polymerised using UV polymerisation, the
resulting copolymer was able to sogrt the longterm culture of human pluripotent
stem cells (hPSCs), likely due to high levelgasfsforming growth factor beta 1
(TGF1pbsorption on the polymer surfad85]. However, the cells only survived for
2-3 days after which they were found to die. Surface analysis with atomic force
microscopy (AFM) revealed rsanoscale topography in deformation and modulus
images, as shown irigure4.9[52], of this polymer, indicating a phase separation of

the monomers prior to polymerisation.

(@) | (b)

0 500

DMT modulus (nm) Deformation (nm)

Figure4.9. Atomic force microscopy (a) modulus and dbjormation micrographs of poly(TCDM
blendBA) surface coated on poly(styrene) six well plates shows a nanoscale blendB#A geBOnr
islands of minor component, 30% v/v) in péyD (background, majoomponent, 70% v)j52].

It was proposed that it was this phase separation which contributed to the

loss of cell viability with time.
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This phase separation resulted in the equivalent oflenth of pBA (minor
component, 30 % v/v as ~ 50 nm islands) in a continuous phase of pTCDMDA (major
component, 70% v/v) rather than a uniform surface that would be representative of
a copolymer. It was therefore proposed that HB copolymers of TCDMDA and BA
prepared in solution then cast to the well plates could address this phase separation
issue and potentially allow for a more consistent culture surface and-tknmg
viability of the cells in contact with this surface, thus proving the eventual viability

scaling up this material and process.

4.3.3.1 ProducingCopolymer@ Solution

Initially, a direct copolymerizatiorof TCDMDA and BA monomevgs
attemptedviaCCTP. However, it was found that the two monomers would not easily
copolymerize in solutionwhich was attributed totheir different reactivity ratios
H!NMR analysisonfirmedthat the TCDMDA polymer was not copolymerising well
with the BA monomer, with very little incorporation of BA into the copolymer, as

shown inFigure4.10.

Consequently, the polymerisationstrategy was altered to the
homopolymerisation of CDMDAvhichwas controlled using BMA macromérsa !) i
as the CTA This was an analogounsethod to that described irfChapter 3 where
RAGAyet oSyl SyS gla O2yGaNRftftSR dzaAiy3a I d
OK2aSy Fa GKS YIONRYSNI Oz2yiNRf | 3Syld 20SN
be difficult to controlthe CCTP reaction of acrylate monomers sufficiently to achieve
dimerization. Secondly, BMA&asa more hydrophobic monomer than BA due to the
LINB&SYOS 2F |y SEGNI /11 3IANRdAzZLIE 6KAOK aK?2
and the hydrophobic TCDMDA monomempared to BA. The BMA macromers were

synthesizedvia CCTP, using tolueras asolvent and high levels of BaBFE which
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Figure4.10. HNMR of homopolymers of butyl acrylate (top, blue), TCDMDA (migiglen) and th

direct CCTP copolymer HB p(TCDM®BA) (bottom red). By comparing the peaks in each spectr

is clear that the spectrum originating from the supposed HB copolymer displays no peaks whic

also observed in the TCDMDA homopolys@ectrum, indicating that the HB copolymer is in fe

homopolymer of TCDMDA, with litle-no inclusion of the BA monomer in the structure.

resulted in an oligomeric mixture of BMA macromers with an average monomer

conversion of 22.0 %, as summarisedable4.6, Entry 1

Table4.6. Summary of the reaction conditions used to synthesize BMA macromers, and for m
controlled CTP of TCDMDA. The average yield, molecular weigtgslgdidpersity are also quoted.

Entr Msoonl Temperat AI BN PhCoB Reacti Yiedd Mnb mMwP ib
y vIv) (Ag (%w) (ppMm Ti me (%) (kD (kD
LBMA 501 80 1.0 800 24hrs 22 - - -
macr omef
2.
TCDMDA 1:3 65 0.5 - 2hrl 8 46 159 21D 13.3

c eB MA

aDetermined gravimetrically.Determinedvia gel permeation chrom@graphy.

