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Abstract
Complex Polymer Architectures via Group Transfer Polymerisation

This thesis reports the synthesis of complex architectures via group transfer
polymerisation (GTP), specifically well-defined multiblock and gradient copolymers.
As a living polymerisation method, GTP has been demonstrated at industrial scale
for block copolymer synthesis by sequential addition of monomers. The aim of this
thesis was to demonstrate that GTP can be used to fabricate copolymers with complex
architectures.

The first study is on multiblock copolymers, which are block copolymers with
more than three distinct blocks. Sequential polymerisation was used to demonstrate
scalable synthesis of four pentadecablock (15-block) copolymers ((AB)7A bipolymers
and (ABCDE)3 quintopolymers) and polymerisation of a heneicosablock (24-block)
bipolymer.

The following chapters study the synthesis of gradient polymers. Gradient
copolymers have a progressive change in monomer composition which may
prove beneficial for modifying the properties of thermoresponsive gels. For the
first time, gradient copolymers have been produced with a stepwise (or many-
shot) polymerisation protocol with GTP. A-gradient-B and A-gradient-B-gradient-A
copolymers were prepared with GTP. Comparable block and statistical copolymers
were also prepared to investigate structure-property relationships. Polymer
series were synthesised with thermoresponsive monomers 2-(dimethylamino)ethyl
methacrylate (DMAEMA) and di(ethylene glycol) methyl ether methacrylate
(DEGMA). The cloud point temperatures were lower than the comparable di/triblock
copolymer, and micelle diameters were determined to be larger due to the diffuse core-
corona transition.

The polymerisation control provided by GTP resulted in low dispersity values (Ð
< 1.3) for all copolymers in this thesis, despite the complex architectures produced.
The Mn closely matched the Mth and polymer composition was confirmed by NMR.
Due to high conversion rates and fast polymerisation rates, all polymers were prepared
in less than 6 hours per polymerisation. The number of commercially available
methacrylate monomers and the tolerance for many functional groups indicate that
GTP can readily prepare copolymers with complex architectures suitable for many
applications.

HTTPS://WWW.IMPERIAL.AC.UK/
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Chapter 1

Introduction

Polymers are composed of smaller repeating units and these structures form the

building blocks of life such as DNA, RNA and proteins/enzymes. Without polymers,

complex chemical processes that are fundamental to life wouldn’t be possible.

Sequenced-defined polymers, such as DNA, are used to store information which

can span generations and self-assembled structures in enzymes are guided by their

polymer sequence. The most abundant polymer on the planet is cellulose, which

higher plants utilise to strengthen cell walls. Even some bacteria produce polymers

as energy storage and protection from dehydration.

Our planet is covered in polymers, but only recently have we learned how to

engineer them. Polymers have become ubiquitous in modern day life, finding uses

from paints to adhesives and pharmaceutical formulations to lightweight components

in automobiles and aeroplanes. Their diverse and tuneable properties make them

suitable for almost any application. Over 300 million tons of polymers are produced

annually across the globe and it is unlikely that the demand for them will decrease in

the foreseeable future.1 Currently more than half of polymers are used for packaging

and building materials. However, recently researchers are looking back to nature

for inspiration to produce complex polymers with self-assembled structures and

the ability to encode information. Thus, over the last few decades there has been

significant scientific interest in developing sequence controlled polymers.
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1.1 A long relationship with polymers

Structural polymers are abundant in the plant world. In plants, cellulose lines the cell

walls, allowing them to grow taller to maximise their potential for gathering sunlight.

For thousands of years, we have processed plant fibres to produce materials such as

paper, textiles and rope. Whilst the chemistry of these fibres was not yet understood,

it was clear that polymers possessed exceptional properties.

The industrial revolution enabled mass production of these plant-fibre materials

by automating time-exhaustive processes, allowing production volumes that could

never have been achieved by hand. Cotton became a huge commercial commodity

and scientists/entrepreneurs searched for improvements to these cellulose fibres.

Extracting and purifying cellulose from plants, such as bamboo or trees, requires

extensive physical and chemical treatments. Native cellulose is insoluble in most

solvents but in the 1860s it was realised that chemical treatments can improve the

solubility. Subsequently, chemical modifications to cellulose began an entire industry

of cellulosic materials which continues to this day.

As knowledge of chemistry grew and became more formalised, the first synthetic

polymers were produced. In the late 1800s petrochemical refining and catalysis began

to produce fine chemicals such as phenols and formaldehyde. Baekeland produced the

first synthetic polymer and marketed a wood-polymer composite under the tradename

Bakelite in 1907. Eventually more synthetic polymeric substances were discovered,

and the field of polymer chemistry was unified by Staudinger in his paper ‘Uber

Polymerisation’ in 1920.2 He argued that reactions he termed ‘polymerisations’ occur

when individual repeating units are covalently linked into exceptionally high molar

mass molecules. For his contribution in the field, Staudinger was awarded the Nobel

Prize for chemistry in 1953. Many key developments in polymer chemistry, which

were developed from assumptions and statements made by Staudinger are discussed

in more detail in 1.2.

Despite the prevalence of plastics in the modern world, over 90 wt% of
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polymer products are produced from just five polymers (polypropylene, polyethylene,

polyvinyl chloride, polyethylene terephthalate and polyurethane).3 Polymers are used

for everything from plastic packaging to high performance composites because they

are cheap, tough, mouldable and can have superb barrier properties. Key factors for

the success of these polymers are price (driven down by economy of scale), availability

of monomers (the building blocks of polymers) and formulations which enable broad

applications for each polymer. Intrinsic properties of each polymer can be modified by

changing the molar mass, dispersity and degree of branching. Each polymer can find

merit in a broader set of applications by changing additives and processing conditions.

The properties of polymers are so diverse that we are still discovering new

applications and properties. Plastics are integral to our modern life in applications

ranging from packaging to biocomposites.4,5 Globally, plastic production is increasing

annually in order to meet demand for both single-use and durable products, indeed

polymers are the 7th largest European industry in gross value added.6 Unfortunately,

these plastics are durable and persist in the environment causing ecological harm

to animals and other organisms.3 Whilst recycling is the best end-of-life for plastics,

collection, sorting and processing infrastructure is currently lagging behind usage and

in the EU only 31% of plastics enter recycling facilities.6

Innovative materials are attractive alternatives to plastics for applications where

product lifespan is short and recycling collection is challenging. The materials are

engineered to suit the lifespan of the product and ideally act as drop-in replacements

for plastics used by manufacturers. Chip[s] Board has developed a process for

producing a biodegradable polymer, from the UK’s abundant agri-food waste,

suitable for durable applications in interior design and fashion.7 Other biodegradable

polymers, including those produced from petrochemical feedstocks, are currently

gaining traction in suitable applications such as agriculture and packaging liners.8,9

Industry, government and local authorities need to work together in order

to improve the end-of-life scenario for polymers used within the UK. Polymer
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pollution is a challenging problem to resolve and will require a multi-faceted approach

including policy change, public sector investment and taxation. Despite the challenges

surrounding end-of-life, polymers provide outstanding performance when compared

against alternative materials. The development of synthetic methods opens the door

to new applications which may lead to novel markets for high-value polymers, for

example in drug delivery and lithographic templating.10,11

1.2 Polymer Synthesis

Polymerisation methods are categorised by their mechanism. Step-growth

polymerisation requires monomers with reactive terminal groups (eg. nylon

formed through condensation of dicarboxylic acids and diamines) while chain-

growth polymerisation proceeds by successive addition (radical/ionic) of unsaturated

monomers, with/without organometallic catalysts. In chain-growth polymerisation

monomers react with propagating chain-ends and this reaction continues until the

reactive chain-end irreversibly converted to a non-propagating species (termination).

Free radical polymerisation (FRP) is one of the oldest polymerisation methods and still

accounts for more than 45% of global polymer production.12

Figure 1.1: Schematic outlining the general procedure for a free radical polymerisation. An
initiator (I) species generates radicals, these radicals react with monomers (M) and propagate
the polymer chain. Chain extension occurs as oligomer radicals react with more monomers.
During propagation, chain transfer can occur whereby a hydrogen is extracted from another
molecule (P) in the reactor, such as a solvent, monomer or polymer molecule. If chain transfer
occurs with another polymer chain then one radical is terminated and a branching point occurs
on the second polymer chain. Termination reactions occur where two radicals combine through
combination (top) or disproportionation (bottom).
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Flory summarised FRP in 1937 and the experimental conditions are very simple.13

In fact FRP is so straightforward, that the majority of polymers synthesised today are

produced using it. The mechanism for free radical polymerisation is shown in figure

1.1. There are several reaction steps in free radical polymerisation:

1. Free radical polymerisation begins with the production of radicals (R·) from the

dissociation of an initiator (I). The rate of dissociation (kd) is dependent on the

initiator and the conditions for radical generation, which are typically triggered

by heat and/or light.

2. The radical species (I·) will react with a monomer, producing a reactive radical

monomer species. The rate of this reaction is termed the rate of initiation (ki).

3. The radical monomer species reacts with other monomers, extending the length

of polymer chains formed. The rate of this reaction is termed the rate of

propagation (kp).

4. Termination reactions happen when radical species (polymeric, or otherwise)

combine, or through proton abstraction from the polymer chain. Radical species

are highly reactive which means that free radical polymerisations have a high kp,

however radical species are also non-selective and side reactions/terminations

are common.

The rate determining step of free radical polymerisation is the initiation as the kd

of the initiator is much smaller than kp.

The theory and terminology used to explain and describe FRP is also relevant to

modern polymerisation methods. The main disadvantage of FRP is that termination

occurs during the polymerisation and this will happen during every stage of the

polymerisation, resulting in polymer chains with different molecular masses (number

of monomer units). Control over molecular mass distribution is a key component for

the synthesis of block copolymers, this will be discussed further in section 1.2.1 and the

advantages of block copolymers are discussed further in section 1.6. High molecular
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mass distributions (polymer chains significantly vary in mass) are advantageous for

industrial plastics as decreased viscosity in the molten state results in easier processing.

1.2.1 Anionic and Living Polymerisation

Living polymerisations are chain-growth reaction polymerisations which proceed

without termination or chain transfer reactions. Reactive chain ends remain present on

the polymer chain after all the monomer has been consumed, such that any subsequent

additions of monomer will polymerise, further increasing the molar mass of the

polymers. This facet of living polymerisation methods enables the synthesis of block

copolymers, which have significant industrial interest finding applications in many

products which are commonplace in modern life, such as thermoplastic elastomers,

nano-templating, compatibilisers and pressure sensitive adhesives.

Swarc et al. first reported living anionic polymerisation in 1956, using

naphthalene sodium as an initiator to polymerise styrene where the polymerising

species is an anion.14 Due to the persistence of the reaction, anionic polymerisation

began to be termed a ‘living’ polymerisation. Subsequently, living polymerisation

methods with cationic and radical propagating species have also been developed.

In anionic polymerisation, termination reactions with water/alcohols/labile protons

occur rapidly, so polymerisations must be conducted under strictly anhydrous

conditions (typically sealed glassware and butyl-lithium are used to achieve such

anhydrous conditions). As termination reactions occur with trace contaminants, the

term ’living’ polymerisation has drawn some criticism. It is a challenge to define how

‘living’ a polymerisation is, but attempts have been made in the early 1990s to quantify

’livingness’ so that comparisons can be drawn between different polymerisation

methods.

In order to standardise living polymerisation techniques, Quirk and Lee outlined

criteria required to term a polymerisation as living.15 These criteria highlight some

key properties which differentiate living polymerisations from other polymerisation
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methods. It is worth considering that these conditions were written to defend the

field of anionic polymerisation from critics working on newer methodologies, some of

which will be discussed in section 1.2.2.

The first criterion is that the polymerisation continues until all the monomer

has been consumed. The resulting polymer will remain "alive"/"active" and, even

after a delay, any subsequent additions of monomer will polymerise, increasing the

molar mass of the polymer chains. Sequential addition (or the ability to continue

a polymerisation after all of the monomer has been consumed) is one of the key

advantages to living polymerisation methods and enables the production of block

copolymers and complex architectures. In practice, great care must be taken to

purify monomers during sequential additions for anionic polymerisations as certain

impurities will cause termination reactions, producing ‘dead chains’ which can no

longer polymerise.

The second criterion states that molar mass increases linearly with monomer

conversion. This means that there is no chain transfer during the polymerisation. For

example, when using a mono-functional initiator, one propagating chain is produced

for each initiator molecule and each monomer can only join one polymer chain. In this

scenario, the number average molar mass (Mn) can be calculated according to equation

1.1, where M0 is the molar mass of the monomer and degree of polymerisation (DP)

refers to the number of monomer units in a given polymer chain.

DP =
Mn

M0
(1.1)

Related to the Mn is the weight-average molar mass distribution Mw, which

considers that larger molar mass polymers contain a larger proportion of the total

mass in the polymer sample. Mw is calculated according to equation 1.2, where Mi

is the molar mass of a chain and Ni is the number of polymer chains of weight i.
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Mw =
∑ i NiMi

2

∑ i NiMi
(1.2)

The third point by Quirk and Lee states that the reaction of monomer with the

initiator to begin the polymerisation should be rapid and quantitative. The number

of active chains should remain constant during the polymerisation in order for the

resulting polymers possess a narrow molar mass distribution (low Ð). These conditions

require three factors: rapid and quantitative initiation, equivalent reactivity of chains

(throughout the polymerisation) and irreversible propagation.

The final point outlined by Quirk and Lee states that in a living polymerisation,

the rate of initiation significantly exceeds the rate of propagation. A slow rate

of initiation would provide propagating chains different durations in which to

polymerise and therefore the resultant polymer will have a high dispersity. The

dispersity Ð is a metric used to compare molar mass distributions, equation 1.3 shows

the relationship between Ð, Mn and Mw.

Ð =
Mw

Mn
(1.3)

Typical Ð values for anionic polymerisations are 1.01-1.10 as determined by

gel permeation chromatography (GPC). Low Ð values combined with sequential

additions allow living polymerisation methods to produce polymers with predictable

and well-defined structures. In addition to well-defined polymers, living

polymerisations enable the synthesis of block copolymers. Living polymerisation

methods make it simple to systematically control properties such as molar

mass, composition (hydrophilic/hydrophobic ratio), monomer functionality and

architecture (position of the monomers within the polymer). Subsequently, the effect

of changes to these parameters can be systematically investigated. The architecture of

polymers is discussed further in section 1.4.

The conditions for anionic polymerisation require extremely pure chemicals
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under dry conditions. Due to the conditions required, the living anionic method is

rarely used industrially to produce polymers. Block copolymers with high molar mass

are produced by living anionic polymerisation but their total production is around 1

million tonnes annually (0.3 wt% of all synthetic polymers globally).16 In the decades

since the discovery of anionic polymerisation, new polymerisation methods have been

identified to allow the scalable synthesis of well-defined copolymers.

1.2.2 Reversible-deactivation Radical Polymerisation

The flexibility of radical polymerisation and the relative simplicity of reaction

conditions made researchers consider whether modifications to radical polymerisation

could enable free radical polymerisation to mimic/replicate aspects of anionic

polymerisation. The block copolymers produced by anionic polymerisation were

beginning to show promise in many fields, whilst producing block copolymers

through free-radical polymerisation is impossible.12,17

Two related problems had to be overcome in order to transition free radical

polymerisation into a living polymerisation method:

1. Propagating polymer chains can terminate through combination or

disproportionation.

2. Termination reactions prevent any control over the architecture. Termination by

combination is significantly reduced by reducing the number of active radical

chains in solution, making propagation the most kinetically favourable reaction

for each ‘free’ polymer chain.

These problems were resolved by capturing radicals in transient protection

groups, termed transfer agents. Finding an appropriate transfer agent with reversible

addition to polymeric radicals has resulted in many ‘controlled’ radical polymerisation

protocols. These are termed reversible-deactivation radical polymerisation (RDRP) or

controlled radical polymerisation (CRP) methods. The inital concept for these capping
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agents, or transfer agents, was reported by Otsu et al. in 1982.18 The most prevalent

RDRP polymerisation methods will be detailed below for brief comparison.

Nitroxide mediated polymerisation (NMP) was first reported in 1982, whereby

a transient carbon radical is repeatedly coupled and de-coupled from a nitroxide,

effectively shielding the radical from side-reactions.19 The radical nitroxides used are

stable and sterically hindered, such that the rate of coupling and decoupling is faster

than the chain growth with monomers. This mediation slows the polymerisation rate

significantly but produces polymers with narrow Ð.

Reversible addition-fragmentation chain-transfer polymerisation (RAFT) was

developed in the 1990s and reported in 1998 by Rizzardo et al.20 RAFT uses

thiocarbonylthio (RAFT agents) to stabilise the growing polymer chains. The

propagation mechanism is similar to that discussed for free radical polymerisation,

as detailed in section 1.2. After initiation of growing polymer chains, an equilibrium

is formed with the propagating chains and the RAFT agent. Two polymer radicals

sequentially cleave and re-join the RAFT agent, allowing monomer to polymerise with

the non-capped radical in solution. RAFT polymerisations are tolerant to wide range

of solvents and many monomer classes. RAFT agents must be carefully chosen to suit

different monomer classes, for example whilst cyanomethyl dodecyl trithiocarbonate

will polymerise acrylate monomers, it will not polymerise methacrylate monomers.

Whilst some RAFT agents are suitable for more than one class of monomers, there is

no universal RAFT agent. As a result of this, it is common to conduct kinetic studies

for each monomer in the system to ensure high conversion when producing block

copolymers. This limitation means that block copolymers are generally produced from

one monomer class to retain polymerisation control. Additionally, the RAFT agents are

coloured due to the RAFT agent and depending on the intended application, means the

polymers may require additional purification before use.

Another controlled radical polymerisation was independently discovered in 1995

by Sawamoto and Matyjaszewski.21,22 Atom Transfer Radical Polymerisation (ATRP)
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uses a transition metal complex (typically copper (I) bromide) as a catalyst and an

alkyl halide to form the radical. The mechanism for traditional ATRP and recent

developments, such as single-electron transfer living radical polymerisation (SET

LRP), is currently debated in the literature. However, the most recent mechanistic

studies have refuted similarities between traditional ATRP and SET LRP.23 The

mechanistic studies have been difficult to decipher due to many variations of the

method which have been developed to suit specific applications. For example, in

2014 Hawker et al. developed a metal-free ATRP for biomedical and electronic

applications.24 Several pilot scale studies are ongoing across Europe with the cost of

removing metal complexes from the polymer as potential breakpoints for conducting

ATRP at industrial scale. CRP methods are very common in laboratory settings where

amenable conditions make them well-suited for the preparation of block copolymers.

1.3 Group Transfer Polymerisation

One living polymerisation method which propagates with anionic terminal groups is

group transfer polymerisation (GTP). First developed in the early 1980s by Webster

et al. at DuPont, it is a living anionic polymerisation which operates at ambient

temperatures, removing the requirement for heating/refrigeration.25 GTP’s discovery

was announced shortly before controlled cationic polymerisations and a decade before

the development of controlled radical polymerisations.21,26 Similarly to conventional

living anionic polymerisation, the molar mass of the polymer is determined by the

ratio of monomer to initiator. Whilst anionic polymerisation rapidly terminates at

temperatures above -40 °C, GTP can be conducted at ambient temperatures and

exotherms regulated by refluxing solvents (20-100 °C).

Although the mechanism is disputed, the propagating anion has an intermediate

state with a tri-alkylsilyl group, producing an electronically neutral complex which

means that GTP lacks termination reactions. GTP has fast polymerisation rates

and is exceptional for producing block copolymers with complete conversion.
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Patents filed in the late 80s demonstrate the commercial interest in using GTP to

synthesise valuable block copolymer dispersing agents for inks,27–29 tough coatings30

and for thermoplastic elastomers.31 However, until recently GTP remained a niche

polymerisation method as most intellectual property was tied to DuPont.29,31,32 Today,

as those original patents begin to expire, Altana (a subsidiary of BYK-Chemie GmbH)

is producing dispersants for colour resists in LCD TVs through GTP.28,33 Recent patents

also indicate renewed commercial interest in GTP for the synthesis of complex polymer

architectures, such as block,34,35 graft,30 branched36 and star copolymers.32

GTP has been chosen as the polymerisation method for this thesis. There is a large

library of commercially available methacrylate monomers which are frequently used

at industrial scale through other polymerisation methods. The industrial availability

of monomer provides ample opportunity for innovation through controlled/living

polymerisation methods to develop entirely novel products. As a controlled/living

polymerisation (previously discussed in 1.2.1), GTP can produce well-defined block

copolymers. Polymerisation is tolerant to many functional groups allowing for the

synthesis of highly functionalised and stimuli-responsive polymers. Typical molar

masses for GTP polymers are >20,000 g mol−1 with low dispersity values between

1.05 and 1.3. Higher molar mass polymers can be synthesised with GTP, however

the polymerisation will be less controlled and the quality of resultant well-defined

copolymers diminishes (Ð increases). The success of GTP on industrial scale at DuPont

and Altana demonstrates that where valuable products can be identified, GTP can be

cost-competitive at scale. Unlike the living radical polymerisation methods discussed,

GTP quickly reaches complete conversion. When producing block copolymers, fast

and efficient conversion is essential - without high conversion rates, purification is

required after each addition which increases costs and waste.

At industrial scale GTP has produced linear block copolymers but many novel

architectures are routinely reported in the literature through using GTP. Recent

developments in catalysis are beginning to show that GTP may not be limited to

methacrylates/acrylates, as some papers have reported the controlled polymerisation
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of acrylamides and acrylonitrile.37,38

1.3.1 GTP Mechanism

GTP is a living anionic polymerisation but the mechanism of the method is still

disputed.39,40 There are two proposals for the mechanism with evidence in the

literature indicating that both are valid. Generally, it is believed that the mechanism is

dependent on the nucleophilicity of the catalyst used, but other interactions (such as

solvent and temperature) may also impact the mechanism. GTP can also be catalysed

with Lewis bases/acids and recently oxidative catalysts, for a brief explanation on their

utility see section 1.3.3. The two proposed mechanisms describe the interaction of the

catalyst with the active species:

1. A dissociative mechanism with enolate anions as the active species, shown in

figure 1.2;

2. An associative mechanism with an intramolecular transfer of the silyl group

through a concerted reaction, shown in figure 1.3.

Initial evidence led Webster et al. to argue that the initiator species was transferred

to the end of the growing chain after monomer addition, leading to the erroneous

naming which has been perpetuated in the literature.

GTP is likely to proceed through an anionic dissociative mechanism, analogous

to the Mukaiyama-Michael addition (see figure 1.2). A Lewis base (Nu-) interacts

with the silyl enolate, reversibly generating an enolate anion which reacts with the

monomer by a Mukaiyama-Michael addition to propagate the polymer chain. The

rate of initiation (the generation of the enolate anion) is significantly faster than the

rate of propagation, producing well-defined polymers with a Poisson distribution in

molar mass and low Ð. Subsequent monomers are added to the chain end by repetitive

Mukaiyama-Michael additions. In this mechanism, the catalyst acts as an electron pair

donor to the silyl group, weakening the silyl-oxy bond and catalysing the production
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of enolate anions. Enolate anions are quickly terminated by moisture or labile protons,

therefore anhydrous conditions are required.

Figure 1.2: This schematic outlines the dissociative mechanism for GTP. The polymerisation of
a methacrylate monomer with 1-methoxy-1-trimethylsiloxy-2-methyl-1-propene (MTS) and a
nucleophilic catalyst is shown. Shown above is the general reaction scheme where a Lewis base
(LB) associates with the silyl ketene acetal initiator, producing an enolate anion which reacts
with monomers to propagate the polymer chain. It has been suggested that there is a dormant
state formed by an enolate anion and a silyloxy stabilised monomer/polymer. This dormant
state is charge stabilised by an silyl-Lewis base complex. The detailed reaction mechanism for
dissociative propagation is shown below. X = CH3 or polymer.

In addition to this mechanism, which has been inferred from similar reactions in

silicon chemistry, a dormant state has been reported in the literature. It forms between

an enolate anion and another silyl enolate, producing a hypervalent complex which

is charge stabilised by the catalyst or a catalyst/silyl group species.15 Stronger Lewis

bases and higher catalyst concentrations will increase the concentration of enolate

ions in solution, however polymerisation control requires a fine balance between

the concentration of enolate anions and the stability of the dormant state. The

effects of changes to the structure of the initiator species have not been systematically

investigated, but more details on GTP initiators can be found in section 1.3.5.

In addition to the dissociative mechanism there is also evidence that GTP proceeds

through an associative mechanism. In their papers announcing GTP, Webster et al.
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supported an associative mechanism as isotope labelling studies indicated that there

was no intermolecular exchange of the silyl groups.25

In the associative mechanism, the addition of the catalyst to the electrophilic

silyl group forms a penta-coordinated silicate complex. Propagation occurs by

intramolecular transfer of the silyl group along the polymer chain after each monomer

addition (see figure 1.3).

Figure 1.3: The proposed mechanism for associative GTP is shown above. The silyl
ketene acetal is activated by the Lewis base enabling propagation. Shown is the concerted
associative mechanism which regenerates the Lewis-base-activated polymer allowing for
further propagation. X = CH3 or polymer.

The propagation is continuous and monomer insertion occurs in a concerted

fashion. Müller et al. proposed a modification to the mechanism, whereby the

monomer is polymerised in the silyl complex prior to migration of the silyl group to

the polymer chain end.41

Sogah et al. showed that weak Lewis bases appear to favour an associative

mechanism.42 Taton et al. used N-heterocyclic carbenes (NHCs) as catalysts in GTP,

concluding that mechanism was associative, drawing their conclusions from the lack

of enolate anions in an NMR study (13C and 29Si) with NHCs and initiator (1-methoxy-

2-methyl-1-propenyloxy)- trimethylsilane (MTS) and the apparent first order kinetics

in the polymerisation of methyl methacrylate (MMA).38 This paper also shows that

NHCs can efficiently catalyse methacrylate/acrylate block copolymers, regardless of

their order. The authors go further, citing that this demonstrates that backbiting is

impossible where NHCs are used as catalysts in GTP, which confirms an associative

mechanism. In disagreement, Hendrick et al. argued that the polymerisation

rate with NHCs is in agreement with the theoretical polymerisation rate equations

for a dissociative mechanism with enolate generation and comparisons of PMMA
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stereoregularity were comparable with polymers produced by the dissociative

mechanism.41,43 There is more evidence that Lewis acids and less nucleophilic

catalysts, such as NHCs, favour the associative mechanism of GTP.44

In polymerisation of methacrylates, Brittain et al. reported a cyclisation reaction

occurring at low molar masses (DP < 10) due to the flexibility of the polymer

backbone.45 The resultant cyclic polymers are unable to polymerise further and result

in termination. This back-biting reaction has been well documented in traditional

anionic polymerisations and is less common in methacrylates than acrylates. This is

because the α-methyl group on the methacrylate backbone makes the polymer chain

less flexible. It is a kinetically unfavourable reaction with kinetic rates significantly

slower than the rate of polymerisation. As such, the cyclisation can be avoided

provided the polymerisation is not left under starved conditions for prolonged periods

of time. Back-biting is less prevalent at higher molar masses where DP > 10. The

full mechanism of the back-biting reaction has not been determined for GTP, however

Brittain et al. showed that it doesn’t occur without the presence of catalyst.45 The

polymerisation was left under starved conditions for 160 hours in order to determine

the kinetic rates for the cyclisation reaction and it is quite possible that side-reactions

between the catalyst and the silyl ketene acetal active group are required for the

cyclisation reaction. Less nucleophilic and electronically neutral Lewis base catalysts

are being studied in order to suppress such side reactions, thus improving the

livingness of the polymerisation at very low molar masses.

