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Abstract

Abstract

This Thesis describes the polymerization of methyl methacrylate (MMA) in the presence or
absence of 1,1-diphenylethylene (DPE) in surfactant-free emulsion polymerization (SFEP),
with subsequent polymerizations of either styrene (St) or benzyl methacrylate (BzMA) in the
presence of the latex formed. The effect of varying amphiphilicity of several RAFT agents in
reversible addition-fragmentation chain-transfer (RAFT) SFEP was also investigated.

Firstly, the precursor polymer is synthesised by SFEP of methyl methacrylate in the presence
of varying concentrations of DPE. The molecular weight and (dispersity) B of the resulting
PMMA can be reduced by increasing the DPE concentration in the polymerization, with
varying initiator concentration having little effect. Increasing the DPE content also reduced
the rate of polymerization. Mass spectroscopy (MS) indicated the presence of only 1 DPE unit
per polymer chain, contrary to other emulsion polymerization studies, with diffusion-ordered
nuclear magnetic resonance (DOSY NMR) spectroscopy showing the presence of free DPE
and DPE bound to the polymer chains. Utilizing DPE in SFEP yielded a bimodal particle
distribution as judged by transmission electron microscopy (TEM), with a secondary particle

distribution forming over the first hour of the polymerization.

Secondly, St and BzMA are polymerized in the presence of PMMA latex synthesised in the
presence or absence of DPE. The rate of polymerization of each of these two monomers is
increased by the presence of DPE in the precursor, indicating that the precursor is a source of
radicals by either thermal cleavage of the polymer chains or the uncapping of the polymer by
DPE. Only very low BzMA conversion is achieved when the precursor did not contain DPE.
Polymerizations of St contained a considerable amount of precursor after the attempted
extension, whereas the polymerization of BzZMA contained very little precursor, as judged by
SEC. PSDs analysed by TEM show an increase in particle diameter, broadening of the size
distribution, and the formation of a secondary particle size distribution during the

polymerization of St or BzZMA.

Finally, the polymerization of methyl methacrylate is conducted in the presence of several
RAFT agents. Solution polymerizations confirmed that these RAFT agents enabled good
control over the molecular weight and B, but their success in SFEP depended on the
amphiphilicity of the RAFT agent. For two RAFT agents, this could be altered by changing
the pH, with the anionic or cationic derivatives giving considerably better control. Size
exclusion chromatography (SEC), incorporating a UV detector at A = 260 nm, showed the
presence of the amphiphilic RAFT agents throughout the MWD and the absence of RAFT

end-groups when using hydrophobic RAFT agents. However, control over molecular weight
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and B is achieved at the cost of reduced control over the particle size distribution (PSD) of the

latex.

Overall, the information given in this Thesis brings us closer to the controlled SFEP synthesis
of diblock copolymers. With the DPE method being used to form diblock copolymers of
PMMA-b-PBzMA, despite the hydrophobicity of DPE. While the success of the use of RAFT
agents to form precursor polymers for later extension is dependent on the amphiphilicity of
the RAFT agent. These methods can be used in the SFEP synthesis of diblock copolymers for
coatings where the use of diblock copolymers helps to prevent polymer phase separation and

the presence of a surfactant can have negative effects on the quality of the final product.
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Chapter 1: Introduction

1.1. Polymer Science

Polymers are made up of single repeat units known as monomers. Naturally occurring (DNA,
proteins and rubber) and synthetic polymers are everywhere around us in coatings, packaging,
currency, medical delivery systems and many more. These cover many areas due to the wide
array of possible monomers and the ability of polymers to have linear, branched, cross-linked
and several other architectures allowing further alteration of their properties.

1.1.1. Step and chain growth polymerizations

Flory divided polymerizations into two categories; condensation or step-growth
polymerizations and addition or chain growth polymerizations.! Step-growth reactions usually
involve the loss of a small molecule during polymerization. One example of this is the
formation of polyesters. Chain growth polymerization requires the monomer to contain an

active species where polymerization occurs.