These oligomers/macromers were then used as CTAs in their own right and
reacted under conditions similar to those outlingd Table4.2, Entry 2 as these
conditions hadto this point in the studyresulted in the highest polymer yields for
CC1based polymerisations of TCDMDA. Initially, this copolymerisation was

conducted on a 1 mL scale, as a probEoncept experiment. An increase in the
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reaction time compared to the homopolymerisatirasobserved, from 1hr 53 min

to 2 hrs B min as shown iffable4.6, Entry 2. Thigzasanexpectedresult, asvhen a
mono-functional methacrylate monomexasadded to the polymerisatiomixture, it
would be expected thatadical addition to methacrylate grospvould slow the
reaction rate, whilst producing moreontrol. This is due to the need for the beta
scission process to occur, which is a slower process than radical additrenyield

(46 %) also improved compared to tB&€TTCDMDA homopolymerisatiowhile the
dispersity (13.3)vasconsiderably greater, indicating a higher degree of branching and
monomer conversion.This suggested that the BMA macromer was a more suitable
control agent for the TCDMDA monomer than PhCoBF, possibly due to its greater
similarity with respect to hydrophobicity. The improved incorporation of the BMA
monomer in the copolymer was confirmed byNMR, which is shown in Figure 4.11

pTCDMDA-co-BMA

BMA peak

R bmbuuxUk

7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0
f1 (ppm)

Figure4.11. HHNMR of the TCDMDA/BMA copolymer synthesised using BMA macromer co

peak is seen 4t 1& TpPpmM, whichcan be attributed to the BMA monomer. This peak wa:

observed previously (see Fig. 4.10) when direct CCT copolymerisation was attempted. This

that macromer control improved the level of BMA incorporation in the HB copolymer.
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4.3.3.2 Cell Growth Studies

Following the successful synthesis @fsmall sample offCDMDA/BMA
copolymer, some preliminary cell growtlstingwas conductedy Dr Jordan Thorpe
with the School of Pharmacy at the University of Nottingham bE&C HUES?7 liok
stem cells,where 4 serial passages were achieved (n=Ik)was observed that
additional purification of the polymer (i.e. redissolution and precipitation) was
required to ensure the polymer was suitable for use. This was attributed to the need
to remove any residual free monomer from the system. This was not unexpected,
since itwas the presence of unreacted free monomer in the original TCDMDA:BA UV
copolymerisation that was attributed to the onset of cell death. A solution of 42 mg
of p(TCDMDA&o-. a! 0 ¢l a4 RAa&az2t @SR AYy wmunn >[ 27F A
solution was tlen coated ontowellLJt G S& & m nwell platekbdtBith angd T ¢
without oxygen plasma treatment. This treatment was applied as a standard surface
treatment to the glass plates produced for use in ¢ polymerisation methods used

in the bio instrictive screening experiments.

The plates were then sterilised and cultured with human pluripotent stems

cells (hPSCs), and the growth was monitoredshesvn inFigure4.12
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Figure 4.12. Growth comparison of HUES7 hPSCs on Tgob{1DAlendBA) UV polymerized a
hyperbranched poly(TCDM24&BMA) 6 welplates. Plates produced for the hyperbranched conc
were prepared with and without plasma treatment, whilst all plates produnethe UV polymerizatic
methods have been m@ana treated prior to well coating.

From this brief analysis, it was concluded that comparable growth was seen
when using the HB polymer solutions, relative to thefwdduced polymers. It was
also noted that plasma treatment may not be necessary for tatep prepared using
the HB polymers, as similar growth was seeRigure4.12both with (solid squares)
and without (solid triangles) plasma treatmentt was also noted that isopropanol
(IPA) was not an ideal solvent for this hyperbranched polymer, and an improved one
would be required for future work. It is important to note that the UV and HB tests
were not conducted in parallel, and independenttdizes of HUES7 cells were used
for the UV and HB polymers. This makes any more detailed comparison of the results

difficult, as the cell cultures were not directly comparable.