The discussion as to which mechanism is correct has been complicated by the

amount of literature which has varying conditions and methods. Ultimately, both

mechanisms have supporting evidence and it appears that a consensus is forming that

the nucleophilicity, or more likely the silicophilicity, of the chosen catalyst determines

whether GTP will polymerise through a dissociative or associative mechanism. Several

studies have provided evidence in favour of the presence of both mechanisms, whilst

Webster, Kakuchi and Patrikios consider the mechanism to be dependent on the

catalyst used.39,40,44 Although kinetics studies for GTP have been structured to provide



Chapter 1. Introduction 17

information about the mechanism, due to the number of solvents, catalysts and

monomers available to GTP it is difficult to draw strong conclusions from the literature.

More research will undoubtedly be conducted on this topic in the coming years.

1.3.2 GTP Solvents

Industrially, GTP is regularly performed in bulk (solvent-free), where conditions are

optimised and solvents pose a safety risk. On small scales, it is more convenient

to conduct the polymerisation in an anhydrous solvent. The solvent allows for

sampling, efficient mixing and regulates the exotherm. Keeping the temperature

low in solution polymerisation leads to more control and lower Ð polymers.

Typically, living polymerisation solvents are polar and the solvent of choice for

GTP is tetrahydrofuran (THF). THF has been shown to improve kp and reduce

Ð of polymers.41 THF is relatively easy to purify and it has been suggested that

the nucleophilicity of THF may stabilise the propagating anion and/or stabilise

the interaction between initiator species and monomers during propagation.39 The

polymerisation technique is not exclusively conducted in THF and other suitable

solvents include toluene, dichloromethane, chlorobenzene, 1,2-dichloroethane, 1,2-

dimethoxyethane, acetonitrile, N,N-dimethylformamide and propylene carbonate.39

Acetonitrile is rarely used as a GTP solvent after evidence of termination was reported

Bandermann et al., whereby the acetonitrile undergoes silylation by the initiator.46

1.3.3 GTP Catalysts

During the 1980s many catalysts were trialled with GTP. The efficiency of a broad

spectrum of catalysts was the first indication of the unusual mechanism of GTP.

Catalysts which had previously shown success in catalysis of other polymerisation

protocols were used with methacrylate and acrylate monomers. Nucleophilic anion

catalysts such as SiMe3F2
-, HF2

-, CN-, N3
-, bibenzoates, biacetates; strong organic

bases such as phosphines, proazaphosphatranes, phosphazenes; Lewis acids and N-

heterocyclic carbenes (NHCs) have all been used as catalysts for GTP.39,44 Initial testing
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at DuPont showed that fluoride, bifluoride and cyano anions catalyse GTP with rapid

polymerisation rates.25 One key advantage is their high activity and only 0.01-0.5 wt%

with respect to monomer is required to catalyse the polymerisation. Bifluorides have

the highest catalytic activity, such that the polymerisation rate is so fast that with most

monomers control is lost, producing polymers with high Ð.

Organocatalysts are advantageous in polymer synthesis for a few reasons: the

chemical structure is simple to change and therefore the catalytic activity can be tuned;

they have lower toxicity, and they are easy to bind/adhere to carriers in comparison

with organometallic catalysts.

The most studied catalysts for GTP are nucleophilic hydrogen bioxyanions, such

as bibenzoates and biacetates. Brittain et al. ranked the anions in order of decreasing

activity: F- > HF2
- > oxyanions > hydrogen bioxyanions.47 The order of this series

can be attributed to the strength of the Lewis base and the high silyl group affinity

(silicophilicity) of fluorides. Generally, catalysts with a more localised HOMO (hard

anions) have higher catalytic activity. The polymerisation rates for catalysis with

bifluoride anions are so fast that control is lost unless the reaction is cooled to -80

°C. As hydrogen bioxyanions have much lower nucleophilicity than oxyanions, the

negative charges are more delocalised resulting in lower catalytic activity.

Lewis base catalysts are typically introduced to the

polymerisation as tetrabutylammonium (TBA), tris(dimethylamino)sulfonium (TAS)

or tris(piperidino)sulfonium salts. The catalytic activity is determined by the anion

structure and the bulky, sterically hindered counter ions enhance catalytic activity and

solubility in organic solvents.45 The tetrabutylammonium ion has superb solubility in

tetrahydrofuran (THF), which is the preferred solvent for GTP (see section 1.3.2 for

details).

For the rationale outlined previously, tetrabutyl ammonium bibenzoate (TBABB)

is one of the best catalysts for GTP and was found to be the most efficient catalyst

where THF is used as a solvent.41 TBABB is an efficient catalyst over a broad range of
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temperatures (0-80 °C) and is used as the catalyst for all polymerisations in this thesis.

Recent publications in the literature have shown promise for new catalysts

with GTP, allowing the controlled polymerisation of new monomers such as

methacrylonitrile and acrylamides.37,38 Less nucleophilic, electronically neutral Lewis

base catalysts are becoming more common as there is growing evidence, that

they prevent side-reactions between the catalyst and monomer, in turn increasing

the livingness of the polymerisation and producing polymers with a lower Ð. N-

Heterocyclic carbenes (NHCs) are one example of less basic, neutral Lewis base

catalysts used in GTP. Hertler identified that if the NHC catalyst is too basic, chain

transfer can occur.48 NHCs were well-known as Grubbs’ catalyst ligands, where their

ease of synthesis and tuneability makes them relevant for many applications.

Regarding synthesis, Waymouth et al. reported the use of an NHC in

GTP of tert-butyl acrylate (tBA) (Mn 16.3 kg mol−1; Ð 1.20) and MMA (Mn 18.9

kg mol−1; Ð 1.35) and MMA.49,50 NHCs have also produced GTP products from

methacrylonitrile and N,N-dimethylacrylamide, monomers which are typically limited

to radical polymerisation methods.50,51 Despite the contradictory evidence regarding

the mechanism, the tunability and flexibility of NHCs has made them increasingly

desirable catalysts for GTP. NHCs are novel catalysts for GTP and currently their use

is not very prevalent in the literature.

Another class of GTP catalysts are Lewis acids, which function through activation

of the monomer, enabling nucleophilic attack by the active chain end. Monomers must

form an intermediate with a Lewis acid catalyst and as such, high concentrations

of catalyst are required (typically 10-20 mol% with respect to the monomer) for

efficient catalysis in GTP. In acrylate/methacrylate polymerisations, the wt% of

catalyst required is higher because of complexation with esters on the polymer.

Strong Lewis acid catalysts, such as C6F5CHTf2 and B(C6F5)3, were investigated

as organocatalysts in GTP. Kakuchi et al. found that B(C6F5)3 effectively controlled

the polymerisation of N,N-disubstituted acrylamides.52 An induction period was
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observed, which was most likely due to structural differences between the in-situ

generated initiators and the monomers that were polymerised. Despite the induction

period, DP <200 could be synthesised.

Brønsted acid catalysts can activate the monomer in a similar manner to Lewis

acids. Strong Brønsted acid catalysts, such as bis[(trifluoromethane)sulfonyl]azanide

have been tested to reduce the amount of catalyst required for GTP but are poor

catalysts with long polymerisation times exceeding 100 hours.53 Catalysis of GTP with

Lewis acids remains a niche topic of research due to the high concentrations required.

In conclusion, there are several options for GTP catalysts. Currently, the most

frequently used are nucleophilic anions because they are well studied and have a

proven track record for industrial-scale synthesis. Less nucleophilic, electronically

neutral Lewis base catalysts are becoming more common as there is growing evidence

that they avoid side-reactions between the catalyst and monomer. A reduction

in side-reactions will increase the livingness of the polymerisation and allow for

longer duration (or more complex) polymerisations. TBABB is a nucleophilic anion

catalyst which is used for all polymerisations in this thesis – it can polymerise most

methacrylates up to 20 kg mol−1 and catalyses polymerisation between 0 and 80 °C.

1.3.4 GTP Monomers

GTP has been used mostly to polymerise α, β-unsaturated esters (acrylates and

methacrylates), producing low dispersity well-defined polymers. Methacrylate

monomers are the most suitable monomers producing polymers 20 kg mol−1 with

typical Ð of 1.1-1.3.39 These values are representative of GTPs but there are examples

high molar mass PMMA with Mn >300 kg mol−1 and Ð of 1.3.38 Common examples

include hydrophobic monomers containing alkyl, alkenyl, allylic, cyclic moieties; and

hydrophilic monomers containing poly(ethylene glycol) and amino moieties.

Protection groups can be used with monomers with labile protons, for example

methacrylic acid is frequently polymerised from tert-butyl methacrylate followed
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Figure 1.4: Chemical structures for some commercially available methacrylate monomers
and methacryloyl chloride which is used for in-house synthesis of monomers. Poly(ethylene
glycol) methyl ether methacrylates, with m = 1 to m = 15, can produce hydrophilic
blocks/polymers. Alkyl methacrylates, with n = 1 to n = 11, can be used to produce
hydrophobic blocks/polymers.

by acid hydrolysis after polymerisation. tert-Butyloxycarbonyl can be used to

protect primary/secondary alcohol-containing monomers in a similar fashion prior to

polymerisation.

Monomers with reactive side-groups can also be polymerised with GTP, including

those which are normally sensitive to ionic/radical polymerisation conditions, such

as dienes, epoxides, allylic and cyclic ester functionalities.54 In-house synthesised

monomers can be produced from condensation of methacryloyl chloride with a

suitable alcohol.

Common examples of methacrylate monomers polymerised with GTP are shown

in figure 1.4. Methyl methacrylate is the most well-studied GTP monomer.39 Alkyl

methacrylates, with varying molar masses, can be used to produce hydrophobic

blocks/polymers.52 Amino-containing monomers such as 2-dimethyl-amino ethyl

methacrylate are thermoresponsive and can be modified to produce polymers with

quaternary ammonium cations.55 Poly(ethylene glycol) methyl ether methacrylates,

with varying molar masses, can produce hydrophilic blocks/polymers.56 GTP can also

be used to polymerise polyunsaturated monomers which contain alkenes or alkynes on

the side-group.57 Reactive side-groups, such as alkenyl/akynyl/amino groups, can be

used in post-polymerisation reactions (or in some cases during synthesis) to produce



Chapter 1. Introduction 22

derivatives with enhanced functionalities.44 The diversity of monomers available to

GTP make it a very flexible polymerisation method, facilitating the production of

polymers for a broad range of applications.

1.3.5 GTP Initiators

The most commonly used initiator is 1-methoxy-1-(trimethylsiloxy)-2-methylprop-

1-ene (methyl silyl ketene acetal which is often given the acronym MeSKA or

MTS). The structure of GTP initiators is similar to a methacrylate monomer

and this is directed by the mechanism; Webster et al. notes that a GTP

initiator should have a structure close to that of the propagating chain ends

to ensure that initiation rate outcompetes the propagation rate.39 Functionalised

derivatives of MTS also exist, such as monofunctional silyl ketene acetals (SKA)

with the following functionalities: ethyl, dimethyl phenyl, dimethyl tert-butyl

and dimethyl octadecyl.48,58 Monofunctional initiators are used to synthesise

homopolymers or block copolymers and bifunctional initiators, can be used

to synthesise symmetrical block copolymers with fewer monomer additions.39,59

Bifunctional initiators contain two SKA groups and commonly used examples

include 1,5-bis(trimethylsiloxy)- 1,5-dimethoxy-2,4-dimethyl-1,4-pentadiene and 1,4-

bis- (methoxytrimethylsiloxymethylene)cyclohexane.59 Hertler et al. demonstrated

that GTP can also be polymerised from a SKA functionalised polymer support such

as polystyrene beads.60 Polymerisation using more complicated initiators (those which

deviate from the MTS structure) typically results in slow initiation or polymerisation

rate.

The synthesis of silyl initiators can be conducted by condensation of trimethylsilyl

chloride with an enolate - trimethylamine is used to salt out the condensation product.

The difficulty is in anhydrous purification of the resultant initiator, where hydrolysis

of the silicon-oxygen bond occurs with trace moisture, yielding an unsaturated alcohol

and trimethylsilanol which deactivates the initiator molecule in addition to producing

species which can terminate the polymerisation. The initiator is also thermally labile
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and excessive heat during distillation will cleave the silyl group (where temperatures

>120 °C). In-house synthesis is typically conducted in a glovebox to reduce humidity.

The sensitivity of SKAs means that they are relatively expensive initiators, and this

remains the financial bottleneck for industrial scale GTP.

Research to identify alternative initiators or initiation methods has identified

a few methods of in-situ generation of an initiator species through reaction with

the monomer. These methods incorporate an addition of chemical(s) which can

react quantitatively with a monomer to produce an initiator species, for example

hydrosilanes can react with methacrylate monomers to produce a silyl ketene acetal.

Kakuchi et al. investigated the use of hydrosilanes to determine the effect of

bulky initiator substituents on the polymerisation rate. The required polymerisation

time increased with bulkier R groups in the order of Et3SiH <nBu3SiH < Me2PhSiH

< Ph3SiH < iPr3SiH, ranging from 0.5 to 115 hours.61 This result demonstrates

that the bulkier substituents on hydrosilanes had a significant influence on the

1,4-hydrosilylation and/or the propagation rates due to formation of a complex

between the initiator and catalyst. If the rate of 1,4-hydrosilylation is slower than

the polymerisation rate, then active chains will continue to be produced during the

polymerisation and the resultant polymers will not be well-defined, having broad Ð.52

This study did not investigate the rate of 1,4-hydrosilylation, instead focussing on

drawing conclusions from the more easily accessible gel permeation chromatography

(GPC) data. Generally, the polymers produced with less bulky hydrosilanes have

lower Ð, however the authors note that Me2PhSiH provides better control than the two

alkyl hydrosilanes studied. In agreement with the study by Kakuchi et al., Hertler et al.

previously studied in-situ formation of initiators with trialkylsilyl cyanides and found

bulkier side groups experienced shorter induction periods and broader molar-mass

distribution.62 Hydrosilanes with larger R groups, such as Me2PhSiH and nBu3SiH

were more effective at polymerisation control for alkyl methacrylates but have a slower

polymerisation rate. Trimethylsilyl cyanide was also used for the polymerisation of

MMA in acetonitrile catalyzed by tetraethylammonium cyanide to produce a PMMA
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with a Mn of 6.91 kg mol−1 and an Mw/Mn of 1.49.46

The in-situ generation of initiator species remains a niche area of research for the

following reasons:

1. The reactivity and kinetic rates of the initiator-generating chemical will vary

depending on the chosen monomer. Polymerisations with this initiation method

are almost exclusively used where MMA is the first/only monomer as the

kinetics are well studied. Here the high reactivity of MMA is also beneficial in

the rapid production of active species. Longer initiation times will perturb the

livingness of the polymerisation and the rate of propagation may exceed the rate

of initiation.

2. Another chemical addition is not advantageous for industry as it means

purification and storage of a reactive reagent. The additional costs for

purification and storage of these will have to be balanced against the cost of

silyloxy initiators (such as MTS).

1.3.6 GTP Termination

GTP has been termed a “pseudo-living”/controlled polymerisation method by some

authors in the literature due to the presence of a dormant species and a back-biting

termination reaction reported by Brittain and Dicker in 1989.15,42 In their study,

MMA was polymerised with two catalysts (a bibenzoate salt and a bifluoride salt),

independently, at low molar mass with a DP 3-12. A self-terminating cyclisation

reaction is possible by intramolecular nucleophilic attack from the silyl ketene acetal

end group on an ester group and resulted in a substituted cyclohexanone for polymers

with DP 3. In this study, the polymerisations were held under starved conditions

(lacking monomer to react with active chains) for excess of 100 hours in order

to determine reaction kinetics and found that the cyclisation rate is significantly

lower than propagation rate. This termination reaction is also present in anionic
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polymerisation of methacrylates and can be avoided by preventing the polymerisation

from being held under starved conditions for prolonged periods.

1.3.7 GTP Summary

Group transfer polymerisation (GTP) is an anionic polymerisation method, initially

developed in the 1980s. It has fast polymerisation rates and under certain conditions

it meets all the conditions for a living polymerisation method (which are used

in this thesis), it is perfectly suited for the production of block copolymers.

GTP has been successfully translated to industrial scale production and over the

last four decades it has been used to prepare many block copolymer products,

including surfactants, coatings and thermoplastic elastomers.27–29,31,32,39,63 Complex

architectures are readily available through choice of monomers, reagents and post-

polymerisation reactions. GTP is currently undergoing a renaissance in academia

with new research indicating the potential for increased scope as initial studies have

demonstrated the polymerisation of acrylamide monomers with the development of

novel catalysts. Extensive research into the mechanism of GTP has shown that both

associative and dissociative polymerisation is possible and dependent on the catalyst

and initiator system used. GTP can be conducted in bulk polymerisation but it is most

commonly conducted in solvents to regulate exotherms and facilitate efficient mixing.

A wide range of methacrylate monomers are commercially available and, providing

the monomer does not contain a labile proton, most can be polymerised quantitatively

tolerating many functional groups. Well-defined copolymers (Ð <1.3) can be prepared

with molar mass of up to 20 kg mol−1. These reasons form the justification for the use

of GTP to produce the polymers in this thesis.

1.4 Polymer Architecture

Polymers are molecules with high relative molecular mass containing the multiple

repetition of units which are derived from molecules of low relative molecular mass.64
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To be classified as a polymer, the degree of polymerisation (or number of repetitions

of monomer) must be sufficiently high such that the removal or addition of one or a

few units has negligible effect on the molecular properties.64 Linear polymers without

branching points are the simplest polymers with predictable melting temperatures

and rheological properties. Polymer properties can be manipulated by changing the

architecture as well as the monomers used during polymerisation. Incorporation of

cross-linking agents will increase molar mass at low concentrations, chemically linking

polymer chains together at random points or with site-selectivity to form a branched

polymer. Increasing the concentration of cross-linkers further will eventually produce

an insoluble gel. Living polymerisations have good control, enabling researchers

to produce polymers of all shapes and sizes. GTP has an advantage over anionic

polymerisation here due to its more amenable reaction conditions in laboratory

environment, specifically polymerisation at room temperature.

Figure 1.5: Schematic diagrams of demonstrating the flexibility of linear copolymer
architectures that can be produced by living polymerisation. Each colour represents a different
monomer, for simplicity only polymers containing two monomers with identical compositions
are shown. Diblock, gradient and statistical copolymers are shown from top to bottom.

Linear copolymers can be described in terms of the monomers that they consist

of and the arrangement of those monomers. Polymers with only one monomer are

termed homopolymers. In polymers with more than one monomer, there are a series

of terms to describe the distribution of monomers along the polymer chain:

1. Block copolymers consist of at least two monomers with a sequence of one

monomer followed by a sequence of a second monomer. Block copolymers

are typically synthesised through sequential polymerisation but they can also
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be produced through linking terminal groups of homopolymers in post-

polymerisation reactions. Linking methods are generally reserved for polymers

with challenging polymerisation conditions and incompatible monomers.

2. Random/statistical copolymers consist of at least two monomers which are

polymerised concurrently. The reactivity ratio between the two monomers

determins whether a random or statistical copolymer is produced. Where the

reactivity ratio for both monomers are similar and cross-propagation is preferred,

the monomer sequence will be determined by Markovian statistics for statistical

copolymers and Bernoullian statistics for random copolymers.

3. Gradient copolymers are polymers with a gradual change in monomer

composition along the polymer chain (i.e. from mostly A through to mostly B).

Gradient copolymers can be synthesised using monomers with slightly different

kp or, more recently, through sequential polymerisation.65

A schematic for sequential polymerisation is provided in Figure 1.6 which is used for

the preparation of block copolymers and can also be used for the synthesis of gradient

copolymers with a stepwise (or ’many-shot’) protocol.

Figure 1.6: Simplified schematic for sequential polymerisation. Each coloured circle represents
a different monomer and the star represents an initiator. This approach is commonly used for
the production and high conversion for each monomer addition enables fast preparation of
block copolymers.

In addition to linear copolymers, non-linear copolymers can be synthesised

through the incorporation of cross-linking agents, such as polyfunctional monomers,

typically bifunctional monomers into the polymerisation. The addition protocol and
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the type of cross-linker will determine the architecture of the copolymer produced.

Star copolymers can be produced by this method, after producing linear polymers in

a living polymerisation, a cross-linking agent is used to bind the ’arms’ of the star

together. This is called the ’arm-first’ approach to produce star copolymers. Addition

of high concentrations of cross-linker before/during polymerisation can produce a

gel. Star polymers can also be synthesised with the ’core-first’ approach where a

multifunctional initiator is used to propagate the polymer from. Graft/brush/comb

copolymers are synthesised by initial polymerisation with a functionalised monomer

and this polymer forms the backbone and a subsequent polymerisation where polymer

chains are synthesised extending out from the original polymer. Other complex

architectures have also been synthesised in the literature and many can be explained as

combinations of the previously discussed architectures. There are no formal definitions

for such terms and descriptive names are chosen, for example umbrella copolymers

can be considered as a star copolymer linked to a linear copolymer.

1.5 Sequence-defined and Sequence-controlled

Polymerisation

Developments in polymer chemistry over the past three decades have broadened

the scope of products that chemists can produce. Precise control of the monomer

sequence imparts unique properties such as molecular recognition and information

storage.66–70 As the complexity of copolymers has increased, several key themes have

been identified and researchers have produced categories and definitions for them.

These definitions are loosely followed and grouped according to themes and/or

synthetic methods. IUPAC will undoubtedly expand its definitions in the coming years

as these polymers and processes begin to transition to commercialisation. Two of these

definitions, for emerging trends, are sequence-defined and sequence-controlled which

refer to precision in the structure and/or the synthetic method to produce copolymers.

Polymers can be synthesised by polymerisation methods with high control (e.g.
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RAFT, ATRP, anionic as discussed in section 1.2) and samples taken during the

polymerisation confirm the control, relating to the precision of the method and the

similarity between polymer chains in a given sample. This analysis is most frequently

conducted using gel permeation chromatography (GPC) in order to determine the

molar mass and dispersity. The information provided by GPC is not absolute and,

despite the control provided by synthetic methods, these determined values are

statistical averages representing the variation between individual polymer chains.

Variation in molar mass is accounted for by several averages such as number average

molar mass (Mn), weight average molar mass (Mw) and z-average molar mass (Mz).

The most used descriptor for molar mass is Mn. Dispersity (Ð) is a statistical descriptor

for the distribution of molar masses present in polymer, it is defined in equation 1.3 as

Mw divided by Mn.

Sequence-controlled is used to describe controlled synthesis of copolymers and

there is no strict definition of the term, which results in use of the term to cover different

contexts and purposes. The core requirements for a sequence-controlled copolymer

are:

1. Dispersity is less than 1.3;

2. Monomer sequence should be similar in each polymer chain.

The term is often used for copolymers with aperiodicity, such as controlled gradients,

multiblock copolymers or, more simply, copolymers where the monomer sequence

follows a structural theme. Monomer sequence can be determined by mass

spectrometry methods, but these experiments are rarely designed to provide a

statistical descriptor for variation in monomer sequence between chains due to slow

throughput.

On the other hand, sequence-defined copolymers have a dispersity of 1 –

the monomer sequence and molar mass of each polymer chain is identical. Each

chain is indistinguishable from a physicochemical perspective. Sequence-defined

polymers are synthesised through single-monomer insertions or temporally-protected
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monomers with protection and deprotection cycles for each monomer addition.

These methods are limited to small scales and have low atom-efficiency due to the

excess amounts of reagents required for each monomer addition. Researchers are

investigating improvements to single monomer insertion polymerisation strategies

which will reduce polymerisation times and increase the atom-efficiency. In a rare

example of commercialisation of sequence-defined polymers, Livingston et al. have

developed a protocol for the polymerisation of sequence-defined PEG homopolymers

for the Imperial College spin-out company Exactmer.71 Oligomer purification using a

patented silica chromatography produces end-functionalised PEG homopolymers of 5

kDa with a dispersity of 1.01.72–74 Pharmaceutical companies will use these polymers

in bioconjugation, drug delivery and hydrogel formulations. The production costs

for sequence-defined polymers will remain too prohibitive for many applications so

research has focussed on high-value products in healthcare, for example as markers in

hip implants to increase traceability.

Sequence-controlled polymers can demonstrate many of the unique properties

identified in sequence-defined polymers and the scalable polymerisation methods

for sequence-controlled polymers provide a simplified route to commercialisation,

due to the high production costs associated with sequence-defined polymerisation

methods. Researchers and entrepreneurs are looking for applications to land beach-

head products and create novel target markets. Examples of sequence-controlled

polymers, their properties and potential applications follow this section. For

multiblock copolymers, see section 1.6, and for gradient copolymers refer to section

1.7.

1.6 Multiblock Copolymers

Control over polymeric structure is very desirable for many applications. Repeating

structures are commonly found in biomacromolecules, such as proteins, and this

sequence order provides their characteristic properties, such as self-assembly and
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information storage.67 Living polymerisations have provided new synthetic routes for

producing block copolymers with great control over the composition and degree of

polymerisation. Multiblock coplymers are block copolymers, and whilst technically

a diblock copolymer is a multiblock copolymer, it is generally agreed in the

literature that a multiblock copolymer must contain more than three distinct monomer

sequences. There are thousands of examples of triblock copolymers in the literature

and in order to focus the scope of this literature review to multiblock copolymers

with challenging architectures, it has been decided to only include block copolymers

containing four or more distinct blocks. This value has been arbitrarily chosen to

highlight multiblock copolymers produced at the forefront of synthetic capabilities.

There are several coupling strategies which can be used in combination with living

polymerisation techniques as post-polymerisation reactions on homopolymers and/or

block copolymers. This literature review is focused on multiblock copolymers

containing more than three distinct blocks, mostly using one-pot synthesis protocols.

1.6.1 Synthetic Methods and Examples

Recent synthetic strategies have incorporated the precise control of the monomer

sequence, facilitating single monomer insertion with unparalleled sequence-

control.67,75 However, these approaches are not easy to scale up, as detailed in section

1.5. In light of these advances, there has been discussion about the definition of the

term ‘block’, resulting in a definition which excludes any monomer sequences with n <

5 to be determined as blocks due to the statistical nature of chain-growth.76 It is worth

noting that the models used for the creation of this definition were based on controlled

radical polymerisations and this new definition may not hold true for anionic or other

polymerisation methods.

There is increasing interest in synthesising multiblock copolymers through

scalable methods.77 To address this, several groups have successfully produced

multiblock copolymers using anionic polymerisation, reversible-deactivation radical

polymerisation (RDRP) methods and ring opening metathesis polymerisation (ROMP)
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methods. Examples of these polymers, their synthesis and potential applications ar be

discussed below.

Multiblock copolymers have been synthesised using RDRP methods. Perrier et

al. produced acrylamide-based copolymers. They have used reversible addition-

fragmentation chain-transfer (RAFT) polymerisation to produce hepta-block (7),78

octa-block (8),79 deca-block (10),78 dodeca-block (12)80 and icosa-block(20)81 copolymer

architectures. Haddleton et al. used acrylates with photo living radical polymerisation

(photoLRP) to produce linear multiblock copolymers with 7 blocks (hepta-block).82

Specific details for some multiblock copolymer syntheses will be detailed below.