Step growth polymerization forms dimers and trimers which then react to give longer chain
lengths over time. This leads to slow evolution in molecular weight early in the reaction
followed by relatively rapid growth of the molecular weight later in the reaction. In contrast,
the molecular weight of polymers produced by chain growth increases rapidly at the start of
the reaction and then can often decrease at higher conversions due to the lack of monomer and
possibly other side reactions.

1.1.2. Molecular weight of polymers

Polymers do not have a specific molecular weight but instead are produced with a range of
chain lengths. Parameters are used to describe the molecular weight of a polymer such as M,

M, and dispersity (D). The equations defining each of these parameters are given below.

M
"= S (-
2
= xnM;” (1.2)
xnM;
p= My 1.3
=M (1.3)

Where n is the number of chains and M is the molar mass of these chains with i units.

The molecular weight of a polymer product can be a number-average (M.) or a weight-
averaged (Myw). D is used to describe the width of the molecular weight distribution. For a

monomer, M, would be equal to My, and therefore have a dispersity of 1. Typical B values for
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conventional free radical polymerizations range from 1.5 to 5.0 but can sometimes be greater
than 10. Controlled methods of polymerisation are used to reach a targeted M, and also reduce
D. These will be discussed later.

1.1.3. Mechanism of chain growth polymerization

Chain growth polymerizations will be the focus of this thesis. The mechanism of chain growth
polymerization in the case of free-radical polymerization can be seen in Figure 1.1.

Free radicals to initiate the polymerization are commonly formed by the thermal
decomposition of an azo- or peroxide initiator. This is an example of homolytic fission.
However, these radicals can also be formed via redox reactions, as well as UV and ionising
radiation. The rate constant for thermal decomposition (k) varies considerably depending on
the type of initiator and the reaction temperature.

The radicals formed by decomposition then attack the vinyl group of a monomer to give RM'.
This process is known as initiation. These radical centres then add more monomer units by

propagation. The rate constant of propagation (k,,) must be considerably higher than other rate

constants for the polymer to reach a significant molecular weight: k, typically ranges from 102

—10* M1 st depending on the type of vinyl monomer.?
(A) Decomposition
I — 2K’
(B) Initiation
R+ M L RM
(C) Propagation
RM, + M ——, RM(n41)
(D) Termination
RM,  + R'M,, LN RM sy R’
RM, + R™Mn — S, M+ R'M,,

Figure 1.1. The mechanism of free radical polymerisation: (A) decomposition of the initiator, (B) initiation of the
polymer chain, (C) propagation of the growing polymer chain and (D) termination by combination or

disproportionation.
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Termination of a radical can occur in a multitude of ways. The two most common can be seen
in Figure 1.1D. Combination occurs when two polymer chain ends possessing a radical couple
together to form a dead polymer chain. Disproportionation is the process of hydrogen atom
abstraction by one active chain end from another, yielding a saturated and unsaturated chain
end. Often one form of termination dominates over the other. Examples of this are styrene
terminating mainly by combination and methyl methacrylate largely terminating by

disproportionation.®

The rate of polymerization can be determined by the rate of the consumption of monomer.
Monomer is consumed only during the initiation and propagation steps of a free-radical
polymerization. However, such a small amount is consumed during initiation that this can be
ignored in the rate equation. This means that the rate of polymerization R, can be expressed
as:

—d[M]
dt
Where [M] is the concentration of monomer, k; is the rate constant of propagation and [RM,’]

~ Ry, = k,[RM,,1[M] (1.4)

is the concentration of polymer radicals. If we assume that the rate of initiation (R;) is equal to
the rate of termination (Ry) (the so-called steady-state approximation), then the concentration
of polymer radicals remains constant throughout the polymerization:

d[RM,,']
dt
Termination is composed of two main pathways, combination and disproportionation, as

=R, —R;=0 (1.5)

mentioned above. The amount of termination by either pathway varies considerably with the

monomer type but these rates can be expressed as:

Ricom = —kec[Po 1P ] (1.6)
Riais = —kealPu 1[Pr] (1.7)
The rate of termination (R:) can be expressed as the rate of loss of polymer radicals and

combined with equation (1.5):
R, = —% = 2k.[RM,"1?> = R; (1.8)
This equation can then be combined with equation (1.4):
1
R, = ky[M] (%)2 (1.9)
This expression can be refined by the replacement of Ri. As specified earlier, thermal initiators

decompose to produce a pair of radicals. This is the decomposition step and the rate of
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decomposition (Rq) is considerably slower than the rate of addition to monomer. This makes

the decomposition step rate-limiting, allowing the rate of initiation to be expressed as:

Where Ky is the decomposition rate constant and f is the initiator efficiency, which is defined
as the fraction of radicals that initiate polymer chains. This can then be substituted into

equation (1.9):

1
R, = Iy [M] <f k,jt[”)z (1.12)
From this equation, it is clear that the rate of propagation is first order with respect to monomer
concentration and varies with the square root of the initiator concentration. This means that
when the polymerization is nearing complete conversion that the polymer chains will be

considerably shorter and therefore dispersity (D) increases.

1.2.  Emulsion polymerization

Polymerizations can be carried out as bulk, solution or heterogeneous polymerizations.
Heterogenous polymerizations are particle-forming polymerizations where one or more
reagent or product is insoluble in the continuous phase. Examples include precipitation,
dispersion, suspension and emulsion polymerization. A common continuous phase for such
heterogeneous polymerizations is water as it is readily available, environmentally-friendly,

cheap, non-toxic and has a high heat capacity.

In precipitation polymerization all reagents are soluble in the reaction medium. However, the
polymer that is formed is insoluble and therefore precipitates during the reaction. Dispersion
polymerization is a form of precipitation polymerization. Dispersion polymerizations usually
contain a suitable stabilizer to ensure the particles remain dispersed in the reaction medium.
This means that further polymerization can occur within these particles. This results in

relatively narrow size distributions with mean particle diameters of 0.1-15 pm.*

Suspension polymerization occurs when the monomer is insoluble in the continuous phase of
a polymerization, but due to agitation and stabilizer (emulsifier) the monomer remains
dispersed as droplets. Initiators are monomer-soluble and therefore the locus of the
polymerization is inside the monomer droplets. The particles are usually considerably larger

than dispersion methods, e.g. up to 2 mm diameter.*

Emulsion polymerizations consist of water-immiscible monomer and polymer but the initiator
is soluble in the continuous phase. Due to the insolubility of the monomer and polymer, a

stabiliser is often used. This leads to the formation of particles of typically 0.01 — 1 um.® There
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are also other sub-types of emulsion polymerization, for example miniemulsion

polymerization,® which involves high shear using a homogeniser or ultrasound.

Interval I : Nucleation of monomer-swollen micelles

Latex particles Monomer droplets
Interval III : Consumption of residual monomer

| Initiator molecule
#  Initiator radical
@ Surfactant moleculs
M Monomer molecule
P Polymer chain

Figure 1.2. A schematic representation of the mechanism of micellar nucleation.” Reprinted (adapted) with
permission from Elsevier (License number: 4550300944820).

Aqueous phase

Oo—0O

Decomposition
M M
. Q
lf‘mpagﬂtion
"CH @
M

lLimitcd flocculation

Initiator molecule
Initiator radical
Monomer molecule
Surfactant molecule
Oligomeric radical