4.3.4 Solution Casting Pré\ttachment Polymers on Well Plates

Following the succefid synthesisand encouraging growth resulfer the
TCDMDA/BMACT Afunctionalisedpolymer sample which was prepareat a small
scale ¢eeTable4.6, Entry 2) the polymerisation was conducted at a larger scale in
order to obtain sufficient materiah order to enable the TCDMDA/BMA copolymer to

both be tested at larger scale for peem cell attachment properties and prove
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industrial viability. Additionally, he HB polymer obtainedvas also requiredo be
purified more thoroughly in the lubricaAbased materials at this larger scale (Chapter
3). This wato remove unreacted monomer/redual solventto ensure cell viability.
Finally,a suitable solvenheeded to beidentified to enable the solid HB polymer

product to beeasily and uniformlgoated onto éwell plates.

4.3.4.1 Polymerisation Scalgp and Purification

Therefore, the reactionvas scaled by a factor 680, and is summariseth

Table4.7.

Table4.7. Summary of the reaction conditions used to synthesize BMA macromers, and for m
controlled CTP of TCDMDIZ1 v/iv TCDMDA:BMA) at increased scalehe average yield, molect
weights andpolydispersity are also quoted

Entr Msoonl Temperat AIBN PhCoB Reacti Yi ed d Mnb Mw b fib
y (vIv) (Ag (%w) (ppm Ti me (%) (kD (kD
1. BMA 201 80 1.0 800 24hr s 24
macr omef?
2.
TCDMDBA 1:3 65 0.5 - 3hr35 572 3 66 3058 8.4

c eB MA

a Determined gravimetrically. b Determinei gel permeation chromatography.

Entry 1 shows the large scal€TP of 30 mL of BMA monomer to produce
BMA macromers. The macromevgere then used as the CTA to control the
polymerisation of 60 mL of TCDMDA monomer, as described in Sdc8dh the
results of which are summarised Tiable4.7, Entry 2. The yield (57.2 Y%ashigher
than that of the smalkcale reaction detailed imable4.6, Entry 2. While this may
have been due to improved efficiency at larger scales, there may algee been
residual monomer/antsolvent present in the sample The latter conclusion was
supported by the observation that, following the first precipitatiadhe final form was

al I O1 & =f Adsbfdaihicrecould not be fully dried in a vacuum oven.

The reaction time (3hr 52 minutesglso increasel at the larger scale

compared to smaller scale (2 hr 18 minutes). This haaxebeen due todecreasel
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heat and mass transfer efficiency at larger scaldavever, it may alsdave been
related to the earlier issues observed when polymerizing the TCDMDA monomer
(Section4.3.1). TCDMDAwasfound to be a difficult polymerisationto control, even
at smaller scales, thus scaling up the polymerisapotentially would haveonly

increasel the variability.

Themolecular weighd (M, = 36.6 kDa, M= 307.6 kDa) and dispersity (8.4) of
the polymer produced at a larger scale were very sinddhat produced on a smaller
scale(Tabk 4.6), which indicated that the scalgp process did not significantly affect

the architecture of the resulting HB polymer.

For initial biological testingp ensure the scale up process had not affected
the activity of the polymer subsamples (~2 g) of the largeale batch of HB
pTCDMDAco-BMA wereextracted from the main batchnd purified further. In this
case, the polymer was precipitated twice to ens that no unreacted monomer
would be present in the final product, as this would be toxic to the stem cells: this was
confirmedvia H'NMR analysiswhich is shown ifrigure4.13 Thisdata showedhat
no further monomer was present in the supernatant following the second

precipitation.