In an early example of RDRP producing multiblock copolymers, Patrickios et

al. used RAFT to produce two different architecture heptablock polymers from four

monomers with high molar mass (70 and 90 kg mol−1). The monomers were selected

primarily for demonstrating microphase separation, ultimately the monomers chosen

resulted in low conversions for some of the monomers (60%). The high molar mass

negatively affected the polymerisation control and the final copolymers had Ð 2.93

and 2.35.83

Gody et al. reported a multiblock copolymer of 20 blocks.81 They polymerised

three different acrylamide monomers with 3 degrees of polymerisation at 65 °C for 2

hours, until conversion reached 98%. The chain transfer agent used in RAFT stabilised

the terminal radical on the polymers, allowing them to stop after 5 additions and begin

again the following day. The final Mn was 12.1 kg mol−1 and the Ð was 1.36. As

mentioned previously, a subsequent paper discussed the limitations of RDRP methods,

concluding that the lower limit for one ‘block’ was 5 degrees of polymerisation.76

Qiao et al. used ATRP to produce hexablock copolymer arms for their star

polymers.84 Each block extension took between 3 and 12 hours before conversion

reached >90%. An alternating hexablock polymer was produced from two acrylate

monomers with Mn 6.4 kg mol−1 and Ð of 1.38. A hexablock polymer was produced

from six different acrylate monomers with Mn 8.3 kg mol−1 and Ð of 1.19.
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In 2015, Haddleton et al. produced a 23-block multiblock copolymer with

PhotoLRP using a bifunctional initiator.85 The final copolymer had Mn 9.5 kg mol−1

and Ð 1.18, DP 2 per block. However, the Mth was 6.1 kg mol−1, indicating significant

deactivation during the polymerisation. The polymerisation control was significantly

improved by reducing the polymerisation temperature from 50 °C to 15 °C with a

cooling plate.

A key challenge for RDRP methods for producing multiblock copolymers is

ensuring high monomer conversion (typically exceeding 99%) for each monomer

addition in order to conduct the polymerisation as a one-pot synthetic method.

These studies require reaction condition optimisation and accurate kinetic rate of

polymerisation for each monomer. The polymerisation time for these RDRP studies

varies from 30 minutes to 8 days for each block, however the average polymerisation

time is almost 8 hours. It is important to consider the implication of long

polymerisation times (and/or low conversion rates) for scalable processes. All of

these RDRP studies are conducted at elevated temperatures, with the exception of the

photoLRP method, which would require large amounts of energy for industrial scale

production. Using highly reactive monomers with a well matched chain transfer agent

can enable polymerisation at room temperature.79,86

These studies used acrylate or acrylamide monomers which have a faster

polymerisation rate (kp) than methacrylates, however examples of methacrylate-based

block copolymers synthesised via RDRP methods are uncommon. One reported

methacrylate based MBs using RAFT used a bifunctional initiator to produce a

symmetrical multiblock copolymer. A hepta-block copolymer was synthesised but

poor monomer conversion meant that purification was a requirement between each

monomer addition to prevent the formation of statistical blocks.87 This is due to

the “poor” kinetics of methacrylate monomers with RDRP methods. Poor kinetics

of methacrylate monomers could not be overcome until a recent publication where

Haddleton et al. used acrylamide and methacrylate monomers with RAFT to produce

the currently highest reported number of blocks in a multiblock copolymer by RDRP -
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21 (henicosa-block copolymer) while using a monofunctional initiator!77

In this study, several methacrylate-containing multiblock copolymers were

synthesised using an innovative methodology; sulphur-free RAFT emulsion

polymerisation.77 The henicosa-block (21) copolymer produced had a dispersity (Ð)

of 1.25 and a total polymerisation time of 60 hours. As sulphur-free RAFT is an

emulsion polymerisation method, only hydrophilic or hydrophobic monomers may

be able to be polymerised depending on the choice of the disperse phase (hydrophilic

or hydrophobic). However, polymers containing hydrophilic blocks and hydrophobic

blocks can be achieved by polymerising a hydrophilic macro-RAFT agent and using

this for sequential polymerisation after purification. The hydrophobic monomers are

polymerised in the oil phase of the emulsion and while macro-RAFT agent acting as

a surfactant at the oil/water interface.88,89 Zetterlund et al. pushed this method to the

extreme, using 9 separate monomers to produce a heptablock copolymer with a molar

mass of 144 kg mol−1 and; Ð of 1.59).90

Other examples of RDRP polymerisation of methacrylates using sulphur-

free RAFT emulsion polymerisation include a hexablock from alkyl methacrylate

monomers,91 fluorinated methacrylate monomers92 and methyl methacrylate block

copolymers.93,94

RDRP methods require oxygen-free polymerisation conditions and several

approaches have been developed to mitigate this issue, including the use of

oxygen scavengers,95 vast excesses of RAFT agents/radicals,96 alcoholic beverages as

solvents,97 reducing headspace92 and miniaturising reaction scale (<5 ml).93,98

It’s clear from the literature that there has been huge interest in synthesising

multiblock copolymers using RDRP methods and many of these examples have been

a showcase for the techniques and understanding developed over the years, serving

as a useful signpost to the progress in synthesis. There are small pilot scale feasibility

studies ongoing, but the lack of hydrophilic monomers currently limits the scope of

potential multiblock copolymers through RDRP methods.
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Multiblock copolymers have also been reported with ionic living polymerisation

methods and although there are relatively few groups conducting anionic or GTP

synthesis, there are many examples of multiblock copolymers in the literature. Using

the conventional living anionic polymerisation, hexa-block (6),99 hepta-block (7),54

hepta-block,100 and octa-block (8),101 copolymers have been reported with Ð of 1.09,

1.5, 1.07 and 1.25, respectively.

In 2009, Patrickios et al. produced a series of copolymers using GTP to

demonstrate their ability to self-assemble into micelles in dilute solutions.102 A

pentablock copolymer had Mn of 11.5 kg mol−1 and Ð of 1.38 and a hexablock had

Mn 11.9 kg mol−1 of and Ð of 1.52. Patrickios’ group have also reported symmetrical

multiblock copolymers with penta-blocks (5)103 and hepta-blocks (7)104,105 using a

bi-functional initiator. More recently Kakuchi’s group reported the synthesis of an

acrylate icosablock (20) copolymer using GTP with novel catalysts.106 Polymers in this

paper were conducted at small scale (<1 g) with all reagents and reactions in a glove

box, to eliminate any deactivation from traces of moisture. Kakuchi et al. reported

a series of multiblock copolymers including a dodecablock (12) copolymer produced

from three alkyl methacrylate monomers.107 The dodecablock copolymer had a Mn of

16.6 kg mol−1 and Ð of 1.03.

Frey et al. have produced decablock copolymers with anionic polymerisation.

Using monomers with significant differences in reactivity (kp) to reduce the amount of

termination from sequential monomer additions.108 This strategy produces gradient

block transitions as the more reactive monomer, isoprene in this example, is consumed

and the less reactive monomer (methylstyrene) remains at high concentrations. The

decablock had a final Mn 376.5 kg mol−1 and Ð 1.12.

A continuous loop reactor was developed for anionic polymerisation to produce

multiblock copolymers.109 The continuous process allows for easier automation and

was designed to reduce batch-to-batch inconsistencies. Due to the design, a series of

multiblock copolymers with varying block numbers were produced simultaneously
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which prevents systematic studies of the effect of block number on macroscopic

properties. This reactor design will require further iteration before single products

can be synthesised but it demonstrates the potential for automation in multiblock

copolymer synthesis as a route to scalable production.

Schubert et al. produced tetrablock copolymers from four oxazoline monomers

using microwave-assisted cationic ring-opening polymerisation.110 The Ð was fairly

consistent for the four tetrablocks, ranging from 1.19 to 1.38 and polymerisation time

was 6 minutes per block. However, Mn varied from 10.9 to 15.6 kg mol−1, which

made discerning the effect of block sequence on macroscopic properties challenging.

Interestingly, block sequence affected the surface energy of thin films which was

attributed to easier migration of nonyl side chains in some architectures, which would

result in higher surface coverage of methylene groups, thereby reducing the surface

energy. This assumption is corroborated by exacerbation of the effect after annealing

the films.

Bio-based norbornene monomers from rosin-acids were prepared

and polymerised with ROMP to produce three pentablock copolymers with varying

block sequence.111 The Mn varied from 168 to 187 kg mol−1 and Ð of 1.3 to 1.55 for the

three multiblock copolymers. Molar masses were lower than Mth, but conversion rates

were not reported so it is difficult to determine whether this is from un-polymerised

monomer or another effect. Each block was polymerised for 1 hour so it is possible

that as molar mass increased, polymerisation rates decreased.This example highlights

a growing body of research to replace petrochemical-sourced polymers with more

sustainably sourced chemicals.

Four methacrylate monomers were polymerised with frustrated lewis acid

catalysed immortal polymerisation to produce a multiblock copolymer with

an extraordinary 53 blocks.112 The polymerisation was conducted at room

temperature and each addition reacted to >99% conversion within 2 minutes - the

tripentacontablock copolymer was polymerised in 30 minutes! The final Mn was 310
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kg mol−1 and Ð of 1.22. The synthetic method was repeated at >100g scale and both

hydrophilic and hydrophobic methacrylates could be used.

These examples demonstrate that anionic polymerisation methods have lower

Ð than comparable multiblock copolymers prepared via RDRP methods. Anionic

polymerisation, specifically, is capable of well-controlled synthesis for polymers of

high molar mass, including >100 kg mol−1. Some groups are researching novel reactor

designs in order to automate the preparation of multiblock copolymers. In addition

to this it is worth mentioning that anionic polymerisation has been conducted at

industrial scale and the infrastructure and knowledge to translate these polymers to

scale is already in place.

1.6.2 Multiblock Copolymer Applications

Commercialisation of multiblock copolymers has been slow, partly due to the

complexity of the synthesis which results in higher production costs. Any

improvements to function or performance, which are derived from the increased

architectural complexity in multiblock copolymers, must outcompete the additional

production costs in comparison to currently utilised polymers. This balance was

tipped in favour for multiblock copolymers as early as 1979 with Phillips Petroleum

Co. who produced tetrablock thermoplastic elastomers with outstanding elongation

properties, using partially-hydrogenated ABAB isoprene-butadiene copolymers.113

The increased elongation at break for ABAB block copolymers led to the development

of elastomeric fibres for the textiles industry.114 Other applications for multiblock

copolymers include sub-lithographic templating, surfactants, drug delivery systems,

viscosity modifiers and high impact strength plastics/coatings.

Recent commercial interest for multiblock copolymers has primarily been

focussed on sub-lithographic templating, enabling the production of integrated circuits

in memory chips. Smaller features on integrated circuits have enabled the production

of ever-smaller chips, and therefore smaller devices such as mobile phones. Using
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self-assembled lamellar structures from multiblock copolymers has brought achievable

feature dimensions from >200 nm to 10 - 100 nm.115,116 A recent publication has shown

that features with domain sizes smaller than 10 nm (as small as 3.5 nm) can be realised

using block copolymers.11 This level of precision will vastly increase the capabilities of

the electronic devices industry. The use of multiblock copolymers for sub-lithographic

templating has reduced costs and higher throughput production than any state-of-the-

art lithography methods (e.g. extreme UV lithography or e-beam lithography).

In addition to lithographic templating, other applications have been realised for

multiblock copolymers. They have also been used as emulsion stabilising surfactants

for photography,117 tetrablock star copolymers have been used for viscosity index

modifiers in engine oils118 and symmetrical heptablock copolymers have been used for

biodegradable drug delivery gels.119 Biodegradable multiblock copolymers have been

used for encapsulating biologically active compounds through emulsion templating or

micelle encapsulation for topical/in-vivo drug delivery systems.119–121 It should also

be noted that a method for synthesising bio-based multiblock copolymers has been

developed, further indicating the start of a move towards to bio-sourced monomers

for some applications.122

Cross-linked multiblock copolymers for the preparation of isoporous or

asymmetric membranes as size-exclusion filters with potential applications in

wastewater treatment, beverage preparation and pharmaceutical industry have

been developed.123,124 Heptablock copolymers have been prepared using anionic

polymerisation for the preparation of adhesives with high elongation at break.125

Finally, high impact strength copolymers have also been developed with structures

similar to those which initiated the interest in multiblock copolymers in the 1980s.126

Significant advances in polymer chemistry have opened the door to new levels

of architectural control, enabling the synthesis of previously implausible polymeric

structures. It is clear from these commercial applications, in combination with the ever-

growing list of novel methods and new understanding, that the field of multiblock
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copolymers is set for a bright future providing the potential to satisfy many market

needs which currently are not addressed. Researchers and chemical engineers are

likely to address problems of scale in RDRP methods in the near future and it is

equally likely that applications will be found for multiblock copolymers produced

via cationic/anionic polymerisation methods. Therefore, it is to be expected that

multiblock copolymers will be here for the long-haul.

1.7 Gradient Copolymers

Gradient copolymers bridge the gap between statistical copolymers and block

copolymers. Above the order-disorder transition temperature, polymers are

disordered and macroscopically this results in increased flow and increased

elastomeric mechanical properties. Gradient copolymers have a lower order-

disorder transition temperature than comparable block copolymers which means that

disordered phases can occur at lower temperatures. These unique properties led

to early examples of gradient copolymers, from as early as the 1960s, synthesised

by anionic polymerisation for adhesives and elastomers.127,128 Recent advances in

controlled polymer synthesis have led to a renewed interest in gradient copolymers

and new applications and phenomena are beginning to be found. This literature

review is primarily concerned with linear gradient copolymers synthesised by one-

pot polymerisation methods. Other synthetic approaches are covered briefly, where

necessary, to provide the reader a broader context within the field.

Gradient copolymers contain at least two monomers and contain a section of

the polymer with a continually varying composition, typically from predominantly

one monomer to the other as a function of the polymer chain length.129 Statistical

copolymers have a random distribution of monomers and block copolymers have a

strict segregation of the two distinct monomer sequences, whilst gradient copolymers

have a broad transition where the composition progressively varies along the polymer

backbone. Harrison et al. opted for a broader definition of gradient copolymers,
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preferring the term ‘asymmetric copolymers’ to include any distribution of monomers

which lies between block copolymers and statistical copolymers.130

It is important to remember that the monomers are discrete and therefore the

composition in a copolymer cannot vary continuously along the polymer chain.

Gradient copolymer compositions can therefore be described by moving averages

or by averaging of all polymer chains. Work is ongoing to determine terms which

can quickly portray and explain the gradient copolymer architectures and gradient

distribution.69

The definition of gradient copolymers is imprecise and covers several dissimilar

polymer architectures. The literature includes papers describing gradient copolymers

with terms which describe the gradient distribution, such as linear, exponential and

hyperbolic; terms relating to the synthetic approach such as stepwise, spontaneous

and forced as well as outdated terms which are no longer used, such as tapered block

and quasi-block copolymers. Difficulties from defining gradient copolymers extend

beyond ontological arguments, into theoretical studies, where oversimplifications can

lead to erroneous results. The term ‘gradient copolymer’ has been used liberally to

describe a wide variety of polymer architectures and this will only be improved with

delineation of dissimilar architectures through stronger definitions. Despite this, as

shown in section 1.6, precise control over monomer sequence results in the emergence

of new macroscopic properties.

The first observations of gradient copolymers noted a broader glass transition

temperature (Tg). The Tg broadens due to poor microphase separation caused by a

lack of discrete monomer sequences. The amount of Tg broadening is dependent on the

comonomer repulsive interactions and the length of the gradient section with respect

to the total molar mass.131 If the gradient section is very short, a broadened Tg with

one peak for each monomer will be measured by DSC, such as in block copolymers.

It was subsequently noted that less defined periodic order in gradient copolymers

results in a less defined interface between phases. This progressive interfacial
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transition has been shown to be beneficial in polyelectrolytic devices.132,133 McNeil et

al. showed that a larger interfacial area, with less crystallisation, leads to higher charge

carrier density in model devices.134

In aqueous solution, Dworak et al. found that amphiphilic gradient copolymers

show hysteresis on cloud point, arguing that annealing causes the micelles to

rearrange, producing larger micelles with a more exposed hydrophilic region.135 One

study showed that gradient copolymer chains loop at the core’s interface due to a

broader distribution of solvophobic monomers.136 This forms an explanation for the

lower aggregation number observed in micelles at the cloud point resulting in gradient

polymer micelles to be smaller than block copolymer micelles. As gradient copolymer

chains require a larger core-corona interfacial area than a block copolymer,137 this

results in steric crowding at the interface, such that it is less enthalpically favourable for

the formation of larger micelles. This is in agreement with some computational studies,

however some models have also predicted smaller micelles but this could be the result

of oversimplifying the gradient copolymer architecture.130 The gradient distribution

provides a more subtle transition at the core-corona interface and insoluble groups in

the corona of gradient copolymers micelles will allow easier diffusion to the micelle

core. This attribute could be beneficial for micellar drug delivery systems.137

Gradient copolymer micelles show an increase in micelle core diameter when the

temperature of the solution is increased. This ’reel in’ effect is caused by weaker

hydrophobic interactions due to the diffuse structure of gradient micelles.138 As the

temperature of the solvent increases, solvophobic interactions dominate over the

comonomer repulsion and the corona is pulled into the core of the micelle.

1.7.1 Synthetic Methods and Examples

Preparation of gradient copolymers requires controlled polymerisation methods and

this can be achieved through methods discussed in sections 1.2.1 and 1.2.2. Early

work in gradient copolymer synthesis are variations in block/statistical copolymer
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synthesis protocols. The numerous polymerisation conditions and methods have

enabled researchers from different fields to iterate their synthetic processes and this

has resulted in several core practices which can be utilised to synthesise gradient

copolymers. There are four methods for the preparation of gradient copolymers:

spontaneous, forced, concurrent and stepwise polymerisation methods. With the

exception of concurrent polymerisation, these methods differ only by their monomer

addition protocol.

Gradient copolymers can be produced spontaneously by choosing two monomers

with a significant difference in their rate of polymerisation (kp). This approach

results in a statistical variation in composition with preferential incorporation of

one monomer and as the concentration of monomer 1 decreases, monomer 2

is incorporated resulting in a copolymer composition which follows the Skeist

equation.139 The earliest examples of such gradient copolymers are living anionic

polymerisations of styrene with isoprene.140 However this strategy limits the number

of compatible monomers and ultimately, the abruptness (molar mass between the

onset and end point) of the gradient is limited to the monomer choice and their

respective kp. Epps et al. have shown that the kinetic control to produce AB/ABC

gradient copolymers can be linked by post-polymerisation strategies to produce more

complicated gradient copolymers.141 Holger et al. demonstrated a modification of

this method to produce multiblock copolymers with gradient sections, reducing the

number of monomer additions to prevent deactivation.142 This spontaneous method

has several limitations as it requires full conversion to produce the gradient. There

is no control over the onset of the gradient as it is predetermined by the monomer

reactivity and only specific monomers can be used. A gradient copolymer produced by

this method may include a block sequence, for example with the use of macroinitiators

to make block-gradient copolymers. RDRP methods are disadvantageous with

spontaneous gradient synthesis due to lower sampling rate from the monomer solution

as some chains remain deactivated. Despite these shortcomings, the spontaneous

method is one of the easiest and reproducible methods to produce gradient copolymers
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as the composition is fully determined by initial feed composition.

These shortcomings can be completely avoided through the continuous addition

of monomers, typically conducting the polymerisation under starved-feed conditions.

This method is termed the forced gradient copolymerisation method. Monomer

concentration is controlled by varying addition rates with respect to polymerisation

rate. Experimentally, this is a challenging approach because each monomer

has a different reactivity and the rate of polymerisation will change during the

polymerisation as molar mass increases.143 Due to the lack of complexity of

this approach, Zhu et al. developed a model-based monomer feeding strategy,

considering the polymerisation mechanism, in order to prepare gradient copolymers

with predetermined chemical composition distributions.144–146 Mignard et al. also

developed a reaction system with online monitoring of monomer compositions

during polymerisation in order to provide control of the gradient distribution.147

Compared with spontaneous polymerisation protocols, this approach broadens scope

of monomers although there is often low repeatability and reproducibility. The

resultant polymers typically have higher Ð, indicating less polymerisation control

because monomer additions often cause termination.

In 2009, Sawamoto et al. demonstrated another approach for the synthesis of

gradient copolymers, which involved catalytic conversion of the monomer whilst the

polymerisation was conducted. This approach has been termed concurrent tandem

living radical polymerization and has been demonstrated with the transesterification

of methacrylates.148,149 This approach was recently expanded to include esterification

with fluorinated alcohols but it remains a niche approach with limited flexibility.150

The final sequence-controlled polymerisation method for the preparation of

gradient copolymers is called stepwise polymerisation. This process is conducted

in a similar fashion to sequential polymerisation, described previously in section

1.6. Sequential additions of monomers (typically two with varying compositions)

are added and the polymerisation is conducted under starved conditions such that
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when conversion >99%, a subsequent addition of monomers can be polymerised.

This process is advantageous because differences in the kp of monomers used can be

mitigated by conducting many sequential polymerisations, such that each addition

only accounts for a short section of the polymer.65 Despite this, it is best suited for

monomers of similar polymerisation rates. This approach is challenging to implement

with living anionic polymerisation due to deactivation for each monomer addition.151

It is commonly used with CRP methods but side-reactions from long polymerisation

times lead to reduced livingness and broad dispersity of the copolymer. Therefore

there is a tendency to forego the optimal number of additions to control gradient

distribution and opt for larger monomer sequences. As this practice is commonplace,

the effect of these experimental modifications on macroscopic properties has not been

determined.

Sequence-defined gradient copolymers can also be prepared by single-monomer

insertions and there are several strategies in the literature. Generally, these methods

are slow and inefficient as excess amounts of reagents are required for each monomer

insertion. For context, in comparison to the sequence-controlled methods discussed

previously, iterative exponential growth (IEG) can produce gradient copolymers. It

was developed in the early 1980s by Whiting et al. and each chain growth reaction

is dependent on three reactions, two deprotection reactions, quickly followed by an

addition reaction.152 After several decades of improvements to the original protocol,

in 2015, Jamison et al. improved IEG using flow chemistry to produce monodisperse

macromolecules.153 This system uses copper-catalysed azide alkyne cycloaddition

(CuAAC) click chemistry to produce polyester and polyethylene glycols with triazole

linkages. Despite the automation using flow chemistry, each monomer insertion

requires 10 minutes. While this is exceedingly slow in comparison to controlled

polymerisation methods, the automated system could result in a polymer > 7 kg mol−1

in a 12 hour period. Unfortunately, the yields depreciate significantly as molar mass

increases and a yield of 58% is reported at 2 kg mol−1. As this methodology matures,

transitioning to liquid supports (which requires suitable membranes for separation)
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and developing thermally stable supports so that ethers, siloxanes and esters can

be utilised as monomers, the exact control may compete with sequence-controlled

polymers for some applications. However, with the exception for extraordinarily high-

value applications, sequence-controlled polymerisation methods are the only option

for producing gradient copolymers for the foreseeable future.

Controlled polymerisations produce sequence-controlled gradient copolymers

through stochastic monomer addition. Although sequence-controlled polymerisation

methods do not result in unimolecular macromolecules, many emergent properties

arise through precise control of polymer sequences. For example, changes in block

sequences have been demonstrated to change gelation temperature.154,155

Recent studies have produced gradient copolymers with RDRP, cationic

polymerisation and anionic polymerisation methods. Examples include polymers

produced ATRP,156–161 NMP,162–164 RAFT,65,165–167 ROMP,168–171 cationic135,172–174 and

anionic polymerisation.151,175–177 Controlled radical polymerisation methods have

been the most prevalent for gradient copolymer synthesis in the last two decades, due

to their simple experimental conditions and the number of researchers studying them.

There are no examples of gradient copolymers synthesised by GTP in the literature,

which is surprising considering the procedure is very similar to the preparation of

multiblock copolymers.

1.7.2 Gradient Copolymer Applications

Many commercial applications have been found for gradient copolymers in viscosity

modifiers, cosmetics and adhesives.178–180 Anionic polymerisation methods are the

most convenient method for producing gradient copolymers, despite this the majority

of the literature is dominated by gradient copolymers synthesised by CRP methods.

As previously discussed, a simple strategy for creating gradient copolymers is using

distinct monomers with dissimilar polymerisation rates. Careful monomer choice will

lead to reactivity ratios which simultaneously result in gradient copolymers from a
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solution of mixed monomers. Anionic monomers used for these polymerisations are

typically dienes, styrenes and isoprene, however there are a few examples in the last

decade which also include the use of acrylates and methacrylate monomers.

These are some specific examples where gradient copolymers have found a

route to the marketplace: Impact resistant elastomers,181,182 high impact strength

latex foams,128 reduced melt flow index polymer compositions,127 graft gradient

copolymers as compatibilisers.183 As pigment stabilising surfactants, gradient

copolymers have less foam stabilisation than comparable block copolymers.184,185

Gradient copolymers make excellent surfactant and viscosity modifiers,179,186

especially for decreasing viscosity in lubricating oils187 and these combined properties

make them perfectly suitable for preventing crystallisation or waxy deposits in oil

lines.188 Lower order-disorder transition temperature compared with comparable

block copolymers results in faster processing of hot-melt coated adhesives.178 In

addition to the reduced order-disorder transition, the surfactant behaviour of gradient

copolymers allows for faster mixing, lower mixing temperatures, reduced viscosity

and higher filler loading capacity in asphalt production.113 In cosmetics, gradient

copolymers have been used in hair adhesives, due to their higher elongation at

break.180 Gradient copolymers can simultaneously act as adhesives and surfactants,

producing smaller micelles and reduced foam stabilisation, which has led to interest

in their use in cosmetic formulations.180,189 As discussed previously, Epps et al. have

developed polymer electrolyte for batteries where increased processability arises from

reduced order-disorder transition temperatures in gradient copolymers.190 It is clear

that there are several opportunities for replacing traditional block copolymers with

gradient copolymers for some applications, time will tell which of those applications

are economically viable.

The research on gradient copolymers has only just begun and initial

studies provide strong justification for continuing to investigate their potential.

Novel polymerisation strategies and modifications to previously well-understood

polymerisation methods are being developed every year, further expanding the
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capabilities of polymer scientists to produce and study novel systems. Originally,

spontaneous gradient copolymers were synthesised using anionic polymerisation

methods but more recently CRP methods dominate the literature due to the flexibility

of the polymerisation protocols allowing for the preparation of forced/stepwise

gradients. To date, there are no reported examples of gradient copolymer synthesis

using group transfer polymerisation (GTP).

The reduced order-disorder transition temperature, compared to block

copolymers of similar molar mass and monomer composition, has been utilised for

more processable adhesives, engine oils and polyelectrolytes. Solvophobic groups in

the corona of gradient copolymer micelles allow easier diffusion of drug compounds to

the micelle core which would be beneficial in micellar drug delivery systems. Gradient

copolymers can be used to determine complex intermolecular phenomena, to provide

deeper understanding into physicochemical interactions and may generate products

for, as yet, unrealised markets.

1.8 Literature Review Summary

Recent advances in polymer synthesis have enabled chemists to produce polymers

with a broad range of architectures and superb control over molar mass.

Living/controlled polymerisation methods facilitate the synthesis of block copolymers

in one-pot reactions. A variety of polymerisation methods are available but GTP has

many advantages, namely it has been proven at industrial scale with a variety of

monomers. Block copolymers have been well-studied and many novel applications

have been found to suit their diverse properties.