B8

Primary particle

Figure 1.3. A schematic representation of the mechanism of homogeneous nucleation.” Reprinted (adapted) with
permission from Elsevier (License number: 4550300944820).
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Stabilisation of the monomer droplets and latex in emulsion polymerization can be achieved
electrostatically or sterically.®1° Electrostatic repulsion can be conferred by cationic (e.g.
cetyltrimethylammonium bromide (CTAB)),!! or anionic (e.g. sodium dodecyl sulfate)!?
surfactants. Steric stabilisation is usually imparted by the inclusion of polymer chains that
adhere to the outside of the particle (e.g. poly(ethylene oxide)-b-poly(styrene)).®® Steric
stabilizers are often used when the latex is required to be stable at high electrolyte
concentrations.* Stabilization can also be provided by solid particles (for example silica

particles).™

Emulsion polymerizations can be carried out without any stabilizer or surfactant.® This is
advantageous as surfactant can affect film formation and migrate to the polymer surface over
time when applied as coatings leading to poor film opacity and visual appearance, as well as
foaming and poor adhesion.!¢,.The transport of surfactant forms hydrophilic channels in the
coating, causing water ingress, decreasing the water and corrosion resistance of the coating.
Efforts to avoid this phenomenon have been taken: one example is the inclusion of the reactive
surfactant, sodium dodecyl allyl sulfosuccinate.!’” Polymeric surfactants can also be used due
to their decreased mobility within the film compared to conventional surfactants.® This would
require the formation of an amphiphilic block copolymer in an aqueous continuous phase
using one of the controlled radical polymerizations discussed later in this Introduction. These
amphiphilic polymers can also be used as a coating binder. The added advantage here being

the lack of polymer phase separation, giving better film properties.

In the absence of stabiliser, ionic initiators, such as persulfates, can be used to introduce charge
to the outside of the polymer particles. This helps to prevent flocculation, coagulation and
sedimentation of the particles during and post-reaction. Due to the lower surface area that the
initiator can stabilise, the particle number is lowered by two orders of magnitude to 1012 L2.1°
To help stabilise the particle, a secondary hydrophilic monomer or a secondary solvent can
also be added.*® 2

Emulsion polymerizations takes place in 3 stages, as proposed by Harkins,?:-2 as well as Smith
and Ewart.?* 2° A schematic representation of this process can be seen in Figure 1.2. The first
stage is nucleation, which can occur via either homogeneous or heterogeneous nucleation

pathways.

Heterogeneous or micellar nucleation occurs when initiator reacts with solubilised monomer,
which propagates to form a z-mer.?® At this critical chain length, the z-mer will become
suitably hydrophobic and enter a micelle before propagating to form a particle. Monomer can
be contained within micelles (when stabiliser is included above the critical micelle

concentration (CMC)), monomer droplets and in the continuous phase. A z-mer is much more
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likely to enter a micelle than a monomer droplet due to the much higher total surface area of
the micelles compared to droplets (micelle concentration = 10'°-10%! L%, diameter of micelles
= 5-10 nm, monomer droplet concentration = 10'2-10'* L1, diameter of monomer droplets =
1-10 pum) For St and MMA, 99 % of particle nucleation occurs via this method when the
surfactant concentration is above the CMC.2": 28

In the absence of any micelles, the z-mer will precipitate and form particles. This is
homogeneous nucleation as proposed by Priest,?® Roe,* Fitch and Tsai.® Such particles then
swell with monomer from the aqueous phase and become a polymerization locus. A schematic
representation of this can be seen in Figure 1.3. This is the primary mechanism for particle
formation in surfactant-free formulations but can also occur when stabiliser is present below
or around its CMC.® It has been suggested that these oligomers could also aggregate to form
micelles in solution.®> However, this theory is still being debated.’

As the number of particles increases over stage one, so does the polymerization rate. Micelles
that do not contain a growing radical toward the end of stage one supply further monomer and
stabiliser to growing particles as their diameter increases. This occurs as the concentration of
surfactant drops below the CMC. Once the number of particles reaches a constant value this
is the end of stage one. This can be attained between 2 and 25 % monomer conversion and is
reached faster with more hydrophilic monomers.® Reasons for this include the presence of
both methods of nucleation and a higher concentration of monomer dissolved in the aqueous
phase. Stage one controls the particle size distribution of the product latex. A shorter stage one
produces a narrower particle size distribution. Stage one can be shortened by using a low

surfactant concentration but larger particles will be produced.