The next step in the preparation was to dry the product to constant mass to
ensure no residual solvent/ansolvent remained. For the first sample of HB
pTCDMDA0-BMA, this wasittempted using a vacuum oven set at 25 °C, ashhi$
been both the standard practiceused throughout the studyand had been
demonstrated to beahe most effective method of solvent removaHowever, after
24 hours it was found that the polymer had crosslinked, forming an insolublelped

was confirmed when attempted dissolution in chloroform failed. Thisatasputed

234



Chapter 4 Synthesis and Optimisation of Blative Hyperbranched Polymers

to the slightly raised temperature inside the vac oven compared tdiem

temperature (18 20 °Q.

Supernatant 2 - post 2nd precipitation
(S2)

_

Supernatant 1 - post 1st precipitation

(S3)
(S2) Monomer Peak
(s1)
|>:>t>.’)|)\(?\/\(){\(
; |
(P)
Polymer - prior to precipitation
(P)
4.3 4.2 4.1 4.0 3.9
f1 (ppm)
— e A ”

6.6 6.4 6.2 6.0 5856545250 48 4.6 44 4.2 4.0 w% wmwawv.a 3.23.02.8 2624222018 16141210 0.8 06

Figure4.13. HINMR analysis of TCDMDA/BMA polymerisation solution following quenching of the reaction, througl
purification process. Spectra were acquired: before precipitation (bottom); after a first precipitation into cold hexiiie)
and following a secahprecipitation into cold hexane (top). In the spectrum acquired prior to precipitation (bottom), peak
can be attributed to the monomer, rather than the polymer, can be seerrat.18 ppm, 4.04 ppm and 3.97 ppm, indicating
presence of residliaunreacted monomer in the polymerisation mixture. The expansion zooms in on these peaks to h
them easier to see and compare across the spectra. In the spectrum acquired following the first precipitation of tm
mixture into the hexanergisolvent (middle), these residual monomer peaks are seen to reduce in intensity, but are sti
indicating that while some of the residual monomer was removed by the first precipitation, some still remained. In the
acquired following te second precipitation of the reaction mixture, the intensities of these residual monomer pea
decreased further, vanishing completely. This indicated that two precipitations of the reaction mixture into antisole
required for to fully removany unreacted monomer and ensure full purification of the polymer.
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Consequently, a new stgample was preparedhichwas dried for 24 hours

in a fume hood at mbient temperature. The resulting product was a solid, waxy

powder, which was soluble in chloroformfn H'NMRof the dried productshown in

Figure4.14 indicated that the hexane antisolventesidual monomer and other

impurities had been removedo a sufficient degree for use in stem cell culture

applications

Dry Polymer

hiKSNJ
L Y LJdzNR G &

= N = .\.{L.u/u\.r - \» _/vt)l

Wet Polymer

1.8 6.6 6.4 6.2 6,05856545250484644424038363432302826242220181614121.00.8
f1 (ppm)

Figure4.14. HNMR spectra of a sample of p(TCDM&¥BMA) sample before (bottom) and after (top) drying for 24 hours in a fume hi

room temperature. In the spectrum acquired prior to drying, peaks due to residual monomer (region shown in yellow dieed) heesin

antisolvent (region shown in red box) and another impurity (region shown in blue box) could be observed. Follmirgd?ging in a fume ho
(top), these impurity are greatly reduced in intensity, indicating that these substances have been removed from the pmlycter p

T T T T T T
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4.3.4.2 Solvent Determination and WElate Preparation

Thus, a sample of HBTCDMDAO-BMA polymer had been successfully
synthesised, isolated and purified. A suitable solvent for the polymer now needed to
be identified, as the solid polym&eeded tobe solubilized to be&lepositedinto the
well platesfor biological testingAtarget solutionconcentration of 35 g/L was chosen,
as this ha previously been found to result in good coverage of the bottom of the
wells, with a thin, uniform film being achievedd summary of the solves tested

during this work is shown ihable4.8.

Table4.8. Summary of the solubility studies conducted for HB p(TCEIDA). Y = polymer dissolv
N = polymer did not dissolve, P = partial dissolution and D = dispersion formed.