Multiblock copolymers are block copolymers with three or more distinct blocks

and at least two different monomers. They can be produced with one-pot synthesis

methods with living/controlled polymerisation methods. Multiblock copolymers

are a relatively new concept in the field of polymer science and their applications

have not been thoroughly investigated. Research has demonstrated their potential
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as surfactants at polymer-polymer interfaces and additives to tune micelle size

to modulate gelation temperature in drug delivery systems. A key area of

commercialisation for multiblock copolymers is their use in lithographic templating

for integrated circuits, where recent developments have enabled the production of

features smaller than 10 nm.

Gradient copolymers bridge the gap between statistical and block copolymers,

with a section of continually varying composition. There are several protocols for

producing gradient copolymers with controlled polymerisation methods and these

protocols vary depending on how the monomer is introduced to the reaction vessel.

Gradient copolymers possess broader Tg and have poor phase separation compared

to block copolymers. The properties of amphiphilic gradient copolymers in solution

are similar to block copolymers, but some novel properties arise from the sequence-

control - namely micelles are larger and on heating, solvophilic monomers are ’reeled

in’ to the micelle core. The micelles are large and a subtle core-corona transition has

led to their consideration for micellar drug delivery systems. Unique advantages

arising from these properties have led to commericialisation for gradient copolymers

in applications such as adhesives, cosmetics and polymer electrolytes. CRP methods

and cationic polymerisation methods are the most well-studied methods for producing

gradient copolymers and there are no examples in the literature of gradient copolymers

synthesised via GTP.

1.9 Aim of Thesis

The aim of this thesis is to highlight the advantages of GTP for modern polymer

synthesis. As a polymerisation method GTP has historically been limited to industrial

developments, for example in thermoplastic elastomers and impact modifiers. In

comparison to CRP methods, GTP has had relatively little academic research

interest since its invention in the 1980s. Sequence-controlled polymer synthesis is

a rapidly growing area of research, due to the unique properties that arise through
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synthetic manipulation of architecture (block sequence) and microstructure (monomer

sequence). Multiblock and gradient copolymers have been identified as challenging

target polymers to synthesise. These have been previously demonstrated with CRP

methods, however, this thesis looks into the multitude of advantages in using GTP over

CRP. It is intention of this thesis to demonstrate the benefits of GTP by reproducing

these target architectures.

Chapter 3 details the synthesis of multiblock copolymers by GTP. Chapter 4

demonstrates the synthesis of the first reported gradient copolymers synthesised by

GTP. Chapter 5 reports the synthesis of dual thermo-response gradient copolymers.

These copolymers are investigated using GPC (Mn, Ð) and NMR spectroscopy

(compositional analysis). These exemplary copolymers are investigated in comparison

to block and statistical copolymers of similar Mn and composition. Systematic studies

for pKa, micelle size and gelation temperature shows the effects of architecture and

microstructure on macroscopic properties. These results, in combination with data

from the synthesis, highlight key aspects of GTP that have been previously overlooked.
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(164) M. M. Mok and J. M. Torkelson, Journal of Polymer Science, Part B: Polymer Physics, 2012,

50, 189–197.

(165) Z. Zheng, X. Gao, Y. Luo and S. Zhu, Macromolecules, 2016, 49, 2179–2188.

(166) Y. Chen, W. Luo, Y. Wang, C. Sun, M. Han and C. Zhang, Journal of Colloid and Interface

Science, 2012, 369, 46–51.

(167) H. Wang, H. Zhou, Y. Chen and C. Zhang, Colloid and Polymer Science, 2014, 292, 2803–

2809.

(168) T. P. Lin, A. B. Chang, H. Y. Chen, A. L. Liberman-Martin, C. M. Bates, M. J. Voegtle,

C. A. Bauer and R. H. Grubbs, Journal of the American Chemical Society, 2017, 139, 3896–

3903.

(169) K. O. Kim and T. L. Choi, Macromolecules, 2013, 46, 5905–5914.



Bibliography 59

(170) C. M. Dettmer, M. K. Gray, J. M. Torkelson and S. B. T. Nguyen, Macromolecules, 2004,

37, 5504–5512.

(171) M. D. Lefebvre, C. M. Dettmer, R. L. McSwain, C. Xu, J. R. Davila, R. J. Composto, S. B. T.

Nguyen and K. R. Shull, Macromolecules, 2005, 38, 10494–10502.

(172) J. S. Park and K. Kataoka, Macromolecules, 2007, 40, 3599–3609.

(173) R. Hoogenboom, M. W. Fijten, S. Wijnans, A. M. Van Den Berg, H. M. Thijs and U. S.

Schubert, Journal of Combinatorial Chemistry, 2006, 8, 145–148.

(174) R. Hoogenboom, H. M. Lambermont-Thijs, M. J. Jochems, S. Hoeppener, C. Guerlain,

C. A. Fustin, J. F. Gohy and U. S. Schubert, Soft Matter, 2009, 5, 3590–3592.

(175) E. Rieger, J. Blankenburg, E. Grune, M. Wagner, K. Landfester and F. R. Wurm,

Angewandte Chemie International Edition, 2018, 57, 2483–2487.

(176) A. Clough, J. L. Sigle, A. Tapash, L. Gill, N. V. Patil, J. Zhou and J. L. White,

Macromolecules, 2014, 47, 2625–2631.

(177) S. Jouenne, J. A. González-León, A. V. Ruzette, P. Lodefier, S. Tencé-Girault and L.

Leibler, Macromolecules, 2007, 40, 2432–2442.

(178) K. Nakada and Y. Morishita, US9683148, 2017.

(179) D. Price, W. R. S. Barton, M. R. Sutton and M. C. Davies, US8778854B2, 2014.

(180) N. Mougin, US7959906, 2011.

(181) S. Horiie, S. Kurematsu and S.-I. Asai, US3872068A, 1975.

(182) S. Horiie, S. Kurematsu, S. Asai and C. Saito, US3853978A, 1972.

(183) R. Milkovich and M. J. Danzig, CA1109584A, 1981.

(184) B. Goebelt, K. Haubennestel, U. Krappe and P. Valentina, US20040143035A1.

(185) I. Nakazawa, K. Sato, S. Suda, R. Higashi, M. Ikegami and K. Tsubaki,

US20060244800A1.

(186) Z. Hu, M. Tao and Z. Zhang, Colloids and Surfaces A: Physicochemical and Engineering

Aspects, 2007, 302, 307–311.

(187) Y. Zhang, Q. Duan, K. Wei, Y. Liu and H. Sun, US20190169521A1, TBC.

(188) K. S. Chichak, US20180127575A1, 2018.

(189) C. Farcet, US10117824B2, 2018.

(190) T. Epps III and W. F. Kuan, US9935332, 2018.



60

Chapter 2

Experimental Methods

2.1 Materials

The following materials and chemicals were obtained from Aldrich, United Kingdom:

tetrahydrofurfuryl methacrylate (THFMA, 97%), 2-(diethylamino)ethyl methacrylate

(DEAEMA, 99%), ethyl methacrylate (EtMA, 99%), ethylene glycol methyl ether

methacrylate (MEGMA, 99%), 2-(dimethylamino)ethyl methacrylate (DMAEMA,

98%), 1-methoxy-1-trimethylsiloxy-2-methyl propene (MTS, initiator, 95%), deuterated

chloroform (CDCl3), triethylamine (Et3N, ≥99%), HPLC grade tetrahydrofuran (THF,

≥99.9%), n-hexane, methanol, calcium hydride (CaH2, ≥90%), basic aluminum oxide

(Al2O3·KOH), 2,2-diphenyl-1-picrylhydrazyl hydrate (DPPH, free radical inhibitor),

concentrated hydrochloric acid (HCl, 37%), hydrochloric acid solution (HCl, 1M),

tetrabutylammonium hydroxide (40 wt% in water), benzoic acid, sodium and

potassium. Argon N6 (99.9999% purity) was sourced from BOC.

2.2 Purification and Preparation

2.2.1 Purification of monomers

All methacrylate monomers were passed twice through basic Al2O3 columns, stirred

over CaH2 for several hours. Subsequently DPPH was added, and the flask was

purged with argon before storing at 5 °C for several days. Monomers were distilled

on a Schlenk line the same day, or the day before polymerisation. Schlenk flasks

containing monomers were sealed with a Suba-seal and headspace was purged with
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argon. Where storage was required, the Suba-seal and valve were wrapped with

parafilm and the Schlenk flask was stored in a fridge at 5 °C.

2.2.2 Purification of Solvent

THF was dried by reflux over sodium/potassium amalgam in an inert atmosphere.

After addition of new THF to the still, the still was refluxed under supervision and

continuous argon flow for 6 hours. On the day of polymerisation, THF was refluxed

for 2 hours before collection began. Once the THF in the collection flask had cooled to

room temperature, the THF was transferred by gas-tight syringes into polymerisation

flasks.

For the polymers synthesised in chapter 5, solvent was purified using a solvent

purification system. The solvent purification system had an activated alumina column

(Pure SolvTM Micro 100 Liter solvent purification system, purchased from Sigma

Aldrich). A solvent collection vessel was dried in an oven overnight at 140 °C and

assembled hot under vacuum, followed by three argon-vacuum cycles, to provide a

moisture-free environment. The flask was disconnected with positive argon pressure

and sealed with a rubber septum, ready for use in the polymerisations.

2.2.3 Preparation of Catalyst

The catalyst, tetrabutylammonium bibenzoate (TBABB), was prepared according to a

similar procedure reported by Dicker et al.1 Tetrabutylammonium hydroxide (40 wt%

solution in water) and benzoic acid were mixed at room temperature for 1 hour. A

white precipitate forms immediately on addition of benzoic acid. The solution was

filtered, and the filtrate was recrystallised from hot diethyl ether. TBABB was dried for

a week in a vacuum oven, and then on vacuum line for several hours and kept under

vacuum/argon until use.
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2.2.4 Preparation of Glassware

Glassware involved in the distillation and storage of monomers and for polymerisation

reactions were thoroughly cleaned in sequential acid/base baths. Glassware which

had been previously cleaned with acetone and tap water was placed into a base bath.

The base bath was prepared by the addition of 70 g L−1 of sodium hydroxide pellets to

a solution of 75 vol% ethanol, 25 vol% water. Glassware was kept fully submerged for

a minimum of 48 hours before rinsing thoroughly with tap water and transferring to

an acid bath. The acid bath contained a 1.5 M solution of hydrochloric acid prepared

with deionised water. Glassware remained in the acid bath for a minimum of 24 hours

before rinsing thoroughly with deionised water. After allowing excess water to drain

onto blue roll the glassware was washed with acetone and placed in an oven at 150 °C

to dry.

2.3 Polymerisation Procedure

The block copolymers were synthesised using group transfer polymerisation (GTP) by

sequential addition of monomers. GTP has previously been optimised in our lab and it

is known that each block, for the majority of methacrylate monomers, will polymerise

within 15 minutes in polymers below 20 kg mol−1. The following paragraph includes

a generalised method for the production of GTP polymers in a fumehood.

Gas-tight syringes were used for the addition of solvents and monomers and

for withdrawing samples. The glass syringes were heated in an oven overnight at

150 °C and transferred to a desiccator to cool before use. The polymerisation flasks

were treated similarly but cooled on the vacuum line. The polymerisation catalyst

TBABB was added to a clean dry flask. The flask was purged with argon and

sealed with a Suba-seal. The solvent (tetrahydrofuran) and the initiator (1-methoxy-

1(trimethylsiloxy)-2-methyl propene, MTS) were added to the flask using syringes.

Subsequently, the first monomer was syringed in the flask, drop-wise. A balloon

containing argon prevents the flask from becoming pressurised. The reaction exotherm
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was monitored with a thermocouple attached to the flask, typically reaching a peak at 7

minutes. After the exotherm had attenuated (15 minutes), samples for gel permeation

chromatography (GPC) and nuclear magnetic resonance (NMR) spectroscopy were

obtained and terminated with 0.1 mL methanol. For large additions of reactive

monomers (eg. >20 ml of MMA), a water bath was used to regulate the temperature.

Sequential additions of subsequent monomers were executed in a similar manner

to produce the desired architecture. GPC samples were analysed to determine the

molar masses of the polymer after each addition and NMR samples confirmed the

composition of the polymers and conversion of the monomers to the polymer. The

concentration of the monomers in the solution was kept constant at 25 wt% for all

polymerisations.

2.3.1 Statistical Copolymer Synthesis

In detail, the statistical copolymer EtMA19-co-DMAEMA37 was synthesised as follows:

The flask was prepared with TBABB (10 mg) and THF (65 mL) as mentioned

previously, with the omission of MTS. EtMA (4.6 mL, 4.3 g, 37 mmol) and DMAEMA

(12.3 mL, 11.5 g, 73 mmol) were added to the polymerisation flask. Subsequently,

and MTS (0.4 mL, 0.34 g, 2.0 mmol) was added. After 15 minutes from the addition

two samples of 1 mL were obtained for GPC and NMR analysis. The NMR samples

were partially dried in a vacuum oven at room temperature to remove methanol and

the majority of the THF prior to analysis. The polymerisation was terminated by

the addition of methanol (0.1 mL) and the polymer was precipitated in hexane. The

polymer was dried in a vacuum oven at room temperature for several days.

2.3.2 Diblock Copolymer Synthesis

In detail, the diblock copolymer EtMA19-b-DMAEMA37 was synthesised as follows:

TBABB (10 mg) was added into an oven-dried 250 mL flask containing a stirrer bar.

The flask was sealed, purged with argon and dry THF (65 mL) was added to the flask.

A thermostat was affixed to the flask to monitor the exotherm and MTS (0.4 mL, 0.34 g,
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2.0 mmol) was added. EtMA (4.6 mL, 4.3 g, 37 mmol) was added and the exotherm was

observed (24.1 °C to 28.1 °C). After 15 minutes from the first addition, two samples of

1 mL were obtained for GPC and NMR analysis. DMAEMA (12.3 mL, 11.5 g, 73 mmol)

was added, the exotherm monitored and samples were withdrawn after 15 minutes.

The NMR samples were partially dried in a vacuum oven at room temperature to

remove methanol and the majority of the THF prior to analysis. The polymerisation

was terminated by the addition of methanol (0.1 mL) and the polymer was precipitated

in hexane. The polymer was dried in a vacuum oven at room temperature for several

days.

2.3.3 Multiblock Copolymer Synthesis

The multiblock copolymers were synthesised using group transfer polymerisation

(GTP) by sequential addition of monomers. For example (EtMA5-b-DMAEMA5)7-b-

EtMA5 was synthesised as follows: TBABB (10 mg) was added into an oven-dried 250

mL flask containing a stirrer bar. The flask was sealed and purged with argon, followed

by the addition of dry THF (90 mL). A thermostat was affixed to the flask to monitor

the exotherm and MTS (0.46 mL, 0.39 g, 2.3 mmol) was added to the flask. EtMA (1.41

mL, 1.29 g, 11.3 mmol) was added and the exotherm was observed (24.1 °C to 26.1 °C)

over the subsequent 4 minutes. After 10 minutes from the first addition, two samples

of 0.1 mL were obtained for GPC and NMR analysis. DMAEMA (1.91 mL, 1.78 g, 11.3

mmol) was added, the exotherm monitored and samples taken after 10 minutes. The

samples were partially dried in a vacuum oven at room temperature before analysis.

Alternating additions of EtMA and DMAEMA were polymerised in the same manner

until 15 blocks were polymerised. The polymerisation was terminated by the addition

of methanol (0.1 mL) and the polymer was precipitated in methanol. The polymer was

dried in a vacuum oven at room temperature for several days.
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2.3.4 Gradient Copolymer Synthesis

In detail, the gradient copolymer DMAEMA37-gradient-EtMA19 was synthesised as

follows: The flask was prepared with TBABB (10 mg), THF (160 mL) and MTS (1.0 mL,

0.9 g, 4.9 mmol) as described for the diblock copolymer synthesis. The first addition of

DMAEMA (3.5 mL, 3.3 g, 21 mmol) was added and the exotherm was observed. After

15 minutes from the monomer addition, two samples of 1 mL were obtained for GPC

and NMR analysis. The NMR samples were partially dried in a vacuum oven at room

temperature to remove methanol and the majority of the THF prior to analysis. For the

subsequent additions, the monomer additions contained increasing wt% of EtMA. The

monomers EtMA and DMAEMA were added and mixed in separate dry argon-purged

flasks. The mixture was then added to the polymerisation flask. After each addition,

samples were acquired for analysis after 15 minutes. After a total of 12 additions, 3

hours polymerisation time, the polymerisation was terminated with the addition of

0.1 mL of methanol and the polymer was precipitated in hexane. The polymer was

dried in a vacuum oven at room temperature for several days.

2.4 Characterisation of Block Copolymers

2.4.1 Gel Permeation Chromatography (GPC)

The final polymers and precursory blocks were analysed by GPC to obtain their

number average molar masses (Mn) and dispersity values (Ð). An Agilent SECurity

1260 series GPC system (Agilent technologies UK Ltd.) fitted with a Polymer

Standards Service GmbH SDV-series analytical series M column (model number:

SDA083005LIM, 100 Å, 100 - 1 000 000 g mol−1) with an 8 mm diameter and 300 mm

length was used for GPC analysis. Additionally, an Agilent guard PLgel mixed column

was fitted (model number PL1110-1520) with a 7.5 mm diameter and 50 mm length.

This system was equipped with an isocratic pump and an Agilent 1260 refractive index

(RI) detector. THF with 5 vol% triethylamine was used as the mobile phase at a flow

rate of 1 mL min-1 at 30 °C. The GPC was regularly re-calibrated to produce a linear
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calibration curve with six different linear poly(methyl methacrylate) (PMMA) standard

samples with molar masses of 2,000, 4,000, 8,000, 20,000, 50,000 and 100,000 g mol−1

which were purchased from Fluka, Sigma Aldrich Co Ltd.

Samples taken from the polymerisation flask were filtered with a 0.45 µm PTFE

syringe filter. Samples of 20 µL were injected with an autosampler into the sampling

valve and polymers were detected at the RI detected after 10-13 minutes. The GPC

column contains porous beads which separate polymer chains in solution based

on their molar mass (or more specifically, their hydrodynamic diameter as coils in

solution). Polymer chains with larger hydrodynamic diameter penetrate into the

porous beads less resulting in lower retention times and are eluted first. Molar mass

averages are used to describe the molar mass population distribution, such as Mn

which will be used throughout this thesis. The change in RI, with respect to a reference

cell (which was flushed with solvent before data acquisition), is detected as the solution

containing polymers passes the detector.

A linear calibration plot of molar mass against retention time was produced with

linear PMMA standards and the software calculated the molar mass averages and the

Ð. As linear PMMA homopolymers were used as calibration standards the method

has some inaccuracy, especially for charged polymers where electrostatic repulsion

increases the size of the hydrodynamic diameter. Triethylamine was used as a base

in the eluent to deprotonate any protonated polymers and protect the column. The

polymers chosen for calibration standard should closely match the analyte polymer for

accurate results. The polymers produced in this thesis were methacrylate copolymers

with linear architectures so the reported molar masses are relatively accurate, ± 5%.

2.4.2 Nuclear Magnetic Resonance (NMR) Analysis

The final copolymers and their precursory blocks were analysed by NMR using a 400

MHz Bruker NMR spectrometer (Bruker UK Ltd.). On the day of polymerisation, after

exposure to air and termination with 0.1 ml of methanol, samples were partially dried
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in a vacuum oven at room temperature to remove solvents. The samples were then

diluted with CDCl3 for analysis. The molar mass can be determined using NMR by

comparing integration values for terminal groups against side-chains but the method

is very inaccurate due to the slow relaxation time of polymers, particularly at higher

molar masses.

2.4.3 Titrations

Hydrogen ion titrations of 1% w/w aqueous polymer solutions were performed by

using a pH-checker (Hanna instruments Ltd.). The solutions were titrated from pH 2

to pH 12 using a 0.25 M NaOH solution. The effective pKa was determined as the pH

of the solution with 50% protonation of tertiary amine groups.

2.4.4 Dynamic Light Scattering (DLS)

DLS measurements of 1% w/w aqueous polymer solutions were conducted by using

a Zetasizer Nano ZSP instrument from Malvern Instruments Ltd., Malvern, UK using

the backscatter detector. The polymer solutions were filtered using nylon 0.45 µm PTFE

syringe filters to remove dust and aggregates. Following filtration, the samples were

covered for 30 minutes to allow micelles to reform and for any small bubbles to migrate

to the surface. Eight DLS scans, each of fifteen 10 second acquirements, were then taken

at 25 °C. Unless specified otherwise, spherical micelle formation was assumed for the

block and gradient copolymers. The calculations were based on the projected length of

the methacrylate unit (0.254 nm), and the experimental degree of polymerisation (DP).

For example: d = (DPEtMA + 2 x DPDMAEMA) x 0.254 nm.

DLS was also used to investigate the thermoresponse of dilute polymer solutions,

through slow heating of 1 wt% polymer solutions at a rate of 0.2 °C min−1.
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2.4.5 Cloud Point Determination

The cloud point tests were performed using an IKA stirrer hotplate (IKA England Ltd).

The cloud points for 1 wt% solution of each polymer was determined visually as the

water bath heated the solutions at an equivalent rate of 0.2 °C min−1.

Where samples showed a broad transition (ie a change occurring progressively

over 5 °C), the cloud point was also determined using dynamic light scattering. 1 wt%

solutions were prepared with filtered de-ionised water. The solution was transferred

into a microcuvette and heated from 20 °C to 65 °C, with a heating rate of 0.25 °C min−1.

The scattering intensity rapidly increases as the solution becomes cloudy and a cloud

point can be determined as the onset of the change in scattering.
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Chapter 3

Multiblock Copolymers

3.1 Introduction

In nature, monomer sequence control and regulation in proteins and DNA plays a

crucial role in biological systems where interplay of intermolecular and intramolecular

interactions result in complex self-assembly and replication procedures. Recently, the

ability to establish sequence-control in polymer synthesis has gained more traction.1–5

As detailed in section 1.6, recent synthetic strategies have incorporated

the precise control of the sequence of monomers, facilitating single monomer

insertion. However, these sequence-defined polymerisation methods use expensive

protection/deprotection protocols which are unsuitable on larger scales, restricting

potential commercial applications. Additionally, the reagents are used in large excess

(typically 10:1 molar equivalents) to force high conversion.

The advantages and attractive properties arising from the control in sequence-

defined polymerisation methods can be approximated with scalable sequence-

controlled polymerisation methods. Sequence-controlled polymerisation methods,

such as GTP, can be used to synthesise complex polymer architectures such as

multiblock copolymers.6–10

Multiblock copolymers must have two or more distinct monomer species and

contain more than four blocks to be differentiated from traditional block copolymers.

Historically, multiblock copolymers have been a synthetic challenge but recent

advances in controlled polymerisation have provided many methods for their

synthesis and recently, researchers have been investigating their use in a broad range
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of applications.11 Commercialisation of multiblock copolymers has been slow, but

multiblock copolymers have found applications in sub-lithographic templating,12–14

surfactants,15 viscosity modifiers,16 drug delivery systems,17–19 and high impact

strength plastics/coatings.

Recent advances in RDRP methods have shown great promise in multiblock

copolymer synthesis. These polymers have served as tools to demonstrate the

efficiency and breadth of utility for RDRP methods. At the time of writing, there

are few examples in the literature of multiblock copolymer synthesis using living

anionic polymerisation and even fewer for GTP. Previously, a henicosa-block (21)

copolymer produced via RAFT with a total polymerisation time of 60 hours.20 In this

study, sulphur-free RAFT was used and as an emulsion polymerisation method, only

hydrophilic or hydrophobic monomers may be able to be polymerised depending on

the choice of the disperse phase. This example and many other multiblocks produced

by RDRP methods, demonstrate the difficulty of polymerising amphiphilic copolymers

by controlled radical polymerisation methods.

Currently the largest number of blocks in a multiblock copolymer synthesised by

GTP is 12 (dodecablock).21 In this paper, a novel Lewis acid catalyst (N-(trimethylsilyl)-

bis(trifluoromethanesulfonyl)imide (Me3SiNTf2)) and a bulky silyl ketene acetal

initiator (1-methoxy-1-triisopropylsiloxy-2-methyl-1-propene (iPrSKA)) were used to

demonstrate a rare example of the controlled polymerisation of acrylate monomers

with GTP. One example from this paper is a dodecablock quatropolymer which was

produced in low quantities (below 2 g). The use of a glovebox afforded exceptional

polymerisation control (Ð of 1.02; Mn 13,520 g mol−1 and Mth 13,420 g mol−1) but

significantly limited the potential polymerisation scale. The reaction conditions in

combination with the novel catalyst/initiator system would be very expensive to

conduct at larger scales. Many advantages of GTP over RDRP methods were discussed

in section 1.3.

As discussed in the introduction, group transfer polymerisation (GTP) is
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an anionic polymerisation method, with fast polymerisation rates. As a living

polymerisation method, it is perfectly suited for the production of block copolymers.

Unlike CRP methods, GTP has been successfully translated to industrial scale

production and over the last four decades it has been used to prepare many block

copolymer products, including surfactants, coatings and thermoplastic elastomers.

Complex architectures are readily available through choice of monomers, reagents

and post-polymerisation reactions. A wide range of methacrylate monomers are

commercially available and, providing the monomer does not contain a labile proton,

most can be polymerised quantitatively tolerating many functional groups. Well-

defined copolymers (Ð <1.3) can be prepared with molar mass of up to 20 kg mol−1.

There has been a growing interest in multiblock copolymers in recent years and there

have been relatively few attempts to produce them using GTP.

This chapter details the synthesis of five novel methacrylate multiblock

copolymers using GTP. Each synthesis was conducted in one-pot, using sequential

polymerisation and the overall polymerisation time for each copolymer varied

between 3 and 6 hours, depending on the number of monomer additions. Each

polymerisation produced > 20 g and was conducted in round bottom flasks. The

protocol should work up to 200 g with the integration of a water or air condenser

to reflux solvents. Above 200 g scale (800 ml of solvent) magnetic stirring may not

provide sufficient mixing to achieve a homogeneous mixture, however, this can be

easily resolved by the incorporation of baffles in a customised reactor.

During the sequential polymerisation, each monomer addition was followed

by a polymerisation time of 15 minutes, resulting in >99 % monomer conversion.

This short duration means that multiblock copolymers can be prepared faster than

many previously reported synthetic methods. As will be shown, GTP is capable of

polymerising many monomers without the need for modification of conditions or

optimisation of reagents, providing a platform for the rapid preparation of multiblock

copolymers.
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A total of five multiblock copolymers are reported in this chapter, specifically two

pentadecablock (15-block) bipolymers, two pentadecablock (15-block) quintopolymers

and one tetracosablock (24-block) bipolymer. The 15-block copolymers were

produced with 3 or 5 DP per block, while the 24-block copolymer had 5 DP per

block. Concerning the bipolymers, either 15-block or 24-block ethyl methacrylate

(EtMA) and 2-(dimethylamino)ethyl methacrylate (DMAEMA) were used. In order

to highlight the diversity of functional groups which can be polymerised with

GTP, five different commercially available monomers were selected to synthesise

the 15-block quintopolymers, namely tetrahydrofuryl methacrylate (THFMA), 2-

(diethylamino)ethyl methacrylate (DEAEMA), EtMA, monoethylene glycol methyl

ether methacrylate (MEGMA) and DMAEMA. Figure 3.1 shows the names, chemical

structures and abbreviations of these five monomers and the initiator used for the

preparation of these multiblock copolymers.