Solubilises Non- Transparent
Solvent Structure Polymer? cytotoxic? Film?
Dichloromethane C‘\/C‘ Y N N/A
Cl
Chloroform )\ Y N N/A
cl cl
OH
Isopropyl Alcohol )\ N Y P
Tetrahydrofuran ( / Y P N
0
o
Ethyl Acetate )J\ P Y N
o

Butyl Methacrylate })kn/\/\ D Y P
Methyl Butyrate /\)J\D/ P Y P

Solvents used in biological applications with polystyrene platies such as
those used in this workmust strike a balancebetween solvency and
toxicology/corrosivity. fiey must fully dissolve the polymer of interesthile both
being nontoxic to cells and not degrading the polymer of the well plates. From the
purification work and NMR analysis, it svahown that the HB TCDMDA/BMA

copolymer was soluble in dichloromethane (DCM), deuterated chloroform ¢l
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tetrahydrofuran (THF). However, DCM adoroformwere too toxic for biological
applications Mearwhile, THRwvas known tadissolve and degde styrenyl polymers,
though it had been used in welplate applications previouslin the School of
Pharmacy ando remained a candidate for future investigatiolsopropy! alcohol
(IPA)had beendentified as a preferred solveirt the UV polymerisatiostudies using

the monomers onlyas itwasknown to be compatible with thetyrenewell plates
being used and notoxic to stem cells. However, despite attempts to dissolve the
polymer using a vortex mixer at the desired 35 g/L concentration and at reduced
concentration (~3 g/L), and at both room temperature (&0 °C) and elevated

temperature (50 °Cjull dissolution of the HB polymer in IPA could not be achieved.

Consequently, THF was investigated as an alternative solvent wbidd
strike the best balance of propertieFHHFs a relatively noroxic solvent[86] which
wasmore hydrophobic than IPAhus potentially leading to improved dissolution of
the hydrophobic HB polymer. While TiRsknown to degrade/dissolve styrenyl
polymers, it was hoped that the effect mdave been small enough to allow the
plates to still be of use. Hence, a solution of [ FEDMDA/BMA polymer wasepared
Ay ¢1C +d op 3Ik[ D | #oehshré fulllcaztrageofitiee 6 o n n
polymer/THFsolution was pipetted into a selection ofvéell plates, which were sent
to the School of Pharmacy (Dr Aishah Nasir) for initial biological testing. However,
following preliminary washing and incubation stefee Chapter 2, Section322.6)
it was noed that the effect of the THF solvent on the polymeric well plate was too
great to enable meaningful data on the formation opeo-attachment film to be
collected, as ripplingrackingof the surface followed by a whitening was se€rhis

is illustratedin the photographin Image4-1A.
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B) BMA C)EA

Image4-1. A) THF, B) BMA and C) EA polymer solutions post IMS wash and soaking in DI H
days at A) 37C B/C) room temperature. Cracking and whitening of the polystyrene well is hiiiié
where THF and EA are used.

This effect was attributed to the combination of two processd#rst, solvent
crazing of the polystyrene by the THF whichTHF penetratd and plasticizd the
polymer, allowing small cracks/pores to open up in the polymer. Next, the application
of water during the washing stepresetiA y G KS F2NXI GA2Yy 2F avYl
within the surface/crazes. These water pockets scatldight when present in
sufficient size and number, resulting in the polymer becoming opaque. However, it
was unclear whether the whitening effect origindtéom the well plate surface, or
from the HBTCDMDA/BMA polymer film deposited on top of the surface. It was also
noted that the film thickness was slightly too greatget a clear microscope image,
thus future preparationsvould need touse a smaller volume of polymer/solvent

solution per well.

Consequently, alternative solvents for the HBCDMDAO-BMA which
would cause less crazing/whitening were sought. Candidatdgded ethyl acetate

(EA), butyl methacrylate (BMA)onomer and methyl butyrate.Ethyl acetate was
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