The five monomers shown in Figure 3.1 were chosen because of their different

properties in order to produce amphiphilic, pH-responsive copolymers. THFMA

is a cyclic ether, thus it is polar and hydrophilic. On the other hand, MEGMA is

a linear ether consisting of one ethylene glycol unit and its homopolymers are not

water-soluble, unlike PEG methacrylate esters consisting of longer ethylene glycol

chains. EtMA is a hydrophobic monomer, with an an alkyl side chain, while both

DMAEMA and DEAEMA are amine-containing monomers, and thus pH-responsive.

While DMAEMA, with two methyl groups on the nitrogen, is hydrophilic, DEAEMA,

with two ethyl groups on the nitrogen, has tuneable hydrophobicity/hydrophilicity,

which is tuned by the change in pH, i.e. at low pH (below its pKa), the amine groups

are protonated, thus positively charged and hydrophilic, while at high pH (above its

pKa), it is hydrophobic. In block copolymers containing hydrophobic and hydrophilic

blocks, DMAEMA has been shown to induce gelation near physiological temperatures.

As the temperature of the system increases, the tertiary amino-containing monomers

become more hydrophobic trapping water into a gel. Work by our group has shown

that the block sequence, architecture and amount of DMAEMA can be used to tune the
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gelation temperature in such systems.22,23 Another criterion which was considered for

the selection of these monomers was to find several monomers with peaks which can

be determined by 1H NMR for compositional analysis.

Regarding the other properties of the monomers chosen for these multiblock

copolymers - DEAEMA and DMAEMA are amino-containing monomers which are

pH-responsive and thermo-responsive monomers. In block copolymers containing

hydrophobic and hydrophilic blocks, DMAEMA has been shown to induce gelation

near physiological temperatures. As the temperature of the system increases, the

amino-containing monomers become more hydrophobic trapping water into a gel.

Work by Georgiou et al. has shown that the block sequence, architecture and amount

of DMAEMA can be used to tune the gelation temperature in such systems.

The majority of multiblock copolymer synthesis strategies are limited to either

hydrophobic monomers or hydrophilic monomers. Amphiphilic copolymers can be

achieved with the use of hydrophilic macro-initiators (such as poly(methacrylic acid))

but this approach limits the architectures available as the hydrophilic block must be

at the terminus. Additionally, macro-initiators are typically prepared separately and

purified before the polymerisation which brings into question the reality of a ‘one-pot

synthesis’ when such an approach is used. As will be shown, GTP is well-suited to the

preparation of amphiphilic multiblock copolymers. The incorporation of hydrophilic

and hydrophobic blocks, regardless of their order, in multiblock copolymers represents

a challenge for most synthetic methods which have been previously reported. These

polymers were synthesised to demonstrate the suitability of GTP for the synthesis

of multiblock copolymers, future work will consider engineered structures for use in

specific applications where macroscopic parameters can be easily measured.
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Figure 3.1: Chemical structures of the five monomers and initiator used in this chapter;
acronyms included in brackets. From top left, tetrahydrofuryl methacrylate (THFMA),
2-(Diethylamino)ethyl methacrylate (DEAEMA), ethyl methacrylate (EtMA), monoethylene
glycol methacrylate (MEGMA), 2-(dimethylamino)ethyl methacrylate (DMAEMA), 1-
methoxy-2-methyl-1-(trimethylsilyloxy)propene (MTS). The colours used here will guide
the reader in subsequent figures. Reproduced from “Carroll, D. R.; Constantinou, A. P.;
Stingelin, N.; Georgiou, T. K. Scalable syntheses of well-defined pentadecablock bipolymer
and quintopolymer. Polymer Chemistry, 2018, 9, 3450."
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3.2 Results and Discussion

Initial kinetics studies were conducted on several methacrylate monomers (data not

shown) to investigate the effect of polymerisation conditions on polymerisation rate

(kp). These studies were hampered by deactivation caused by sampling as the

polymerisations were conducted in a fumehood and deactivation caused by humidity

in the air prevented accurate determination of the kp for the monomers studied.

Automated sampling is vital for kinetics studies, particularly where conversion > 99 %

is achieved in a matter of minutes. It was decided that the integration of an anaerobic

sampling loop to conduct such investigations would be too time-consuming and these

kinetic studies would be best suited to polymerisation within a glovebox where the

humidity and atmosphere can be regulated.

Although the data produced from these kinetics studies were unreliable, the

trends found were in general agreement with the literature:24–26

1. Higher molar mass monomers have slower kp;

2. kp decreases as molar mass of the polymer increases, which is why most GTP

polymers are <20 kg mol−1;

3. MMA has the highest kp for any GTP monomer.

These initial studies were conducted by the preparation of homopolymers and

chain extension (or sequential polymerisation) studies for several monomers. In chain

extension studies, the polymerisation is initiated with a small amount of monomer

(typically 10-100 DP), once conversion >99% a second addition of monomer is added

to the polymerisation so that the chain is extended, hence the name. This process

shares many similarities with sequential polymerisation (which is typically referred to

as chain extension with a different monomer). During these kinetic studies, it was

noted that GTP could readily produce polymers with more than 8 (homopolymer)

blocks providing that anhydrous conditions were preserved. All of the methacrylate

monomers which were tested had short polymerisation times, reaching full conversion
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between 8 and 12 minutes (block sizes were between 1 and 5 kg mol−1 with a final

theoretical molar mass < 15 kg mol−1.

After finding a select few examples of multiblock copolymers in the literature,

especially those using anionic polymerisation methods or producing amphiphilic

multiblock copolymers, it was decided to determine how far this synthetic strategy

could be exploited. Some diblock copolymers were synthesised, building on from

knowledge within the research group, by varying the block sequence order to ensure

that there were no problems with chain extension from using mixed monomers in

such a manner. A selection of monomers were tested and no negative interactions

were observed, finalising a list of five monomers for the preparation of multiblock

copolymers with GTP: THFMA, DMAEMA, DEGMA, DEAEMA and EtMA.

Table 3.1: Table summarising the final multiblock copolymers presented in this chapter. a

Monomers signified by the letters A, B, C, D and E are THFMA, DEAEMA, EtMA, MEGMA
and DMAEMA, respectively. P1, P2 and P5 have 5 DP for each block while P3 and P4 have 3
DP for each block. b Mth is the theoretical molar mass c Mn is the molar mass as determined by
GPC. d Ð was determined by GPC.

Polymer # Theoretical

Structurea

Mth
b

/g mol−1

Mn
c

/g mol−1
Ð

d

P1 (AB)7A 10168 12200 1.15

P2 (ABCDE)3 11665 13000 1.28

P3 (AB)7A 6141 8000 1.11

P4 (ABCDE)3 7039 8500 1.14

P5 (AB)12 16812 25200 1.16

Subsequently, a series of five multiblock copolymers were synthesised, including

three bipolymers (15-block with 5 DP, 15-block with 3 DP, and 24-block with 5 DP) from

EtMA and DMAEMA and two quintopolymers (15-block with 5 DP and 15-block with

3 DP) from EtMA, DMAEMA, THFMA, DEAEMA, MEGMA. Analysis for these final

multiblock copolymers (by GPC and NMR) is briefly summarised in Table 3.1.

Polymers were synthesised according to the detailed method provided in section

2.3. The method can be briefly summarised as follows: the monomers were

distilled from calcium hydride, stored in Schlenk tubes with a side arm and purged
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with argon. The polymerisation catalyst (tetrabutyl ammonium bibenzoate), the

solvent (tetrahydrofuran) and the initiator (MTS) were added into a oven-dried flask

containing argon. Subsequently, the first monomer was syringed in the flask, drop-

wise. After the reaction exotherm attenuated, samples for GPC and NMR spectroscopy

were taken and terminated with methanol. For the bipolymer synthesis, sequential

additions of EtMA and DMAEMA were repeated in an alternating sequence. For

the quintopolymer, sequential additions of THFMA, DEAEMA, EtMA, MEGMA and

DMAEMA were polymerised in a repetitive manner until a polymer with (ABCDE)3

was produced. The concentration of the monomers in solution was kept was kept

constant at 25 wt% for all syntheses. GPC samples were analysed to determine the

molecular mass and dispersity of the polymer after each addition. NMR samples

confirmed the composition and conversion.

3.2.1 P1 (AB)7A Copolymer Synthesis

The first multiblock copolymer was a pentadecablock bipolymer based on EtMA and

DMAEMA. GTP is known to polymerise with highest control in polymers below 20

kg mol−1 and therefore theoretical molar mass (Mth) was fixed to be 10,168 g mol−1

with 15 blocks polymerised in a one-pot synthesis. The resulting copolymer had a

final Mn of 12,200 g mol−1 and Ð of 1.15. The polymerisation time was 3 hours 22

minutes.

Samples taken during the polymerisation were prepared immediately and

analysed by GPC, providing (almost) real-time analysis on the progression of the

reaction. Monomers were added to the reaction flask at 15-minute intervals using

a gas-tight syringe. Unfortunately, due to the fast polymerisation times, the GPC

analysis became a bottleneck. Sample preparation required 60-120 s and analysis

required 18 minutes (using a single GPC column). The polymerisation continued

to schedule and the GPC samples were run the same day. In Figure 3.2 the GPC

chromatograms of P1 (EtMA5-b-DMAEMA5)7-b-EtMA5 are shown. The corresponding

Mn, Mth and Ð are plotted against the number of blocks in Figure 3.3.
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Figure 3.2: A normalised GPC overlay for P1 (AB)7A copolymer. A sample was taken 15
minutes after each monomer addition and the block number increases from left to right. Each
GPC elugram (overlaid in alternate red and blue) represents one block in the pentadeca-block
copolymer. GPC elugrams in red are samples taken after an EtMA addition, those in blue are
samples taken after a DMAEMA addition. Reproduced from “Carroll, D. R.; Constantinou, A.
P.; Stingelin, N.; Georgiou, T. K. Scalable syntheses of well-defined pentadecablock bipolymer
and quintopolymer. Polymer Chemistry, 2018, 9, 3450."

Each peak in Figure 3.2, chronologically from left to right, represents a sample

taken from the polymerisation. The peaks remain narrow and the molar mass of

the peak increases with every monomer addition. Another representation of the data

contained in this overlay is shown in figure 3.3. Mp (modal molar mass) increases for

each sample, confirming efficient sequential polymerisation for all 15 blocks. At all

times, the Ð remains below 1.2. The first sample has a bulge below 500 g mol−1. This

is caused by the molar mass cut-off of the GPC column used and oligomers below 500

g mol−1 elute simultaneously.

The samples at high molar mass show "tailing" with termination contributing

to an increasing quantity of dead polymer chains in the reaction vessel. This tailing

is attributed to the number of additions and samples introducing traces of humidity
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Figure 3.3: P1 (AB)7A block number, dispersity and Mn. This plot shows the comparison
between Mth and Mn. The Mn increases more than Mth due to deactivation. Despite the large
number of blocks in this polymerisation, the dispersity remains below 1.2 for all samples.
Reproduced from “Carroll, D. R.; Constantinou, A. P.; Stingelin, N.; Georgiou, T. K. Scalable
syntheses of well-defined pentadecablock bipolymer and quintopolymer. Polymer Chemistry,
2018, 9, 3450."

into the polymerisation flask. Monomer additions were calculated assuming complete

conversion and no termination. Deactivation causes an effective excess of monomers

for subsequent additions, resulting in Mn values which are higher than Mth. This

deviation from theoretical values can be seen in Figure 3.3. In GTP, initially the

dispersity is high and decreases similar to anionic polymerisation. This initial

deactivation of the initiator and a progressive increase in dispersity is typical for GTP

synthesis.20,27–35
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Figure 3.4: 1H NMR spectrum of final product with assigned peaks for P1 (AB)7A multiblock
copolymer. The structure is shown in the top left corner. Reproduced from “Carroll, D.
R.; Constantinou, A. P.; Stingelin, N.; Georgiou, T. K. Scalable syntheses of well-defined
pentadecablock bipolymer and quintopolymer. Polymer Chemistry, 2018, 9, 3450."

Samples taken during the polymerisation for the GPC were split and a portion was

used for 1H NMR. Excess solvent was removed from the sample in a vacuum oven and

the sample was prepared for analysis. The NMR spectrum for the final copolymer is

shown in Figure 3.4, traces of THF (3.7 and 1.8 ppm) and residues from the initiator (0.0

ppm) can be seen in this sample. The composition of the polymer was calculated using

the peak integration values taken from 4.04 ppm for EtMA (s, 2H) and 2.25 ppm for

DMAEMA (s, 6H). The final molar composition of the copolymer was targetted to have

composition of 50 mol% EtMA and 50 mol% DMAEMA with alternating blocks. The

calculated composition shows exceptional agreement with the theoretical composition,

shown in 3.2. Figure 3.5 shows an overlay of all NMR samples, > 99% conversion is

calculated by comparing the backbone methyl group peak with the beta hydrogens

from methacrylate monomers (5.5 and 6.1 ppm). Finally, Table 3.2 contains all the data

from these figures.
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Figure 3.5: P1 (AB)7A stacked 1H NMR for all 15 samples taken during polymerisation. Each
spectrum represents one block, spectra are stacked from first (at the bottom of the figure) to
the last sample (at the top of the figure). Reproduced from “Carroll, D. R.; Constantinou, A.
P.; Stingelin, N.; Georgiou, T. K. Scalable syntheses of well-defined pentadecablock bipolymer
and quintopolymer. Polymer Chemistry, 2018, 9, 3450."

In summary, the synthesis of a 15-block copolymer via GTP is shown. Two

methacrylate monomers were used (EtMA and DMAEMA) to produce an alternating

multiblock copolymer with 5 DP per block. The synthesis was well controlled,

indicated by the low Ð, absence of shoulders, and Mn remained close to Mth.

Composition determined by NMR was almost identical to theoretical values. The

dispersity of the final copolymer was 1.15.
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Table 3.2: Table of results for P1 (AB)7A. a A and B are EtMA5 and DMAEMA5, respectively. b

The Mth of the polymer was calculated as the sum of the monomer masses plus an additional
100 g mol−1 (part of the MTS initiator which remains on the polymer chain). c The Mn was
determined by GPC. d The Ð was determined by GPC. The theoretical composition is also
provided, accompanied by the composition as determined by 1H NMR. Reproduced from
“Carroll, D. R.; Constantinou, A. P.; Stingelin, N.; Georgiou, T. K. Scalable syntheses of well-
defined pentadecablock bipolymer and quintopolymer. Polymer Chemistry, 2018, 9, 3450."

Block # Theoretical
Structurea

Mth
b

/g mol−1
Mn

c

/g mol−1
Ðd mol% EtMA-DMAEMA

Theoretical 1H NMR

1 A 671 820 1.16 100-0 100-0
2 AB 1457 1680 1.13 50-50 50-50
3 ABA 2027 2260 1.11 67-33 68-32
4 (AB)2 2814 3120 1.11 50-50 50-50
5 (AB)2A 3384 3790 1.10 60-40 60-40
6 (AB)3 4170 4710 1.11 50-50 50-50
7 (AB)3A 4741 5290 1.11 57-43 57-43
8 (AB)4 5527 6340 1.10 50-50 50-50
9 (AB)4A 6098 6930 1.11 56-44 55-45

10 (AB)5 6884 8050 1.10 50-50 50-50
11 (AB)5A 7454 8780 1.12 55-45 54-46
12 (AB)6 8241 9630 1.12 50-50 50-50
13 (AB)6A 8811 10300 1.11 54-46 54-46
14 (AB)7 9597 11100 1.13 50-50 50-50
15 (AB)7A 10168 12200 1.15 53-47 53-47

3.2.2 P2 (ABCDE)3 Copolymer Synthesis

Following the successful and promising results from P1, it was decided that the

polymerisation with 5 monomers would be a good demonstration of the versatility

of GTP. A pentadecablock quintopolymer was synthesised via GTP from THFMA,

DEAEMA, EtMA, MEGMA and DMAEMA. The target molar mass was determined

as 11,665 g mol−1, as block DP was fixed to 5.

The GPC elugrams of the quintopolymer P2 (THFMA5-b -DEAEMA5-b-EtMA5-

b-MEGMA5-b-DMAEMA5)3 are shown in Figure 3.6. Tailing from deactivation,

caused by adding moisture into the polymerisation flask, is more pronounced for the

quintopolymer (P2) than the bipolymer (P1) shown previously. This is likely due to the

additional number of monomer Schlenk tubes which could contain traces of moisture.
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Figure 3.6: A normalised GPC overlay for P2 (ABCDE)3 copolymer. Each elugram represents
one block in the pentadecablock copolymer. THFMA additions are purple, DEAEMA additions
are yellow, EtMA additions are red, MEGMA additions are green, DMAEMA additions are
blue. Reproduced from “Carroll, D. R.; Constantinou, A. P.; Stingelin, N.; Georgiou, T. K.
Scalable syntheses of well-defined pentadecablock bipolymer and quintopolymer. Polymer
Chemistry, 2018, 9, 3450."

The Mn, Mth and Ð are plotted against the number of blocks for P1 in Figure 3.7.

P2 was a more challenging synthesis than P1. This was partly caused by the additional

sources of deactivation (three additional monomer flasks). Inspecting the deviation of

Mn from Mth, it is possible that the THFMA contained some moisture as Mn always

increases more than expected for each THFMA addition.

Table 3.3 summarises the data for the synthesised copolymer. The NMR spectra

for the final polymer and stacked NMR for each successive block are shown in Figures

3.8 and 3.9. Noteworthy is the fact that the NMR spectra for the precursors and

polymers did not reveal any monomer traces, confirming >99% conversion of the

monomer to the polymer. This is typical for GTP synthesis under these conditions,

demonstrating the advantage of GTP for the synthesis of block copolymers by

sequential polymerisation. The values of the theoretical and actual NMR composition
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Figure 3.7: P2 (ABCDE)3 block number, dispersity and Mn. This plot shows the comparison
between Mn and Mth as the polymerisation progresses. The Mn increases more than the
Mth due to deactivation. Despite the large number of blocks in this polymer, the dispersity
remains below 1.3 for all samples. Reproduced from “Carroll, D. R.; Constantinou, A. P.;
Stingelin, N.; Georgiou, T. K. Scalable syntheses of well-defined pentadecablock bipolymer
and quintopolymer. Polymer Chemistry, 2018, 9, 3450."

deviate more compared to the one observed for P1, however the values are equal

within the error of the analysis technique. Although the monomers were chosen for

peaks with different chemical shifts, peak broadening from the polymers prevented

accurate integration analysis. Additionally, traces of THF also obscured some of the

peaks.

The final Mn was 13000 g mol−1 for the quintopolymer and 26.2 g was produced.

The reactions could have been easily scaled up to produce more polymer if required,

in fact GTP works more efficiently at larger scales by minimising deactivation caused

by trace impurities or humidity.25 The total polymerisation time was less than 3.3 h

for the quintopolymer. Each addition/block polymerised between 10 to 15 minutes.

The temperature of the reaction ranged between 23 to 28 °C with a typical temperature

increase of 0.5 to 1 °C as each monomer was added. It should be pointed out that no
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Figure 3.8: 1H NMR spectrum of final product with assigned peaks for P2 (ABCDE)3
copolymer. The structure of the polymer is shown in the top left corner. Reproduced from
“Carroll, D. R.; Constantinou, A. P.; Stingelin, N.; Georgiou, T. K. Scalable syntheses of well-
defined pentadecablock bipolymer and quintopolymer. Polymer Chemistry, 2018, 9, 3450."
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Figure 3.9: P2 (ABCDE)3 stacked 1H NMR spectra for all 15 samples taken during
polymerisation. Each spectrum represents one block and spectra are stacked from first to
last from the bottom to the top. Reproduced from “Carroll, D. R.; Constantinou, A. P.;
Stingelin, N.; Georgiou, T. K. Scalable syntheses of well-defined pentadecablock bipolymer
and quintopolymer. Polymer Chemistry, 2018, 9, 3450."
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Table 3.3: Table of results for P2 (ABCDE)3. a A, B, C, D and E are THFMA5, DEAEMA5, EtMA5, MEGMA5 and DMAEMA5, respectively.
b The Mth of the polymer was calculated as the sum of the monomer masses plus an additional 100 g mol−1 (part of the MTS initiator which
remains on the polymer chain). c The Mn was determined by GPC. d The Ð was determined by GPC. The theoretical composition is also provided,
accompanied by the composition as determined by 1H NMR. Reproduced from “Carroll, D. R.; Constantinou, A. P.; Stingelin, N.; Georgiou, T. K.
Scalable syntheses of well-defined pentadecablock bipolymer and quintopolymer. Polymer Chemistry, 2018, 9, 3450."

Block # Theoretical
Structurea

Mth
b

/g mol−1
Mn

c

/g mol−1
Ðd mol% A-B-C-D-E

Theoretical 1H NMR

1 A 951 1150 1.25 100-00-00-00-00 100-00-00-00-00
2 AB 1877 2050 1.17 50-50-00-00-00 48-52-00-00-00
3 ABC 2448 2810 1.12 33-33-33-00-00 34-33-33-00-00
4 ABCD 3169 3830 1.11 25-25-25-25-00 24-23-26-27-00
5 ABCDE 3955 4400 1.12 20-20-20-20-20 21-20-20-19-20
6 ABCDEA 4806 5840 1.08 33-17-17-17-17 26-15-23-16-22
7 ABCDEAB 5732 6940 1.10 29-29-14-14-14 24-22-22-15-19
8 ABCDEABC 6303 7690 1.09 25-25-25-13-13 22-22-24-13-18
9 ABCDEABCD 7024 8220 1.12 22-22-22-22-11 21-17-22-24-17

10 (ABCDE)2 7810 9290 1.13 20-20-20-20-20 18-20-24-22-16
11 (ABCDE)2A 8661 10500 1.12 27-18-18-18-18 19-21-19-20-21
12 (ABCDE)2AB 9587 11100 1.17 25-25-17-17-17 19-20-22-19-20
13 (ABCDE)2ABC 10158 12600 1.15 23-23-23-15-15 19-17-23-17-24
14 (ABCDE)2ABCD 10879 12300 1.20 21-21-21-21-14 19-22-22-16-21
15 (ABCDE)3 11665 13000 1.28 20-20-20-20-20 18-20-22-20-20
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cooling was required unlike conventional anionic polymerisation.

The synthesis of a 15-block quintopolymer has been shown, produced by GTP.

Five methacrylate monomers were used in the synthesis (THFMA, DEAEMA, EtMA,

MEGMA and DMAEMA) to produce an (ABCDE)3 multiblock copolymer. The

polymerisation time for this multiblock copolymer was 2 hours and 57 minutes. The

synthesis was well controlled, with a final dispersity of 1.28 and Mn values remained

close to Mth throughout the polymerisation. The composition, as determined by NMR,

was in agreement with the theoretical values.

3.2.3 P3 (AB)7A Copolymer Synthesis

Shortly after the synthesis of P1, a pentadecablock copolymer was synthesised from

EtMA and DMAEMA. This multiblock copolymer had a DP of 3 per block. A recent

publication has highlighted concerns over the statistical nature of monomer addition

to available polymer chains concluding that for controlled radical polymerisations

monomer sequences with DP < 3 cannot be considered blocks.36 Comparable

sophisticated kinetic modelling has not been conducted for anionic polymerisation

methods, including GTP.

The full results for the synthesis of P3 are shown in Figure 3.4. For P3, the DP was

3 per block and it had an identical architecture as P1. The final Mth for P3 was 6141

g mol−1 and the Mn for the final copolymer was 8,000 g mol−1.

Decreasing the DP to 3 enabled smaller blocks, potentially enabling the synthesis

of multiblock copolymers with more blocks. However, DP 3 additions were

challenging for several practical limitations. Monomer additions were difficult to

measure accurately - a 2 ml syringe was used, and monomer volumes ranged from 0.85

and 1.15 ml, with hatch marks at every 0.1 ml. The needles used had a larger volume

than the addition of the monomer, so it was important to carry out the addition with

care.
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Table 3.4: Table of results for P3 (AB)7A. a A and B are EtMA3 and DMAEMA3, respectively. b

The Mth of the polymer was calculated as the sum of the monomer masses plus an additional
100 g mol−1 (part of the MTS initiator which remains on the polymer chain). c The Mn was
determined by GPC. d The Ð was determined by GPC. The theoretical composition is also
provided, accompanied by the composition as determined by 1H NMR.

Block # Theoretical
Structurea

Mth
b

/g mol−1
Mn

c

/g mol−1
Ðd mol% EtMA-DMAEMA

Theoretical 1H NMR

1 A 442 650 1.14 100-0 100-0
2 AB 914 1300 1.12 50-50 51-49
3 ABA 1256 1700 1.12 67-33 68-32
4 (AB)2 1728 2200 1.12 50-50 50-50
5 (AB)2A 2071 2600 1.11 60-40 60-40
6 (AB)3 2542 3300 1.10 50-50 50-50
7 (AB)3A 2885 3700 1.10 57-43 56-44
8 (AB)4 3356 4400 1.10 50-50 50-50
9 (AB)4A 3699 4800 1.10 56-44 55-45

10 (AB)5 4170 5400 1.11 50-50 50-50
11 (AB)5A 4513 5900 1.09 55-45 55-45
12 (AB)6 4984 6400 1.11 50-50 52-48
13 (AB)6A 5327 6800 1.11 54-46 53-47
14 (AB)7 5798 7700 1.10 50-50 50-50
15 (AB)7A 6141 8000 1.11 53-47 52-48

By reducing the volume of the monomer addition, the dispersity was decreased

from 1.15 to 1.11 for the same architecture. While lower Mn will increase the control

present in the polymerisation, it is more likely that technique had improved on during

subsequent polymerisations.

In summary, the synthesis of a 15-block copolymer via GTP is shown. Two

methacrylate monomers were used (EtMA and DMAEMA) to produce an alternating

multiblock copolymer with 3 DP per block. The synthesis was well controlled and

Mn remained close to Mth. Composition determined by NMR was almost identical

to theoretical values and the dispersity of the final copolymer was 1.11. The total

polymerisation time was 3 hours and 5 minutes.
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Figure 3.10: A normalised GPC overlay for P3 (AB)7A copolymer. A sample was taken 15
minutes after each monomer addition and in this figure the block number increases from
left to right. Each GPC elugram (overlaid in alternate red and blue, EtMA and DMAEMA,
respectively) represents one block in the pentadeca-block copolymer.

Figure 3.11: P3 (AB)7A block number, dispersity and Mn. This plot shows the comparison
between Mth and Mn. The Mn increases more than Mth due to deactivation. Despite the large
number of blocks in this polymerisation, the dispersity remains below 1.2 for all samples.
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3.2.4 P4 (ABCDE)3 Copolymer Synthesis

A further quintopolymer was prepared with the architecture (ABCDE)3. Here, the DP

was set at 3 for each block which results in a final polymer with Mth of 7039 g mol−1

after all 15 additions. The full data, including Mth, Mn, Ð and compositional analysis

for all blocks is provided in Table 3.5. The data is shown here is consistent with the

trends previously noted for the synthesis of multiblock copolymers with GTP using a

sequential addition approach.

Figure 3.12: A normalised GPC overlay for P4 (ABCDE)3 copolymer. Each elugram represents
one block in the pentadecablock copolymer, with increasing block number from left to right.
THFMA additions are purple, DEAEMA additions are yellow, EtMA additions are red,
MEGMA additions are green, DMAEMA additions are blue.

In comparison with the elugrams for P2, it is clear that tailing (the accumulation

of de-activated polymer chains) was reduced by targetting a lower molar mass for

P4, see Figure 3.12. In addition to this and in agreement with previously discussed

observations, the dispersity values remain low throughout the polymerisation, see

Figure 3.13. Indeed, for the final copolymer the Ð was determined to be 1.14 as

measured by GPC.
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Figure 3.13: P4 (ABCDE)3 block number, dispersity and Mn. This plot shows the comparison
between Mth and Mn. The Mn increases more than Mth due to deactivation. Despite the large
number of blocks in this polymerisation, the dispersity remains below 1.3 for all samples.
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Table 3.5: Table of results for P4 (ABCDE)3. a A, B, C, D and E are THFMA3, DEAEMA3, EtMA3, MEGMA3 and DMAEMA3, respectively.
b The Mth of the polymer was calculated as the sum of the monomer masses plus an additional 100 g mol−1 (part of the MTS initiator which
remains on the polymer chain). c The Mn was determined by GPC. d The Ð was determined by GPC. The theoretical composition is also provided,
accompanied by the composition as determined by 1H NMR.

Block # Theoretical
Structurea

Mth
b

/g mol−1
Mn

c

/g mol−1
Ðd mol% A-B-C-D-E

Theoretical 1H NMR

1 A 611 810 1.20 100-0-0-0-0 100-0-0-0-0
2 AB 1166 1300 1.18 50-50-0-0-0 54-56-0-0-0
3 ABC 1509 1550 1.17 33-33-33-0-0 32-35-33-0-0
4 ABCD 1941 2200 1.13 25-25-25-25-0 26-28-23-23-0
5 ABCDE 2413 2690 1.12 20-20-20-20-20 21-16-22-23-18
6 ABCDEA 2924 3160 1.12 33-17-17-17-17 30-20-17-15-18
7 ABCDEAB 3479 3800 1.12 29-29-14-14-14 25-29-16-13-17
8 ABCDEABC 3822 4220 1.11 25-25-25-13-13 23-23-26-12-16
9 ABCDEABCD 4254 4830 1.11 22-22-22-22-11 20-17-24-23-16
10 (ABCDE)2 4726 5450 1.10 20-20-20-20-20 18-18-22-19-23
11 (ABCDE)2A 5237 5890 1.12 27-18-18-18-18 28-17-20-18-17
12 (ABCDE)2AB 5792 6600 1.13 25-25-17-17-17 24-25-19-14-18
13 (ABCDE)2ABC 6135 7020 1.13 23-23-23-15-15 20-24-24-15-17
14 (ABCDE)2ABCD 6567 7730 1.14 21-21-21-21-14 19-23-22-20-16
15 (ABCDE)3 7039 8470 1.14 20-20-20-20-20 18-19-22-18-23
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The synthesis of a pentadecablock quintopolymer has been demonstrated as

synthesised by GTP. Five methacrylate monomers were used in the synthesis (THFMA,

DEAEMA, EtMA, MEGMA and DMAEMA) to produce an (ABCDE)3 multiblock

copolymer. The polymerisation time for this multiblock copolymer was 3 hours and

10 minutes. The synthesis was well controlled, with a final dispersity of 1.14 and

Mn values remained close to Mth throughout the polymerisation. The composition,

as determined by NMR, was close to the theoretical values.

3.2.5 P5 (AB)12 Copolymer Synthesis

As the final dispersity for P1 and P2 were significantly below 1.3, it was decided to

pursue as many blocks as possible using this strategy. EtMA and DMAEMA were

chosen to prepare a tetracosablock (24-block) copolymer. Some minor modifications

were made to the previous method in order to reduce deactivation from traces of

humidity. Syringes for monomers and sampling were purged with argon in a separate

flask before use. On a few occasions for the synthesis of P1 to P4, the luer lock

needle had become loosened causing small leaks. This was remedied by replacing the

leaking syringe with another from the oven. To mitigate this problem the needles were

tightened onto the syringe using an adjustable wrench. An argon-filled balloon was

used to provide continuous positive pressure, should any of the holes in the septum

become large enough to allow a slow air leak. Additionally, monomer Schlenk tubes

were purged with argon every 90 minutes.

These modifications to the procedure clearly helped and the result was a 24-

block copolymer with a final dispersity of 1.16. A total yield of 21 g was recovered

after purification by precipitation. The elugrams in Figure 3.14 show that these

modifications significantly reduced the amount of tailing for the last blocks, confirming

the suspicion that traces of humidity were the major contributor to deactivation.

Poly(ethylene glycol) methyl ether methacrylates (PEGMA) were not chosen due

to their high molar mass which, in addition to lower polymerisation rates, means
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Figure 3.14: P5 (AB)12 copolymer GPC normalised plot overlay. A sample was taken 15
minutes after each monomer addition, block number increases from left to right. Each GPC
elugram (overlaid in alternate red and blue) represents one block in the pentadeca-block
copolymer. GPC elugrams in red are samples taken after an EtMA addition, those in blue are
samples taken after a DMAEMA addition. Despite termination, the dispersity remains below
1.2 for all samples.

that they are unsuitable for purification by distillation. Instead, these monomers are

prepared for GTP by long-term storage over calcium hydride, followed by filtration

into the reaction vessel as needed. Many of these PEGMA monomers are too viscous

to be filtered directly and so are diluted with THF to facilitate filtration. As THF is a

hygroscopic solvent, the addition must be rapid to prevent absorption of humidity

into the monomer solution, which would result in significant deactivation. These

additional steps were deemed too challenging for this study. However, if care is taken

with their addition, there is no reason PEGMA monomers cannot be incorporated into

multiblock copolymers with GTP to produce water soluble multiblocks.

In summary, the synthesis of a 24-block copolymer via GTP is shown. Two

methacrylate monomers were used (EtMA and DMAEMA) to produce an alternating

multiblock copolymer with 5 DP per block. The synthesis was well controlled and
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Figure 3.15: P5 (AB)12 block number, dispersity and Mn. This plot shows the comparison
between Mth and Mn. The Mn increases more than Mth due to deactivation. Despite the large
number of blocks in this polymerisation, the dispersity remains below 1.2 for all samples.

the dispersity of the final copolymer was 1.16. Due to the large number of monomer

additions and samples, the Mn of the final copolymer is significantly higher than the

Mth. This is caused by traces of humidity which are unavoidable for such a complex

polymer synthesis without a regulated atmosphere. Composition determined by NMR

was almost identical to theoretical values. The dispersity of the final copolymer was

1.15. The polymerisation was completed in 6 hours.

Currently, this 24-block copolymer has the highest number of blocks in a

multiblock copolymer synthesised by GTP. Additionally, the 15-block copolymers

reported here have more blocks than any previously reported GTP multiblock

copolymer synthesis. There are few reported multiblock copolymers synthesised by

any living anionic polymerisation method and, to the best of our knowledge, the

multiblock copolymers reported here, have the highest number of blocks for any

anionic polymerisation method. In a recent publication Chen et al. produced a 53-block

methacrylate-based copolymer using frustrated Lewis pair promoted polymerisation
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Figure 3.16: P5 (AB)12 stacked NMR for all 15 samples taken during polymerisation.
Methacrylate monomer peaks cannot be seen, confirming full conversion. The spectra are
stacked from bottom to the top of the figure.

and this holds the record to date.37 The highest number of monomer additions

polymerised with RDRP methods is a 21-block copolymer, but the polymerisation time

was 60 hours.20 The polymers presented in this chapter demonstrate the control of

monomer sequences enabled by living polymerisation methods. GTP should not be

overlooked for the preparation of complex polymer architectures.
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Table 3.6: Table of results for P5 (AB)12. a A and B are EtMA5 and DMAEMA5, respectively. b

The Mth of the polymer was calculated as the sum of the monomer masses plus an additional
100 g mol−1 (part of the MTS initiator which remains on the polymer chain). c The Mn was
determined by GPC. d The Ð was determined by GPC. The theoretical composition is also
provided, accompanied by the composition as determined by 1H NMR.

Block # Theoretical
Structurea

Mth
b

/g mol−1
Mn

c

/g mol−1
Ðd mol% EtMA-DMAEMA

Theoretical 1H NMR

1 A 671 940 1.14 100-0 100-0
2 AB 1457 1800 1.14 50-50 48-52
3 ABA 2027 2500 1.11 67-33 64-36
4 (AB)2 2814 3500 1.10 50-50 49-51
5 (AB)2A 3384 4200 1.11 60-40 58-42
6 (AB)3 4170 5100 1.10 50-50 47-53
7 (AB)3A 4741 6000 1.09 57-43 56-44
8 (AB)4 5527 7100 1.09 50-50 48-52
9 (AB)4A 6098 7600 1.09 56-44 54-46

10 (AB)5 6884 8900 1.09 50-50 51-48
11 (AB)5A 7454 9800 1.09 55-45 53-47
12 (AB)6 8241 10800 1.09 50-50 48-51
13 (AB)6A 8811 12300 1.09 54-46 52-48
14 (AB)7 9597 13300 1.10 50-50 48-52
15 (AB)7A 10168 13600 1.12 53-47 52-48
16 (AB)8 10954 14600 1.11 50-50 51-49
17 (AB)8A 11525 15500 1.09 53-47 54-46
18 (AB)9 12311 16700 1.12 50-50 51-49
19 (AB)9A 12881 16900 1.14 53-47 54-46
20 (AB)10 13668 18500 1.14 50-50 51-49
21 (AB)10A 14454 19500 1.14 52-48 51-49
22 (AB)11 15240 20100 1.15 50-50 51-49
23 (AB)11A 16026 23100 1.16 52-48 53-47
24 (AB)12 16812 25200 1.16 50-50 52-48
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3.3 Conclusion

The synthesis of several multiblock copolymers has been demonstrated with GTP.

Two pentadecablock copolymers, containing an alkyl and tertiary amine containing

methacrylate monomers, were synthesised with 3 DP and 5 DP for each block. Final

Mn and dispersity indicate successful controlled polymerisations for the production

of ’well-defined’ copolymers. The quantitative yield of GTP was confirmed using

NMR and compositional analysis showed good agreement to theoretical values. The

polymerisation time was shorter than many previously reported methods, at 3 hours

per polymer. These polymers were prepared at >20 g scale and conducted in a

fumehood as conducting GTP in a glovebox, with regulated atmosphere, limits the

achievable scale.

Five methacrylate monomers were chosen to demonstrate the flexibility of GTP,

regarding its tolerance for functional groups. These monomers were polymerised to

produce two pentadecablock copolymers. The quintopolymers were synthesised with

3 DP and 5 DP for each block. The Mn values and dispersity indicate a successful

and controlled polymerisation for the production of ’well-defined’ polymers. A key

advantage of GTP over CRP methods is demonstrated here whereby the incorporation

of several hydrophilic monomers, regardless of their sequence order, is readily

achievable. It is worth noting that the synthesis of amphiphilic multiblock copolymers

remains a challenge for many comparable polymerisation methods.

The polymerisation strategy was pushed, potentially to its limits, with the

production of a 24-block copolymer. All polymerisations presented in this

chapter were one-pot syntheses and required no external heating/cooling, clearly

demonstrating that GTP is a versatile polymerisation method for the production

of multiblock copolymers with tailorable number of blocks, composition and

hydrophilic/hydrophobic balance.
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Chapter 4

Gradient Copolymers
Two Masters students contributed to the work detailed in Chapter 4. Mr Adelowo Rhodes assisted
during the polymerisation of five diblock copolymers and prepared samples for GPC and NMR analysis,
these polymers are referred to but not detailed. Ms Qian Li assisted with the polymerisation for six
copolymers in the gradient copolymer series (labelled P1, P2, P5, P6, P7 and P10) in chapter 4. She also
prepared samples for GPC and NMR analysis and analysed these polymers by DLS, titration (pKa) and
determined cloud points in ethanol solutions. All data provided by their studies has been replotted for
this thesis.

4.1 Introduction

Gradient copolymers contain at least two monomers and contain a section of the

polymer with a continually varying composition, typically from predominantly

one monomer to the other as a function of the polymer chain length.1 Early

examples of gradient copolymers have been prepared with the spontaneous method

where differences in the reactivity ratio for two monomers results in preferential

polymerisation of one of the monomers. Recently, living polymerisation methods have

been combined with stepwise protocols to provide more control over the gradient

distribution. The stepwise (or ’many-shot’) protocol uses mixed monomers through

sequential polymerisation.

Gradient copolymers have a lower order-disorder transition temperature,

compared to block copolymers of similar molar mass and monomer composition,

meaning that self assembled structures require less energy to disrupt them. In practice,

this property of gradient copolymers has been used to modify the rheology of liquids,

such as oils to reduce viscosity. In solution, amphiphilic gradient copolymer micelles

have a larger micelle size and undergo a ‘reel-in’ phenomenon, pulling solvophilic

comonomers from the corona of the micelle into the core, when the temperature of the
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solution is increased. This is caused by weaker hydrophobic interactions due to the

diffuse structure of gradient micelles.2 Many commercial applications have been found

for gradient copolymers, ranging from viscosity modifiers,3–7 cosmetics,8,9 adhesives10

and recently polymer electrolytes for batteries.11

Currently there are four key methods for synthesising gradient copolymers. A

literature review on these methods can be found in section 1.7. The step-wise method

is the only approach which allows control of the point of onset and intensity of the

gradient (when and how quickly the gradient region is concluded within the polymer).

This chapter investigates the step-wise approach and for the first time demonstrates a

method for the synthesis of controlled gradient copolymers using GTP.

The preparation of thermoresponsive gradient copolymers and direct comparison

with comparable block copolymers has rarely been studied. The manipulation of

polymer architecture (for example, block sequence) has previously been shown to

affect the gelation properties of thermoresponsive hydrogels.12,13 The rheological and

thermoresponsive properties of thermoresponsive hydrogels could also be tuned by

introducing gradient architectures.

Stimuli-responsive polymers respond to stimuli by changes in their physical

properties. Polymers which change physical properties on changes of temperature

are termed thermoresponsive polymers. Poly-N-isopropylacrylamide (PNiPAAm) is

the most widely studied thermoresponsive polymer.14 The tertiary amine containing

methacrylate DMAEMA also exhibits thermoresponsive behaviour. In aqueous

solution PDMAEMA will become more hydrophobic and eventually precipitate as

the temperature is increased above the lower critical solution temperature (LCST).

DEAEMA is a hydrophobic methacrylate which is pH responsive due to a tertiary

amine group, protonation improves solubility in water for both of these polymers.

The LCST behaviour is attributed to the ‘hydrophobic effect’. As the temperature

increases, intermolecular bonds between the water and polymer chains become

thermodynamically favourable.15 The entropic term exceeds the enthalpic contribution
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to the Gibbs free energy and the repulsion of water is energetically favourable.15

Where thermoresponsive block copolymers in solution are concerned, the hydrophobic

effect results in the collapse of micelles, and eventually precipitation, of micelles, i.e.

complete separation of the solid polymer from water.

Concentrated aqueous solutions of DMAEMA containing block copolymers

possessing the appropriate structural characteristics, i.e. molar mass, composition

and architectuce, will produce physical hydrogels on heating.16 Physical hydrogel

networks are held together by entanglements (’bridges’) between the micelles and the

gelation is reversible upon removal of the stimulus.17 As the temperature decreases,

the hydrogel collapses and the polymer micelles dissolve into the water.

Thermo-responsive amphiphilic copolymers can be used as drug delivery systems

for both hydrophobic and hydrophilic pharmaceutical actives, either as hydrogels

or as micelles. The physical properties and gelation temperature can be tuned by

modifying the molecular weight, comonomer chemistry, composition and polymer

architecture.12,13,16,18–21

Several polymer properties have been investigated for their effect on gelation in

thermoresponsive block copolymers. Our group has previously carried out studies

on DMAEMA-containing polymers and it has been concluded that the following

structural characteristics are favourable to induce gelation. Firstly, higher molecular

weight copolymers result in higher viscosity in solution and it has been determined

that polymers exceeding 8 kg mol−1 are most suitable for the formation of a stable

gel. It should be noted though that when the molar mass is increased dramatically,

precipitation is favoured over gelation. The composition must be finely tuned

for the production of a stable gel and this is dependent on the hydrophobicity

and hydrophilicity of the monomers used.19,20 Counter-intuitively, in cases where

more hydrophobic monomers are used, the thermoresponse is triggered at lower

temperatures. However, gelation is disrupted and precipitation is favoured instead.

The effect of architecture of copolymers on micelle topology results in changes in the
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gel structure.20,22

This chapter focuses on the synthesis and preparation of gradient copolymers

through a modification to sequential polymerisation (step-wise method). The previous

chapter detailed a method to produce multiblock copolymers with up to 24 blocks,

whilst retaining polymerisation control, using GTP. The fast and efficient method has

been modified here to produce thermoresponsive gradient copolymers by varying the

monomer feed composition.

Group transfer polymerisation (GTP) is an anionic polymerisation method, with

fast polymerisation rates. As a living polymerisation method, it is perfectly suited for

the production of block copolymers. Unlike CRP methods, GTP has been successfully

translated to industrial scale production and over the last four decades it has been

used to prepare many block copolymer products, including surfactants, coatings and

thermoplastic elastomers. A wide range of methacrylate monomers are commercially

available and most can be polymerised quantitatively as GTP is tolerant of many

functional groups. Well-defined copolymers (Ð <1.3) can be prepared with molar

mass of up to 20 kg mol−1. There has been a growing commercial interest in gradient

copolymers in recent years and, to the best of our knowledge, there are no examples of

their synthesis using GTP. Building on knowledge from the previous chapter, GTP will

be used for the synthesis of AB and ABA gradient copolymers.

Five monomers were studied in the previous chapter and sequential

polymerisation by GTP was not hindered regardless of the order of additions. Using

mixed monomer feeds, with a step-wise polymerisation strategy, can open the door

to gradient copolymers with unprecedented architectural control. Retaining small

DP for each addition (or pseudo-block) prevents any variations in kp manifesting

in preferential polymerisation, which might lead to block-like architectures. Fast

polymerisation time for each addition (less than 15 minutes) enables the swift

preparation of highly-controlled gradient copolymers. Additionally, the number of

monomers and functionalities means that these polymers can be designed for many
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applications.

A step-wise polymerisation method is advantageous because the monomer

additions can easily be tailored allowing complete control over the gradient copolymer

structure. In this study, the gradient extends to the entirety of the polymer chain,

however the onset of the gradient can be manipulated, for example by producing a

homopolymer block before the addition of mixed monomers. Additionally, in a similar

fashion, there is significant control for how abruptly the gradient is terminated in this

one-pot synthesis. As such, this method opens a door to a whole variety of currently

unstudied gradient copolymer architectures.

The monomers chosen for this study were DMAEMA and EtMA, their

structures and the initiator for synthesis are shown in Figure 4.1. DMAEMA is a

thermoresponsive and pH responsive monomer and EtMA is a hydrophobic monomer.

The reactivity rates for EtMA and DMAEMA are similar, avoiding preferential

polymerisation.

Figure 4.1: The names and chemical structures for the monomers and initiator used in this
synthesis of copolymers in this chapter. EtMA is a hydrophilic monomer and DMAEMA is a
tertiary amine containing monomer.

This chapter details the syntheses of A-gradient-B and A-gradient-B-gradient-A

copolymers and their characterisation. The properties of three gradient copolymers

are compared with a diblock copolymer (A-b-B), a triblock copolymer (A-b-B-b-A) and

a tetrablock copolymer (A-b-B-b-A-b-B) block copolymers and statistical copolymers.

The Mn and Ð are comparable for all polymers in each series and differences
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between the polymer properties are the effect of monomer sequence and the gradient

architecture. In block copolymers, the transition between monomers is instantaneous,

whilst for gradient copolymers the transition extends across the entirety of the adjacent

blocks. As will be demonstrated, the changes in architecture drastically effect their

solubility and behaviour in aqueous solutions. The pKa, micelle size and cloud point

has been measured to highlight these differences.

4.2 Results and Discussion

An initial study of a diblock copolymer series showed that compositions with 70 wt%

DMAEMA were most suitable for characterisation in aqueous solutions. Surprisingly,

the aqueous solubility of diblock copolymers of EtMA and DMAEMA was quite

narrow. Diblock copolymers with > 40 wt% EtMA were not sufficiently soluble

for aqueous characterisation methods. As these polymers contain tertiary amine

groups, partial protonation can increase solubility, but it was found that when more

than 10 % of the dimethyl amine groups were protonated that the polymers became

too hydrophilic to exhibit thermoresponsive behaviour. This could potentially be

mitigated in future studies with a more hydrophobic comonomer than EtMA. In

response to this, 68 and 73 wt% DMAEMA compositions were chosen for the two series

of copolymers in this study.

This chapter consists of two families with slightly different DMAEMA content,

namely 73 wt% (Polymer 1 to 5) and 68 wt% (Polymers 6 to 11). Each family consists

of a diblock, a triblock, a tetrablock, a statistical and linear AB gradient copolymer. In

addition to these copolymers, a linear ABA gradient copolymer of composition 68 wt%

DMAEMA was also synthesised. Figure 4.2 provides a schematic for the copolymers

synthesised in this chapter. These polymers were then characterised to determine

structure-property relationships for the different polymer architectures.

The method for the gradient copolymer synthesis follows a step-wise method

through sequential polymerisation. The full synthesis is described in detail in section
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Figure 4.2: An overview schematic for the theoretical composition of the polymers (P1-P11)
in this chapter. Each sphere represents 2 DP in the polymer chain. Blue spheres represent
DMAEMA and red spheres represent EtMA. P1 and P6 are diblock copolymers, P2 and P7
are AB gradient copolymers, P3 and P8 are triblock copolymers, P4 and P9 are tetrablock
copolymers, P5 and P10 are statistical copolymers and P11 is an ABA gradient copolymer. P1
to P5 are 68 wt% DMAEMA and P6 to P11 are 73 wt%.

2.3. Briefly, the gradient copolymer P2 (DMAEMA37-gradient-EtMA19) was synthesised

as follows: A clean oven-dried flask was prepared with TBABB, THF and MTS

followed by an addition of mixed monomers. After 15 minutes from the monomer

addition, two samples of 1 mL were obtained for GPC and NMR analysis. Subsequent

additions of monomer had increasing wt% of EtMA. After a total of 12 additions (3

hours polymerisation time) the polymerisation was terminated with the addition of

0.1 mL of methanol and the polymer was precipitated in hexane. The polymer was

dried in a vacuum oven at room temperature for several days. This method enables the

controlled synthesis of a gradient copolymer through statistical variations in monomer

addition to each polymer chain. As each addition/’block’ is constrained to a maximum

of 5 DP per addition, sudden changes in composition along the polymer chain are

reduced.

The compositions were calculated by 1H NMR integrations, as shown in Figure

4.3. The integration value for the peak at 4.1 (s, 2H) for ester protons was treated as the
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Table 4.1: A summary the final copolymers presented in this chapter. ba Mth is the theoretical molecular weight. b Mn is the molecular weight as
determined by GPC. c Ð was determined by GPC. The theoretical composition is also provided, accompanied by the composition as determined
by 1H NMR.

Polymer Theoretical Structure
Mth

a

/g mol−1

Mn
b

/g mol−1
Ðc wt/wt% EtMA-DMAEMA

Theoretical 1H NMR

P1 EtMA19-b-DMAEMA37 8000 8000 1.13 27-73 29-71

P2 DMAEMA37-gradient-EtMA19 7992 10400 1.24 27-73 28-72

P3 DMAEMA18-b-EtMA19-b-DMAEMA18 8000 8500 1.14 27-73 25-75

P4 DMAEMA18-b-EtMA10-b-DMAEMA18-b-EtMA10 8000 10200 1.14 27-73 26-74

P5 EtMA19-co-DMAEMA37 8000 7800 1.12 27-73 28-72

P6 EtMA23-b-DMAEMA35 8000 7600 1.17 32-68 32-68

P7 DMAEMA35-gradient-EtMA23 7992 7800 1.20 32-68 32-68

P8 DMAEMA17-b-EtMA23-b-DMAEMA17 8000 8500 1.13 32-68 34-66

P9 DMAEMA17-b-EtMA11-b-DMAEMA17-b-EtMA11 8000 10200 1.14 32-68 33-67

P10 EtMA23-co-DMAEMA35 8000 7800 1.12 32-68 32-68

P11 DMAEMA17-gradient-EtMA22-gradient-DMAEMA18 7992 11000 1.30 32-68 33-67
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total methacrylate units in the polymer. This value was used as a ratio against peak

at 2.1 (s, 6H) the tertiary amine protons in order to determine the composition of the

copolymers.

Figure 4.3: NMR spectrum of the final product for P6 EtMA19-b-DMAEMA37 copolymer with
assigned peaks. The structure is shown in the top left corner.

The data collected during synthesis for all the final polymers is shown in Table

4.1. It shows consistent agreement between the Mn and the Mth for all polymers, where

Mn values are between 7,800 and 11,000 g mol−1. Extended results for the precursory

blocks, as well as the final copolymers can be found in Tables 4.2, 4.3, 4.4 and 4.5 in

the relevant section below along with their discussion. The Mth of the polymer was

calculated as the sum of the monomer masses plus an additional 100 g mol−1 (part of

the MTS initiator which remains on the polymer chain). The Mn was determined by

GPC.

The theoretical and experimental compositions (determined by NMR and listed

in Tables 4.2, 4.3, 4.4 and 4.5) were in good agreement for all the polymers and
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their precursors. Graphical representation for the agreement between theoretical

composition and experimental composition for the three gradient copolymers can be

seen in Figures 4.6, 4.9 and 4.12.

4.2.1 Polymer Synthesis

P2 DMAEMA37-gradient-EtMA19 Synthesis

This section details the successful preparation of a gradient copolymer. P2

DMAEMA37-gradient-EtMA19 was prepared using the stepwise protocol. Figure 4.4

shows the GPC elugrams for all 12 additions and it is clear that the peaks remain

narrow and approximately symmetrical. Tailing can be seen accumulating in later

blocks in the polymerisation, which is caused by unavoidable deactivation from

traces of moisture introduced into the reaction flask. This deactivation leads to the

Mn to be higher than the Mth, which can be seen in Figure 4.5. The dispersity

remains low (below 1.3) throughout the polymerisation indicating a well controlled

polymerisation. A graph depicting the composition determined by NMR against the

theoretical composition is shown in Figure 4.6. The results of GPC and NMR analysis

of the gradient copolymer P2 can be found in Table 4.2.
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Figure 4.4: A normalised GPC overlay for P2 DMAEMA37-gradient-EtMA19 which was
synthesised via the stepwise approach, in twelve consecutive monomer additions. Each
elugram represents the sample obtained after each polymerisation step and block number
increases from left to right.

Figure 4.5: P2 DMAEMA37-gradient-EtMA19 block number, dispersity and Mn. This plot
shows the comparison between Mn and Mth as the polymerisation progresses. The Mn increases
more than the Mth due to deactivation.
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Figure 4.6: The composition of P2 DMAEMA37-gradient-EtMA19 as determined by 1H NMR
with the theoretical composition plotted as a black line.
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Table 4.2: Table of results for the synthesis of P1 to P3. a Mth is the theoretical molecular weight. b Mn is the molecular weight as determined by
GPC. c Ð was determined by GPC. The theoretical composition is also provided, accompanied by the composition as determined by 1H NMR.

Polymer Theoretical Structure
Mth

a

/g mol−1
Mn

b

/g mol−1
Ðc wt/wt% EtMA-DMAEMA

Theoretical 1H NMR

P1 EtMA19 2200 2800 1.12 100-0 100-0
EtMA19-b-DMAEMA37 8000 8000 1.13 27-73 29-71

P2 DMAEMA4 666 950 1.21 0-100 0-100
DMAEMA8-gradient-EtMA0 1332 1700 1.14 1-99 1-99
DMAEMA12-gradient-EtMA0 1998 2400 1.15 2-98 3-97
DMAEMA16-gradient-EtMA0 2664 2900 1.18 3-97 6-94
DMAEMA20-gradient-EtMA1 3330 3200 1.16 5-95 7-93
DMAEMA24-gradient-EtMA2 3996 4300 1.11 6-94 8-92
DMAEMA27-gradient-EtMA3 4662 5100 1.13 8-92 9-91
DMAEMA31-gradient-EtMA5 5328 5700 1.15 10-90 11-89
DMAEMA33-gradient-EtMA7 5994 6600 1.17 13-87 14-86
DMAEMA36-gradient-EtMA9 6660 7900 1.19 16-84 17-83
DMAEMA37-gradient-EtMA13 7326 9700 1.2 21-79 21-79
DMAEMA37-gradient-EtMA19 7992 10400 1.24 27-73 28-72

P3 DMAEMA18 2900 3100 1.16 0-100 0-100
DMAEMA18-b-EtMA19-b-DMAEMA18 5100 5700 1.12 43-57 45-55
DMAEMA18-b-EtMA19-b-DMAEMA18 8000 8500 1.14 27-73 25-75
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P7 DMAEMA35-gradient-EtMA23 Synthesis

The results shown in table 4.3 demonstrate the successful preparation of a gradient

copolymer - P7 DMAEMA35-gradient-EtMA23. Figure 4.7 shows the GPC elugrams for

all 12 additions, the peaks remain narrow and approximately symmetrical. Tailing

can be seen accumulating in later blocks in the polymerisation, which is caused by

unavoidable deactivation from traces of moisture introduced into the reaction flask.

The data from the GPC samples is also represented in Figure 4.8, which confirms

good control over the polymerisation as the dispersity remains low throughout the

polymerisation. A graph depicting the composition determined by NMR against the

theoretical composition is shown in Figure 4.9. See Table 4.3 for all results from the

GPC and NMR analysis for the synthesis of P7.

Figure 4.7: A normalised GPC overlay for P7 DMAEMA35-gradient-EtMA23which was
synthesised via the stepwise approach, in 12 consecutive monomer additions. Each elugram
represents the sample obtained after each polymerisation step and block number increases
from left to right.
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Figure 4.8: P7 DMAEMA35-gradient-EtMA23 block number, dispersity and Mn. This plot
shows the comparison between Mn and Mth as the polymerisation progresses. The Mn very
closely matches the Mth.

Figure 4.9: The composition of P7 DMAEMA35-gradient-EtMA23 as determined by 1H NMR
with the theoretical composition plotted as a black line.
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Table 4.3: Table of results for the synthesis of P4 to P7. a Mth is the theoretical molecular weight. b Mn is the molecular weight as determined by
GPC. c Ð was determined by GPC. The theoretical composition is also provided, accompanied by the composition as determined by 1H NMR.

Polymer Theoretical Structure
Mth

a

/g mol−1
Mn

b

/g mol−1
Ðc wt/wt% EtMA DMAEMA

Theoretical 1H NMR

P4 DMAEMA18 2900 3700 1.14 0-100 0-100
DMAEMA18-b-EtMA10 4000 5200 1.12 27-73 27-73
DMAEMA18-b-EtMA10-b-DMAEMA18 6900 8700 1.13 16-84 14-86
DMAEMA18-b-EtMA10-b-DMAEMA18-b-EtMA10 8000 10200 1.14 27-73 26-74

P5 EtMA19-co-DMAEMA37 8000 7800 1.12 27-73 28-72
P6 EtMA23 2600 3000 1.12 100-0 100-0

EtMA23-b-DMAEMA35 8000 7600 1.17 32-68 32-68
P7 DMAEMA4 666 960 1.18 0-100 0-100

DMAEMA8-gradient-EtMA0 1332 1600 1.14 1-99 2-98
DMAEMA12-gradient-EtMA1 1998 2300 1.14 3-97 4-96
DMAEMA16-gradient-EtMA1 2664 2900 1.14 5-95 5-95
DMAEMA20-gradient-EtMA2 3330 3600 1.14 6-94 6-94
DMAEMA23-gradient-EtMA3 3996 4400 1.13 9-91 7-93
DMAEMA26-gradient-EtMA5 4662 4800 1.15 11-89 12-88
DMAEMA29-gradient-EtMA7 5328 5500 1.15 14-86 14-86
DMAEMA32-gradient-EtMA9 5994 6200 1.15 17-83 17-83
DMAEMA34-gradient-EtMA12 6660 6700 1.16 21-79 21-79
DMAEMA35-gradient-EtMA17 7326 7700 1.17 26-74 26-74
DMAEMA35-gradient-EtMA23 7992 7800 1.20 32-68 32-68
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P11 DMAEMA17-gradient-EtMA22-gradient-DMAEMA18 Synthesis

Figure 4.10 contains the GPC elugrams of the 23 samples (one for each monomer

addition) withdrawn during the polymerisation of P11. The low molar mass of the

first three polymer samples produces misshapen curves because the column used

cannot separate polymers efficiently below 500 g mol−1, as such anything below

approximately 400 g mol−1 is eluted simultaneously. The peaks of all samples increase

in molar mass. The accumulation of terminated chains, which are the cause of

increasing Ð as mentioned previously, can be noted from addition 12 onwards.

Figure 4.10: A normalised GPC overlay for P11 DMAEMA17-gradient-EtMA22-gradient-
DMAEMA18 which was synthesised via the stepwise approach, in 23 consecutive monomer
additions. Each elugram represents the sample obtained after each polymerisation step and
block number increases from left to right.

Figure 4.11 shows the Mn, Mth and Ð for the A-g-B-g-A gradient copolymer (P11)

during polymerisation. P11 was synthesised via the stepwise approach in twenty-three

consecutive steps. In this figure we can clearly see that Mn increases linearly with

respect to number of additions. There is more deactivation as the number of additions

increases due to the introduction of humidity during additions and sampling – this

factor is of particular prevalence to the synthesis of the gradient copolymers, where
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Table 4.4: Table of results for the synthesis of P8 to P10. a Mth is the theoretical molecular weight. b Mn is the molecular weight as determined by
GPC. c Ð was determined by GPC. The theoretical composition is also provided, accompanied by the composition as determined by 1H NMR.

Polymer Theoretical Structure
Mth

a

/g mol−1
Mn

b

/g mol−1
Ðc wt/wt% EtMA-DMAEMA

Theoretical 1H NMR

P8 DMAEMA17 2700 2900 1.16 0-100 0-100
DMAEMA17-b-EtMA23 5400 5800 1.12 49-51 50-50
DMAEMA17-b-EtMA23-b-DMAEMA17 8000 8500 1.13 32-68 34-66

P9 DMAEMA17 2700 3500 1.14 0-100 0-100
DMAEMA17-b-EtMA11 4000 5200 1.12 32-68 31-69
DMAEMA17-b-EtMA11-b-DMAEMA17 6700 8500 1.13 19-81 20-80
DMAEMA17-b-EtMA11-b-DMAEMA17-b-EtMA11 8000 10200 1.14 32-68 33-67

P10 EtMA23-co-DMAEMA35 8000 7800 1.12 32-68 32-68
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Table 4.5: Table of results for the synthesis of P11. a Mth is the theoretical molecular weight. b Mn is the molecular weight as determined by GPC.
c Ð was determined by GPC.The theoretical composition is also provided, accompanied by the composition as determined by 1H NMR.

Polymer Theoretical Structure
Mth

a

/g mol−1
Mn

b

/g mol−1 Ðc wt/wt% EtMA-DMAEMA
Theoretical 1H NMR

P11 DMAEMA2 333 650 1.18 0-100 0-100
DMAEMA4-gradient-EtMA0 666 950 1.22 01-99 01-99
DMAEMA6-gradient-EtMA0 999 1300 1.24 03-97 02-98
DMAEMA8-gradient-EtMA0 1332 1600 1.23 05-95 03-97
DMAEMA10-gradient-EtMA1 1665 2100 1.15 06-94 07-93
DMAEMA12-gradient-EtMA2 1998 2500 1.15 09-91 09-91
DMAEMA13-gradient-EtMA2 2331 2900 1.16 11-89 11-89
DMAEMA15-gradient-EtMA3 2664 3300 1.16 14-86 13-87
DMAEMA16-gradient-EtMA4 2997 3700 1.16 17-83 18-82
DMAEMA17-gradient-EtMA6 3330 4000 1.17 21-79 22-78
DMAEMA17-gradient-EtMA8 3663 4800 1.18 26-74 28-72
DMAEMA17-gradient-EtMA14 4329 5400 1.19 37-63 40-60
DMAEMA18-gradient-EtMA16 4662 5900 1.20 40-60 42-58
DMAEMA17-gradient-EtMA18-gradient-DMAEMA2 4995 6300 1.22 41-59 43-57
DMAEMA17-gradient-EtMA19-gradient-DMAEMA3 5328 6800 1.21 41-59 41-59
DMAEMA17-gradient-EtMA20-gradient-DMAEMA5 5661 7200 1.23 40-60 40-60
DMAEMA17-gradient-EtMA21-gradient-DMAEMA6 5994 7700 1.20 40-60 39-61
DMAEMA17-gradient-EtMA22-gradient-DMAEMA8 6327 8100 1.24 39-61 39-61
DMAEMA17-gradient-EtMA22-gradient-DMAEMA10 6660 8500 1.26 37-63 38-62
DMAEMA17-gradient-EtMA22-gradient-DMAEMA12 6993 9200 1.27 36-64 38-62
DMAEMA17-gradient-EtMA22-gradient-DMAEMA13 7326 9700 1.28 35-65 37-63
DMAEMA17-gradient-EtMA22-gradient-DMAEMA16 7659 10100 1.31 33-67 34-67
DMAEMA17-gradient-EtMA22-gradient-DMAEMA18 7992 11000 1.30 32-68 33-67
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monomers are premixed in separate flasks before addition to the polymerisation flask.

In addition to the Mn, the Ð is also plotted against number of blocks and can be seen

to follow an initial decrease, followed by a slow increase. This behaviour of the Ð has

been previously reported in many GTP synthesis papers.12,13,16,19,20,22–24 Figure 4.12

shows good agreement between the experimentally determined composition and the

theoretical composition throughout the polymerisation.

The preparation of P11 required all of the lessons learned from the preparation

of the 24-block copolymer which was previously described in section 3.2.5. Each

monomer addition provides an opportunity for humidity to enter the reaction vessel,

which would result in irreversible deactivation of the polymer chains, ultimately

increasing dispersity and significantly higher Mn values. Due to the number of

monomer additions, some minor modifications were made to the method to limit

the amount of humidity present in the monomers and reaction vessel. Syringes for

monomers and sampling were purged with argon in a separate flask before use. An

argon-filled balloon was used to provide continuous positive pressure, should any of

the holes in the septum become large enough to allow a slow air leak. In addition to

these precautions, Schlenk tubes containing monomers were purged with argon every

90 minutes.

As shown in figure 4.11, the Mn is typically higher than the Mth, but this is to

be expected for moisture-sensitive polymerisations, conducted in a fumehood with

samples taken for analysis, which expose the polymerisation to traces of humidity.

Water irreversibly reacts with the MTS initiator and anionic chain ends during

polymerisation, resulting in terminated polymer chains. Additionally, for the gradient

polymerisations with more than 10 monomer additions, the rubber septum sealing

the polymerisation flask has been pierced more than 20 times for monomer addition

and sample acquisition. These polymers were synthesised in a normal fume hood

with no humidity regulation, resulting in some unavoidable deactivation during the

polymerisation. These factors cause the Mn to increase more than the Mth for GTP

synthesis. However, the amount of deactivation present in the polymers above is
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consistent with other polymers synthesised via GTP.12,13,16,19,20,22–24
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Figure 4.11: P11 DMAEMA17-gradient-EtMA22-gradient-DMAEMA18 block number, dispersity
and Mn. This plot shows the comparison between Mn and Mth as the polymerisation
progresses. The Mn increases more than the Mth due to deactivation.

Figure 4.12: The composition of P11 DMAEMA17-gradient-EtMA22-gradient-DMAEMA18 as
determined by 1H NMR with the theoretical composition plotted as a black line.



Chapter 4. Gradient Copolymers 125

4.2.2 Polymer Characterisation

It is well-documented that the Ð values for each polymer affect the solution properties,

as polymers of different length and/or composition possess different solubility, cloud

point and micelle size.25 Polymers with a larger number of additions, and therefore

a larger number of samples have a larger Ð which is caused by an accumulation

of deactivation as discussed previously. Fortunately, the control provided by the

polymerisation method resulted in low Ð (<1.31) for all copolymers.

In solution, amphiphilic block or gradient copolymers self-assemble into micelles

when the concentration exceeds the critical micelle concentration. On the other hand,

amphiphilic statistical copolymers cannot self-assemble into micelles, because they

do not have distinct hydrophobic and hydrophilic regions, and it is assumed that

they adopt random coil configuration. Dynamic light scattering (DLS) can be used

to determine the size of the self-assembled structures. Unimers (free polymer chains

in solution), micelles and aggregated micelles are also detected by this approach. The

hydrodynamic diameter for micelles was determined by DLS with 1 wt% solutions in

water. The solutions were filtered through a 0.45 µm filter to remove any aggregated

micelles to produce accurate determination of the size for micelle structures.
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Table 4.6: Hydrodynamic diameter as determined by DLS, cloud point and effective pKa for P1 to P11 (1wt% solutions in water).

Name Theoretical Structure Hydrodynamic diameter /nm Effective pKa

± 0.1

Cloud point

± 1 °CTheoretical Experimental

P1 EtMA19-b-DMAEMA37 23.62 22 6.9 10

P2 DMAEMA37-gradient-EtMA19 23.62 31 7.2 9

P3 DMAEMA18-b-EtMA19-b-DMAEMA18 13.97 9 6.7 32

P4 DMAEMA18-b-EtMA10-b-DMAEMA18-b-EtMA10 11.68 6 6.6 30

P5 EtMA19-co-DMAEMA37 2.82 1 6.8 7

P6 EtMA23-b-DMAEMA35 23.62 29 6.9 29

P7 DMAEMA35-gradient-EtMA23 23.62 27 7.3 32

P8 DMAEMA17-b-EtMA23-b-DMAEMA17 10.16 10 7.0 36

P9 DMAEMA17-b-EtMA11-b-DMAEMA17-b-EtMA11 11.43 7 7.1 33

P10 EtMA23-co-DMAEMA35 2.87 5 7.1 14

P11 DMAEMA17-gradient-EtMA22-gradient-DMAEMA18 14.48 23 7.1 22
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Theoretical micelle hydrodynamic diameters (Dh) were calculated using modelled

micelle structures. The maximum extension in solution for the methacrylate polymer

backbone has been previously determined as 0.254 nm per unit. This approach

assumes complete extension of the monomer units in the polymer (ideal solvent) and

does not account for looping or entanglements. The polymer is treated as a rod and

side chains and their interactions, for example electrostatic repulsions. For diblock

copolymers, the hydrophobic block is assumed to overlap and therefore the formula

used is Dh = (2 x DPDMAEMA + DPEtMA) x 0.254 nm. The DP used for these calculations

was determined by GPC and NMR analysis.

The triblock copolymers are assumed to form micelles with the hydrophobic

group spanning the core of the micelle and therefore the formula used is Dh =

(DPDMAEMA + DPEtMA) x 0.254 nm. The tetrablock copolymers are assumed to self-

assemble into micelles with a folded polymer chain where the EtMA blocks form

the core with one pedal shaped DMAEMA group and an extended DMAEMA block.

The equation used to calculate the Dh for the tetrablock copolymers is therefore Dh =

(DPDMAEMA + DPEtMA) x 0.254 nm. The theoretical diameter for statistical copolymers

was based on the random coil configuration and therefore the formula used is Dh = 2

x (2 x 2.2 x DP)1/2 x 0.254 nm; where DP is the total DP, including both DMAEMA and

EtMA units.

Experimentally determined values for the Dh are shown in Table 4.6. The solutions

were tested at pH 8 to avoid electrostatic repulsions from protonated amine groups.

The diameter of micelles is determined as the diameter with the highest peak intensity.

The solutions were prepared in de-ionised water. The diblock micelle size is accurately

represented by the model used and values are in close agreement. Micelles detected for

the triblock and tetrablock copolymers are generally smaller than the values predicted

by the model. The model assumes full extension of the monomer units in both the core

and the corona. Looping chains in the corona and core will result in a reduced micelle

size. Also, in reality, the hydrophobic EtMA block is in a collapsed state, as it avoids

interactions with water, and thus it contributes to the reduced experimental size.
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The A-gradient-B copolymers both have larger micelle sizes than the predicted

values. Gradient copolymers are known to produce larger micelles in solution, than

comparable diblock copolymers and this has been previously reported.26 It is not clear

from the literature which micelle structure is adopted by ABA gradient copolymers. It

is likely to assume a structure similar to the triblock copolymer, which would result in

a theoretical Dh of 14.48 nm. While the ABA triblock copolymer (P8) forms micelles

of similar size as expected, the micelle structure formed by P11 is larger than the

theoretically determined diameter. This discrepancy can be attributed to the following

reasons:

1. diffuse core-corona interface in gradient copolymer micelles which produces

larger micelles,

2. the hydrophobic block in the triblock copolymer is distinct and thus it collapses

in the core of the micelle, thus smaller micelles are formed, while in the gradient

structure, it is mostly copolymerised with the amine units, which are also

partially protonated at the pH tested, thus the chains are possible more extended,

3. in the gradient structure, amine units are distributed almost along the full length

of the polymer chain, thus the electrostatic repulsions of the protonated amine

groups contribute to the formation of less organised micelle structure, with

diffusion of the polymer chains towards the solvent, thus leading to bigger

micelle size.

The pKa was measured for all 11 polymers, these values can be found in Table 4.6.

For the determination of pKa, 1 wt% solutions of each polymer were prepared and the

pH was adjusted to 2 before titrating with 0.25 M NaOH. Initially, the titrant reacts with

excess acid in solution before deprotonating the tertiary amines in the polymer. As the

base deprotonates the tertiary amines in DMAEMA units present in solution, there

is less charge repulsion allowing for the self-assembly of micelles at intermediate pH

values. pDMAEMA has been shown to have a pKa of between 6.6 and 7.3 in previous

studies. As expected, pKa values are higher for polymers containing higher DMAEMA
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wt%. In addition to this, polymers with higher Mn also have slightly higher pKa

values, this is due to higher molecular weight polymers having more stable micelles

which require excess base in order to destabilise them and facilitate deprotonation

of all tertiary amine groups in order to accurately determine the pKa. However, the

polymers in this chapter are all very close in molecular mass so it is unlikely that this

is a significant contributor to the pKa values. This destabilisation is a slow process and

titrations were conducted over several hours. Higher pKa values here can be attributed

to inaccessibility of DMAEMA side-groups to the titrant solution. The pKa values for

the gradient copolymers are even higher due to the reel-in effect which results in a

portion of hydrophilic monomers to be encapsulated the core of gradient copolymer

micelles.

Figure 4.13: Cloud point of P1 to P11 plotted against architecture.

The cloud points were determined visually by preparing 1 wt% solutions in de-

ionised water. The polymer solutions were prepared and refrigeration at 5 °C. These

solutions were slowly heated and the cloud point was determined by eye. In Table 4.6

it can be noted that copolymers with a higher DMAEMA content had a lower cloud

point. This observation has been previously reported by Billingham et al. in DMAEMA
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Figure 4.14: DLS histogram for P2 AB gradient copolymer (DMAEMA37-gradient-EtMA19).

homopolymer solutions.27 In previous work in our group, it has been shown that

increasing hydrophobic content (or EtMA in this case) favours the hydrophobic effect

and reducing the cloud point, however the reverse trend is identified here due to the

large DMAEMA content in the copolymers.

The A-gradient-B copolymers show a similar decrease in cloud point as the diblock

copolymers, on increasing DMAEMA content, indicating similarity between their

micelle structure and therefore thermoresponsive behaviour. In Figure 4.13, the cloud

points are plotted against the polymer architecture, here it is clear to see that the

A-gradient-B-gradient-A has a significantly lower cloud point than the ABA triblock

copolymer, indicating that the micelle structures are dissimilar.

An initial study was conducted on diblock copolymers to determine the most

appropriate compositions to be studied for the production of thermoresponsive

hydrogels with a gradient architecture. High concentrations of block copolymers,

typically exceeding 15 wt%, are required for the formation of thermoresponsive

physical gels. Although the diblock copolymers (P1 and P6) were soluble up to 25 wt%

in water unfortunately, the gradient architecture significantly reduced solubility. This

solubility difference can be explained upon consideration of the better-defined micelles
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formed by the block structure, thus enhancing stabilisation in aqueous solutions.

Ethanol was used as a co-solvent at various proportions (5-50 wt% ethanol in water)

to remediate the solubility problems but it was found that the ethanol prevented the

formation of hydrogels.

Cloudy solutions were observed when the temperature was increased which

indicates micellar aggregation induced by the hydrophobic effect. Solutions with

higher ethanol content were shown to have higher solubility and solutions containing

more than 30 % ethanol did not show thermoresponsive behaviour. In solutions

containing 10 and 20 wt% ethanol, cloud points determined for the A-gradient-B

copolymers were lower than the diblock copolymer. For example, solutions of P1 A-b-

B and P2 A-gradient-B were prepared at 1 wt% in 10 wt% ethanol and the cloud points

were (48 °C and 31 °C). It is assumed that diffuse micelle structure formed by gradient

copolymers results in an a stronger hydrophobic effect. Aqueous solubility of these

systems could be improved by increasing the hydrophilic component (DMAEMA),

however as the composition of these systems is already up to 73 wt% DMAEMA it

would be more appropriate to include a block of a hydrophilic monomer which is not

thermoresponsive, such as PEGMA.

4.3 Conclusion

It has been shown that gradient copolymers can be produced with GTP using a

step-wise addition method. Modifications to the method demonstrated in section

3.2 has shown GTP is capable of producing well-defined gradient copolymers with

close agreement to the desired theoretical architectures. Two A-gradient-B and one A-

gradient-B-gradient-A copolymers have been synthesised with complementary diblock,

triblock, tetrablock and statistical copolymers. 1H NMR and GPC results show that

systematic studies of gradient copolymers are possible with GTP.

It was found that gradient copolymers have larger micelles than block

copolymers of comparable molecular mass, as previously shown in the literature.
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A diffuse core-corona interface was inferred for the higher pKa values for gradient

copolymers. Unfortunately, these copolymers were not sufficiently soluble to produce

thermoresponsive hydrogels and precipitation was observed instead of gelation.

Generally, gradient architecture decreased the cloud point temperature compared to

the block copolymers of similar structure.

All copolymers synthesised in this chapter have a low final Ð - values vary

from 1.12 to 1.30. The final composition can be accurately predetermined and

NMR analysis showed consistent agreement between experimental and theoretical

composition values. Some deactivation, caused by traces of humidity, resulted in the

Mn values exceeding the Mth, but this was minimised by incorporating lessons learned

from chapter 3. This step-wise approach for the synthesis of gradient copolymers could

be further expanded to investigate many unanswered questions regarding the effect of

monomer sequence on macroscopic properties. Whilst other methods are limited by kp

ratios between monomers or monomer solubility issues, GTP step-wise polymerisation

can produce almost any methacrylate-based gradient copolymer desired.
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Chapter 5

Thermoresponsive gradient copolymers

5.1 Introduction

Gradient copolymers have a progressive change in monomer composition along the

polymer chain.1 This architectural change results in changes to macroscopic properties,

but generally gradient copolymer properties are similar to those of block copolymers of

similar composition. However, the gradient architecture results in markedly changed

solubility, and rheological properties in solution and micelles are larger with more

diffuse core-corona transitions.2 With this in mind, gradient copolymer architectures

may be suitable for tuning the thermoresponsive and rheological properties in

thermoresponsive hydrogels.

Hydrogels have been extensively researched in recent years for drug delivery,

scaffolds for tissue engineering and sensors.3–7 In drug delivery applications,

hydrogels can produce stable carrier systems which can overcome poor solubility

of hydrophobic drugs, reducing the need for repeated doses by extending the

duration of the drug through a slow drug release profile.6,8 The incorporation of

thermoresponsive polymers increases the processability of these drug delivery systems

as the thermoresponsive behaviour of such copolymers results in the formation of

physical hydrogels.

Copolymers can be designed to have a lower critical solution temperature

(LCST). Above the LCST, thermoresponsive polymers can produce physical gels

through entanglements which trap water in the gel network. This property allows

the incorporation of hydrophobic (and even hydrophilic) drugs in a hydrogel.
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The hydrophobic core of the self-assembled micelles and entanglements with

the hydrophilic corona provides a site for encapsulation of the hydrophobic

pharmaceutical actives, whilst hydrophilic pharmaceutical actives can be entrained

in the water trapped in the gel network. If the thermoresponse is well-tuned, the

solution can be prepared at room temperature and gels will form as the temperature is

increased, for example to body temperature. Drug delivery systems which gel at body

temperature are termed injectable gels and their easy preparation and processability

makes them very suitable for drug delivery.8

In solution, gradient copolymers self-assemble into micelles and compared

with block copolymers, these micelles have a larger size and undergo a ‘reel-in’

phenomenon whereby solvophilic comonomers are pulled in from the corona of the

micelle to the micelle core as the temperature of the solution is increased. This is caused

by weaker hydrophobic interactions due to the diffuse structure of gradient micelles.2

This reel-in effect could prove promising for thermoresponsive gels by providing

another mechanism for modifying their drug-release profile, thermoresponsive

behaviour and rheological properties. Entanglements combined with the reel-in effect

require further investigation, however many commercial applications have been found

for gradient copolymers, ranging from viscosity modifiers,9–13 cosmetics,14,15 and

adhesives.16

Controlled and living polymerisation methods can be used to prepare gradient

copolymers with control over the on-set and the rate of compositional change. These

approaches have been explored to some extent in controlled radical polymerisation

methods.17–26 However, there are no examples in the literature of gradient copolymers

prepared using GTP. Furthermore, to the best of our knowledge, there are no gradient

copolymers produced via a stepwise protocol with any anionic polymerisation

method.

This chapter details the synthesis of a gradient copolymer with dual

thermoresponse using GTP. Four complementary copolymers of similar molar mass
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Figure 5.1: The names and chemical structures for the monomers and initiator used in
this synthesis of copolymers in this chapter. DEGMA is a hydrophilic monomer which is
hydrophobic at high temperatures and DMAEMA is a hydrophilic tertiary amine containing
monomer.

and composition were also synthesised, and samples collected during the synthesis

were characterised with GPC and NMR. The effective pKa, cloud point temperature

and hydrodynamic diameter in solution were determined for each polymer. Phase

diagrams investigating the thermoresponsive behaviour for each polymer were

also constructed. Each synthesis was conducted in one-pot using sequential

polymerisation. Regarding the synthesis of the gradient copolymer, the sequential

polymerisation method detailed in the previous chapter was modified to enable

varying compositions of monomers to be added to the polymerisation flask.

The polymers in this chapter were synthesised from two monomers:

di(ethylene glycol) methyl ether methacrylate (DEGMA) and 2-(dimethylamino)ethyl

methacrylate (DMAEMA). See Figure 5.1 for the chemical structures of these

monomers and the initiator used. These monomers were chosen because of their

different thermoresponsive properties in order to produce copolymers with dual

thermoresponsive behaviour.

DMAEMA and DEGMA are both stimuli responsive monomers and their

hydrophilicity is dependent on the pH and temperature. DMAEMA is a tertiary

amino-containing monomer which is pH-responsive and thermoresponsive. The cloud

point temperature is determined with dilute homopolymer solutions and is a good

indicator for the thermoresponsive behaviour of resulting block copolymers. The cloud
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point is dependent on molecular weight and dispersity of the homopolymers tested.

For DEGMA homopolymers, the cloud point has been determined as 25 °C and for

DMAEMA homopolymers, the cloud point has been determined as 40 to 46 °C.27,28

In diblock copolymers, these two monomers have been investigated for applications

including virus encasulating nanoparticles,29 complex coacervates,30 multilamellar

vesicles27 and drug/RNA delivery particles.31,32

During the sequential polymerisation, each monomer addition was followed by

a polymerisation time of 15 minutes, resulting in >99 % monomer conversion. This

short duration means that gradient copolymers can be prepared quickly. The syntheses

were conducted at >20 g and GTP has been previously demonstrated at industrial

scale for the preparation of block copolymers and GTP is capable of polymerising

many monomers without the need for modification of conditions or optimisation of

reagents, providing a platform for the rapid preparation of gradient copolymers. The

stepwise protocol for the preparation of gradient copolymers can be easily modified to

control the on-set and rate of monomer composition change along the polymer chain.

This control provides significant advantages over spontaneous protocols where the

gradient is determined by the reactivity ratios of the monomers chosen which results

in limited flexibility in the produced gradient architecture.

Polymers were synthesised according to the detailed method provided in section

2.3. The method can be briefly summarised as follows: the monomers were distilled

from calcium hydride, stored in Schlenk tubes with a side arm and purged with

argon. The polymerisation catalyst (tetrabutyl ammonium bibenzoate), the solvent

(tetrahydrofuran) and the initiator (MTS) were added into an oven-dried flask

containing argon. Subsequently, the first monomer was syringed dropwise into the

flask. After the reaction exotherm attenuated, samples for GPC and NMR spectroscopy

were taken and terminated with methanol. Sequential additions of monomers were

executed in a similar manner. For the gradient copolymer, monomers were pre-mixed

in oven-dried flasks containing argon before the monomer mixture was transferred

into the polymerisation flask. GPC samples were analysed to determine the molecular
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mass and dispersity of the polymer after each addition, then NMR samples confirmed

the composition and conversion. The final concentration of the polymer in solution

was 25 wt% for all polymerisations.

5.2 Results and Discussion

5.2.1 Polymer Synthesis

The method for the gradient copolymer synthesis follows a stepwise method through

sequential polymerisation. The synthetic protocol is described in detail in section

2.3.4. The compositions were calculated by 1H NMR integrations, see Figure 5.2 for

an example NMR spectrum with assigned peaks. The integration value for the peak

at 4.1 ppm (s, 2H) for ester protons was treated as the total methacrylate units in the

polymer. This value was used as a ratio against the peak at 2.1 ppm (s, 6H) for tertiary

amine protons for DMAEMA in order to determine the composition of the copolymers.

The data collected during synthesis for all the polymers and their precursors is shown

in Table 5.1. From this table, it is clear that the composition is readily and accurately

controlled for the synthesis of both gradient and block copolymers with GTP.

Table 5.1 also lists the experimentally determined Mn, as determined by GPC, and

theoretically calculated Mth for all polymers and their precursors. These values show

consistent agreement between the Mn and the Mth for all polymers, where the final

Mn values for all copolymers are between 9,100 and 11,400 g mol−1. The Mth of the

polymer was calculated as the sum of the monomer masses plus an additional 100

g mol−1 (part of the MTS initiator which remains on the polymer chain).
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Figure 5.2: NMR spectrum of the final product for P6 EtMA19-b-DMAEMA37 copolymer with
assigned peaks. The structure is shown in the top left corner. Trace impurities of CHCl3 in the
deuterated solvent can be seen at 7.2 ppm.
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Table 5.1: Table of results for the synthesis of P1 to P5. a Mth is the theoretical molecular weight. b Mn is the molecular weight as determined by
GPC. c Ð was determined by GPC. The theoretical composition is also provided, accompanied by the composition as determined by 1H NMR.

Polymer Theoretical Structure
Mth

a

/g mol−1
Mn

b

/g mol−1
Ðc wt/wt% DEGMA-DMAEMA

Theoretical 1H NMR

P1 DMAEMA4 666 1100 1.16 0-100 0-100
DMAEMA12-gradient-DEGMA0 2000 2600 1.12 2-98 3-97
DMAEMA20-gradient-DEGMA1 3333 4400 1.12 4-96 6-94
DMAEMA27-gradient-DEGMA2 4667 6200 1.11 8-92 8-92
DMAEMA37-gradient-DEGMA4 6000 8000 1.11 12-88 12-88
DMAEMA37-gradient-DEGMA8 7333 9300 1.09 20-80 20-80
DMAEMA37-gradient-DEGMA11 8000 9800 1.10 27-73 26-74

P2 DEGMA6 1080 1800 1.18 100-0 100-0
DEGMA6-b-DMAEMA37 6920 9700 1.06 16-84 15-85
DEGMA6-b-DMAEMA53-b-DEGMA5 8000 11400 1.07 27-73 26-74

P3 DMAEMA19 2920 3400 1.13 0-100 0-100
DMAEMA19-b-DEGMA14 5080 6200 1.11 43-57 42-58
DMAEMA19-b-DEGMA11-b-DMAEMA19 8000 9600 1.13 27-73 26-74

P4 DEGMA11 2160 2900 1.19 100-0 100-0
DEGMA11-b-DMAEMA38 8000 8900 1.20 27-73 26-74

P5 DEGMA11-co-DMAEMA38 8000 9100 1.23 27-73 26-74
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Figure 5.3, in combination with Figure 5.4, shows the deviation of the Mn from

the Mth for the synthesis of the gradient copolymer P1. This deviation is attributed to

the accumulation of deactivated chains in the reaction flask. Anionic polymerisation

methods, such as GTP, are highly susceptible to deactivation by traces of moisture

and this has been reported previously for many syntheses of block copolymers with

GTP.33–40

Figure 5.3: P1 DMAEMA37-gradient-DEGMA11 block number, dispersity and Mn. This plot
shows the comparison between Mn and Mth as the polymerisation progresses. The Mn increases
more than the Mth due to deactivation.

Despite the deactivation, the final Mn for all copolymers remains close to the target

molar mass. Additionally, the Ð for the gradient copolymer remained below 1.16 for

all additions and the final Ð was 1.10, indicating the controlled synthesis of a well-

defined copolymer. Considering the complexity of the synthesis, whereby monomers

are pre-mixed in separate flasks before addition to the polymerisation flask, a final Ð

of 1.10 is an impressive testament to the control afforded by GTP. In figure 5.3, it is also

clear that the Ð decreases as the Mn of the copolymer increases and this has previously

been identified as a feature of GTP synthesis.33–40
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Figure 5.4: A normalised GPC overlay for P1 DMAEMA37-gradient-DEGMA11 copolymer.
Each elugram represents one block in the pentadecablock copolymer. The peaks remain narrow
as the polymerisation progresses, indicating a low dispersity polymer, where all polymer
chains are of similar molar mass.
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A normalised GPC overlay for all samples acquired during the preparation of

P1 DMAEMA37-gradient-DEGMA11 in Figure 5.4 shows an alternative representation

of the data in Figure 5.3. In this figure, each elugram represents a different sample

which was taken after each addition. The peaks remain narrow throughout the

polymerisation indicating low Ð values. The deactivation, which resulted in Mn

values higher than the Mth values, can be noted in the ‘tailing’ of the final additions.

Additionally, the first elugram shows a slight bump at low molar masses and this is

caused by the co-elution of all polymer chains below 500 g mol−1. The co-elution of

these polymers is caused by the molar mass cut-off for the column used on the GPC.

Figure 5.5: NMR spectra overlay of the all the samples taken during the preparation of P1
DMAEMA37-gradient-DEGMA11.

The conversion was also confirmed by NMR and all polymers and precursors

had conversion >99%. Peaks for methacrylate monomers at 5.4 and 5.9 ppm can be

integrated, where present, to confirm the conversion. Figure 5.5 shows the stacked

overlay for all samples taken during the polymerisation of P1 DMAEMA37-gradient-

DEGMA11 copolymer. Methacrylate monomer peaks are not present above 1 wt%
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samples, confirming quantitative conversion.

5.2.2 Polymer Characterisation

The five copolymers synthesised were also characterised in aqueous solution. Phase

diagrams were constructed for all five copolymers with solutions of concentrations

ranging from 1 wt% to 20 wt%. Dilute solutions (1 wt%) were also analysed by DLS to

determine the size of any micelles present and the effective pKa was also determined

by titration. These results are summarised in Table 5.2.

Dynamic light scattering (DLS) was used to determine the size of self-assembled

micelles in aqueous solutions. DLS measurements were made for solutions at 1 wt%

for the five polymers in this chapter and the results can be found in Table 5.2. Unimers

(free polymer chains in solution), micelles and aggregated micelles are detected by

this approach. Theoretical micelle hydrodynamic diameters (Dh) were calculated after

assuming the structure of the polymers in solution.

The maximum extension in solution for methacrylate monomers has been

previously determined as 0.254 nm. BAB Triblock copolymer P2 is assumed to

form flower-like micelles with the DEGMA blocks as the core of the micelle and the

DMAEMA block looping in the corona, therefore the formula used is Dh = (DPDMAEMA

+ ½ x DPDEGMA) x 0.254 nm. ABA Triblock copolymer P3 is assumed to form the

traditional core-shell micelles with the DEGMA group spanning the core of the micelle

and therefore the formula used is Dh = (DPDMAEMA + DPDEGMA) x 0.254 nm. For the

diblock copolymer P4, the DEGMA block is assumed to overlap and formation of core-

shell micelles is expected, and therefore the formula used is Dh = (2 x DPDMAEMA +

DPDEGMA) x 0.254 nm. The gradient copolymer was predicted to produce a similar

micelle structure as the diblock P4 and the same calculation was used to predict

the theoretical hydrodynamic diameter. The theoretical diameter for the statistical

copolymer P5 is based on the random coil configuration and therefore the formula

used is Dh = 2 x (2 x 2.2 x DP)½ x 0.254 nm.
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Table 5.2: Hydrodynamic diameter as determined by DLS, cloud point and effective pKa for P1 to P5 (1wt% solutions in water). Experimental
hydrodynamic diameter was determined by intensity.

Name Theoretical Structure Hydrodynamic diameter /nm Effective pKa

± 0.1

Cloud point

± 1 °CTheoretical Experimental

P1 DMAEMA37-gradient-DEGMA11 21.59 25 7.3 50

P2 DEGMA6-b-DMAEMA53-b-DEGMA5 14.86 9 7.3 45

P3 DMAEMA19-b-DEGMA11-b-DMAEMA19 11.05 18 7.2 45

P4 DEGMA11-b-DMAEMA38 22.1 20 7.2 56

P5 DEGMA11-co-DMAEMA38 2.64 8 7.5 39
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Experimentally determined values for the Dh are shown in Table 5.2. The diameter

of micelles is determined as the diameter with the highest peak intensity. The diblock

micelle size is accurately represented by the model used and values are in close

agreement. Micelles detected for the BAB triblock copolymer P2 are also in close

agreement with the theoretical calculation, however the detected micelle size for ABA

triblock P3 is significantly larger than the theoretical diameter. This indicates that

micelles for P3 do not match with the predicted micelle structure or indicate that there

is partial aggregation of smaller micelles in the solution. The gradient copolymer

P1 has a micelle size which is slightly larger than the predicted value and indeed

larger than the diblock copolymer P4. This observation is in agreement with the

literature as gradient copolymers are known to produce larger micelles in solution,

than comparable diblock copolymers.41

The pKa values in Table 5.2 were determined by hydrogen ion titrations.

Dilute aqueous solutions (1 wt%) were prepared for all five polymers and the pH

was decreased with 1 M hydrochloric acid until the solutions had a stable pH of

approximately 2. These solutions were then neutralised with dilute sodium hydroxide

solution (0.26 M). In this titration, excess acid is neutralised resulting in an increase

in measured pH. At this point, the DMAEMA monomer units remain protonated

and subsequent additions of base deprotonate these units and the pH of the solution

remains roughly the same until all DMAEMA units are deprotonated. At this point,

subsequent additions result in a rapid increase in measured pH.

The pKa is determined as the pH at which 50% of the DMAEMA units

are protonated. The effective pKa of all copolymers remains similar due to the

similarity in composition and molar mass. The polymers behave as weak polyacids

when protonated and the addition of base must be carried out slowly for accurate

determination of the pKa. The pKa value is therefore dependent on the quantity

of DMAEMA units in each polymer and their readiness to be deprotonated. All

copolymers have a similar pKa values. DMAEMA homopolymers have a pKa of 7.3.
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The cloud point was determined with dilute solutions (1 wt% in water). Once

the polymers were dissolved, these solutions were heated at a rate of 0.2 °C min−1

and the appearance of the solution was determined visually. The cloud point was

determined as the temperature at which the solution became turbid, indicating a

change in solubility of the polymers and/or aggregation of micelles in solution. As

the solutions are heated, DMAEMA units in the corona become more hydrophobic and

collapse into the core of the micelle and as these micelles collapse and aggregate they

produce a turbid solution. The results of these tests are reported in Table 5.2. A higher

cloud point temperature indicates more stable micelles in solution and this holds true

as the diblock copolymer has the highest cloud point temperature. The extension of

DMAEMA chains in the corona provides stabilisation to the micelle and the distinct

transition between the DEGMA section and the DMAEMA section delays the micelle

collapse until higher temperatures are reached. The gradient copolymer has a cloud

point temperature which is lower than the diblock copolymer indicating that micelles

formed are less stable than those formed in the diblock copolymer solutions. This can

be attributed to the progressive transition from DEGMA-rich sections to DMAEMA-

rich sections.

The cloud point temperature of the triblocks (P2 and P3) is identical and lower

than the gradient and diblock copolymers. The ABA architecture of P3, should result

in more micelles with a DEGMA core, resulting in a higher cloud point temperature

than P2 BAB triblock. However DLS determined the micelle size for P2 (9.2 nm) to

be significantly smaller than P3 (18.4 nm). The small micelle size for BAB triblock

P2 prevents observable aggregation until higher temperatures as there are fewer

entanglements in the solution. The statistical copolymer had the lowest cloud point

temperature due to the lack of segregation of the monomers, preventing micelle

formation, and the polymer is assumed to take a random coil configuration in solution.
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5.2.3 Thermoresponsive Behaviour in Aqueous Solutions

Phase diagrams were constructed for all five copolymers in this chapter. Solutions

were prepared at concentrations ranging from 1 wt% to 20 wt% in deionised water.

Once completely dissolved, these solutions were heated to 60 °C and inspected visually

to determine their thermoresponse. The phase diagrams for P1 to P5 are shown in

Figures 5.6, 5.7, 5.8, 5.11 and 5.10. The legend provided in these figures provides

a quick reference for the observations made at each temperature. A clear triangle

represents a clear polymer solution. The half filled triangles represent the observation

of a partially cloudy solution which at concentrations above 5 wt% typically included

an increase in viscosity. The filled triangle represents a cloudy solution which was

opaque when held up to a black reference card. The filled square represents the

observation of an unstable cloudy gel. An unstable gel is one which flows when the

vial is inverted. A dash represents precipitation (or gel syneresis) of the polymer in

solution, where white flecks of polymer can be observed suspended in the solution,

which given time would sediment out of the solution.

Figure 5.6: Phase diagram for P1 AB gradient copolymer (DMAEMA37-gradient-DEGMA11).
The gradient architecture forms stable micelles which have thermoresponsive behaviour
similar to similar diblock copolymers. Guide lines are provided to direct the readers eye.

As discussed previously, when the temperature of LCST copolymer solutions

increases, the thermoresponsive units (predominantly DMAEMA) in the micelle
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Figure 5.7: Phase diagram for P2 BAB triblock copolymer (DEGMA6-b-DMAEMA53-b-
DEGMA5). An opaque cloudy solution for P2 was not observed at any temperature as the
small micelle size prevents aggregation. Guide lines are provided to direct the readers eye.

corona become more hydrophobic and collapse into the micelle core. If the

concentration of the solution is high enough, such that there are a significant number

of entanglements between the micelle corona polymer chains, then this contraction

results in the formation of a hydrogel. If the number of entanglements is insufficient

for the formation of a hydrogel then an unstable gel is produced. As the temperature

is increased further, these gels may remain stable or the polymer will precipitate from

solution, as is the case with all solutions tested in this chapter. At low temperatures,

aggregation of micelles can result in cloudy or opaque solutions.

The phase diagrams presented in this section demonstrate the effect of

architecture on the thermoresponsive behaviour for DEGMA-DMAEMA copolymers.

From a quick glance, it would appear that these phase diagrams show similar

thermoresponsive behaviour across all polymers studied, but closer inspection shows

some clear trends. Comparing the phase diagram with P1 (gradient copolymer)

with the phase diagram for P4 (diblock copolymer), it can be noted that cloudy

solutions were observed at lower temperatures for P1, the gradient copolymer.

The diffuse transition from DMAEMA-rich regions to DEGMA-rich regions results

in a thermoresponse at lower temperatures which indicates less stable micelles,
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Figure 5.8: Phase diagram for P3 ABA triblock copolymer (DMAEMA19-b-DEGMA11-b-
DMAEMA19). The large micelle size, coupled with the DEGMA core micelle structure led
to the formation of unstable gels for P3 at higher concentrations. Guide lines are provided to
direct the readers eye.

in agreement with the pKa measurements. The precipitation temperature at all

concentrations is almost identical for P1 and P4 due to the similar molar mass and

composition. Unlike P1 and P4, P2 (BAB triblock) and P3 (ABA triblock) did not

produce opaque cloudy solutions at 1 and 2 wt%. P2 BAB had the smallest micelle

size as determined by DLS which may have prevented large aggregation of micelles

as the temperature of the solution increased. P3 was the only polymer out of the

five studied to exhibit gelation. High concentration solutions of ABA triblock P3 (15

and 20 wt%) produced an unstable cloudy gel between 50 and 57 °C. This is likely

due to the large micelles which were determined by DLS for P3, allowing for enough

entanglements to produce a hydrogel. The statistical polymer P5 solutions became

cloudy at approximately 30 °C at all concentrations. P5 solutions at 5, 10, 15 and 20

wt% all precipitated between 39 and 41 °C. The random coil configuration, induced by

the random distribution of monomers, does not produce micelles and the hydrophobic

effect causes statistical copolymers to precipitate at lower temperatures. The behaviour

of the statistical copolymer solutions is in agreement with our previous studies, in

which the statistical architecture is unable to form a gel and in the occasions where
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Figure 5.9: Phase diagram for P4 AB diblock (DEGMA11-b-DMAEMA38). Cloudy opaque
solutions were observed at high temperatures for 1 and 2 wt% solutions due to the aggregation
of stable micelles, which are a product of the distinct transition between monomer blocks.
Guide lines are provided to direct the readers eye.

gels are formed, they are significantly less stable than the ones formed by the block

copolymer architecture.33–40,42,43

Dual thermoresponsive behaviour was not clearly demonstrated with these

polymers and this is likely to be because the sequence of DEGMA is too small. Work in

our research group has shown that lower molar mass DEGMA homopolymers have a

higher cloud point temperatures. The cloud point temperatures for the small DEGMA

regions and the DMAEMA regions may have been to silimar to detect the difference

with the methods employed. The polymers were too hydrophilic for the formation

of stable gels and the incorporation of a hydrophobic monomer could increase the

stability of micelles. The unstable gel detected for ABA triblock copolymer P3 can

be attributed to a small transition in hydrophobicity across the micelle core-corona

interface. The lack of permanently significantly hydrophobic core could prevent the

formation of hydrogels at the molar mass studied. Higher molar mass polymers would

form larger micelles and allow for a higher number of entanglements between micelles

in DEGMA-DMAEMA copolymers.
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Figure 5.10: Phase diagram for P5 statistical copolymer (DEGMA11-co-DMAEMA38). The
random coil configuration in statistical copolymers prevents self assembled structures,
exacerbating the hydrophobic effect and inducing precipitation at lower temperatures than for
block copolymers. Guide lines are provided to direct the readers eye.

Figure 5.11: DLS histogram for BAB triblock copolymer P2 (DEGMA6-b-DMAEMA53-b-
DEGMA5).
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5.3 Conclusion

A gradient copolymer was synthesised using GTP. To the best of our knowledge, this is

the first time that an anionic polymerisation method has been used with the stepwise

protocol for the preparation of gradient copolymers. The gradient copolymer P1 had a

final molar mass of 9,800 g mol−1 and Ð of 1.10. The polymerisation of 7 monomer

additions for the gradient copolymer was completed in less than two hours, with

quantitative conversions. The low dispersity here is testament to the efficiency of GTP

for the preparation of not only multiblock copolymers, but also gradient copolymers.

Several block copolymers of various architectures and a statistical copolymer were

also prepared for systematic studies to investigate the effect of architecture (monomer

sequence) on macroscopic properties, i.e. thermoresponsive properties with a focus on

gelation. Interestingly, ABA triblock copolymer P3 produced an unstable cloudy gel at

high concentrations, while the other architectures, including the gradient copolymer,

responded to the temperature change by presenting a cloud point, followed by phase

separation. In short, it is likely that as the hydrophilic/hydrophobic balance of

the DEGMA and DMAEMA units prevented gelation. Introducing a hydrophobic-

rich region (or block), i.e. a permanently hydrophobic monomer such as an alkyl

methacrylate would benefit gelation. Despite this, these first results demonstrate

that A-gradient-B copolymers and similar gradient copolymer architectures could be

utilised in the design of thermoresponsive gels, as the phase diagrams indicate a lower

thermoresponse temperature for gradient copolymers, compared to the extensively

studied block copolymers. Additionally, the reel-in effect which has been previously

described in gradient copolymer literature could prove a promising way to modify the

drug-release profiles of such gels.
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Chapter 6

Conclusions and Future Work

The aim of this PhD was to expand the scope of GTP and demonstrate its potential

for the synthesis of copolymers with complex architectures. Target structures were

identified from the literature to highlight the key advantages of GTP which afforded

industrial scale success in recent decades. Gradient and multiblock copolymers have

rarely been investigated with GTP and the examples of multiblock copolymers in

the literature were conducted in small scales (< 2g). The successful preparation of

multiblock and gradient copolymers through a sequential polymerisation method,

brings a GTP up to date with advances in RDRP methods.

A multiblock copolymer of 24 blocks was prepared from two distinct methacrylate

monomers. To the best of our knowledge, this heneicosablock bipolymer represents

a multiblock copolymer with the most blocks for both controlled radical and

anionic polymerisation methods. Pentadecablock (15-block) quintopolymers were

also synthesised, using monomers with various functional groups, highlighting the

broad tolerance for functional groups with GTP. Polymerisations were conducted on

> 20 g scale, demonstrating superb potential for scalable synthesis of multiblock

copolymers with GTP. Fast polymerisation rates and quantitative conversion in less

than 15 minutes per monomer addition. GTP organocatalysts are efficient with a low

wt% with respect to polymer and the catalyst chosen for these syntheses (TBABB)

is non-toxic and can be removed through precipitation, if required. Hydrophilic,

hydrophobic, pH responsive and thermoresponsive monomers can be polymerised

under the same conditions without requirement for optimisation.

Gradient copolymers with A-gradient-B and A-gradient-B-gradient-A architectures
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have been demonstrated with GTP using a stepwise polymerisation protocol. To

the best of our knowledge, this represents the first time that GTP has been utilised

to prepare gradient copolymers with a stepwise protocol. As GTP is a living

polymerisation method, comparable block copolymers and statistical copolymers

(with similar Mn and composition) were prepared and together with the gradient

copolymers, the thermoresponsive behaviour of gradient copolymers was investigated

with systematic studies. The diffuse core-corona transition, which has previously

been identified in the literature, resulted in larger micelles for the gradient

copolymers. The progressive change in monomer composition resulted in lower cloud

point temperatures for gradient copolymers when compared to comparable block

copolymers.

All copolymers produced in this thesis had low polydispersity values (Ð < 1.3)

despite the complex architectures produced. GPC analysis showed that the Mn closely

matched the Mth and polymer compositions were confirmed by NMR. Due to high

conversion rates and fast polymerisation rates, all polymers were prepared with a

polymerisation time of less than 6 hours. The number of commercially available

methacrylate monomers and the tolerance for many functional groups indicate that

GTP can readily prepare copolymers with complex architectures suitable for many

applications. Additionally, as GTP does not need heating/cooling and the relatively

high concentrations, when compared to the conventional/traditional living anionic

polymerisation, could make GTP multiblock copolymer products economically viable.

A wide range of methacrylate monomers were demonstrated to polymerise efficiently

with low Ð opening the door to a large range of potential multiblock copolymer

architectures. GTP is a versatile technique for the manufacture of multiblock and

gradient copolymers, exemplified in this thesis by the tailorable block number,

composition, block sequence and aphiphilic balance.

The gradient copolymers synthesised were intended to be suitable for applications

in drug delivery, such as thermoresponsive hydrogels, however it’s clear that further

research is required to identify suitable compositions in order to facilitate gelation. It is
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clear from the literature that multiblock and gradient copolymers have vast potential as

high-value products and/or additives in formulations for many technical applications.

The synthetic approach detailed in this thesis provides a framework for further

investigation into market applications for copolymers with complex architectures.

Regarding future work, it is feasible that GTP could be conducted with

(microfluidic) flow reactors with an immiscible carrier fluid. This flow reactor may

require polymerisations to be conducted in a glove box with controlled atmosphere,

but it would expediate multiblock copolymer synthesis for small batch production and

mitigate deactivation through traces of moisture. A simpler approach could achieve

the same outcome of automating the synthesis, for example using programmable

peristaltic pumps for monomer additions and sampling loops to anhydrously collect

samples. Clearly, ensuring that all connections are air-tight and purging the system

for trace moisture requires consideration before conducting these experiments. A well-

designed automated reactor system would remove the labour intensive polymerisation

procedure and decrease the amount of training required for the preparation of

multiblocks with GTP, enabling the researcher to focus their attention on target

applications. An example could be additives to modify aggregation behaviour of

conjugated polymers for electronic devices.

Another line of investigation could extend the research presented here

for gradient copolymers targetting biomedical applications, specifically for their

incorporation in thermoresponsive hydrogels. Once a suitable composition has been

identified, the gradient architecture detailed in this thesis could be expanded upon

to produce asymmetrical copolymers, such as A-gradient-B-gradient-C copolymers.

Previous research in our group has studied the effect of architecture in terms of

block sequence and statistical (mixed monomer) sequences, the integration of gradient

sequences into these copolymers could prove to be another facet to control the gelation

and rheological behaviour of thermoresponsive hydrogels.
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