Diffusion of monomer from droplets ensures that the monomer concentration in the
continuous phase remains constant throughout stage two, therefore keeping the rate of
polymerization constant. The number of particles usually remains constant during this period
but some can coalesce over the course of reaction. The steady state will continue until the
monomer droplets are fully consumed. At this point, the polymerization enters stage 3 with a
slower reaction rate due to the lack of remaining monomer. This is represented graphically in
Figure 1.4. This point is again reached earlier with monomers of greater aqueous solubility as
well as the swelling ability of polymer particles.®* The polymerization rate will continue to
decrease unless the gel effect contributes to an increase in rate due to the presence of multiple
active radicals within the same particle. This can occur if the growing particle is sufficiently

viscous.®

The kinetics of emulsion polymerization in stage 2 are determined by the average number of

active radicals per particle. This is divided into cases one, two and three where the average
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number of radicals per particle is less than 0.5, equal to 0.5 and greater than 0.5, respectively.
Case two is the most common of these scenarios and is referred to as zero-one kinetics. In case
two, there is no desorption of radicals and rapid termination occurs when a radical enters a
particle that already contains a radical. For case one to occur, radical desorption and
termination in the aqueous phase must be significant. This is likely to arise for a more
hydrophilic monomer because chain transfer to monomer could lead to desorption and
termination. For case three to occur, the particles must be sufficiently large to contain more

than one active radical coupled with a slow rate of termination.®

1 Il : 111

Polymerization rate

] 50 100
Monomer conversion (%)

Figure 1.4. The effect of monomer conversion on the polymerization rate over the three stages of emulsion
polymerization. Reprinted (adapted) with permission from Elsevier (License number: 4550300944820).

Smith and Ewart produced the following equation (1.13) by the substitution of equation (1.12)

into equation (1.4) to calculate the rate of polymerization (Rp) assuming zero-one Kinetics:

N'A
P =5 (112)
o
R, = kp[M]p(rllV—A) (1.13)

Where N’ is the concentration of micelles and particles, k, the propagation rate constant, [M],
the concentration of monomer in the particles, n the average number of free radicals per
particle, N, the number of particles per unit volume and Na is Avogadro’s constant. This
equation also assumes all the characteristics of case two kinetics. Increasing the temperature
of the reaction increases the rate by increasing k, and the particle concentration due to the

greater rate of radical generation.

An increase in molecular weight in bulk and solution free-radical polymerizations occurs at
the expense of polymerization rate. This is not the case in emulsion polymerization due to the

polymerization being contained within the particles. This compartmentalization effect means
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that extra initiator can be added, thus increasing the polymerization rate without affecting the
molecular weight.” This can also be seen from equation (1.13) as the rate of polymerization
has no dependence on the concentration of initiator.

The dispersity of the polymerization is affected by the use of emulsion polymerization
methods. Termination by transfer to monomer is the same for both homogeneous and
heterogeneous polymerizations with B = 2. Homogeneous polymerizations are more likely to
undergo termination by disproportionation or combination of short chains with long chains.
However, case two behaviour for emulsion polymerization dictates that the combination of
two polymers is likely to be between a longer propagating polymer chain and a radical
containing oligomer entering the particle. This gives a D value of 2, compared to b = 1.5 for
homogeneous systems. The greatest difference comes from termination by disproportionation
where D = 4 for heterogeneous and B = 2 for homogeneous polymerizations. This is due to
disproportionation, with micelle-entering oligomers being considerably smaller than the
propagating radicals and increasing B considerably. This effect is reduced in case three
kinetics as any two radicals are more likely to be a greater length. While polymers in stage
three and stage one may be considerably different to those in stage two, the overall dispersity

is usually lower than that for homogeneous polymerizations.®

This research was CASE sponsored by BASF SE, specifically their coatings department.
Emulsion polymerization forms latexes which are used as binders in coatings. The other two
main components of a coating are pigments and dispersants.®® The latex particles form a
polymer film on drying and the strength and durability of the resulting film are dependent on
the polymer properties.®” For example, methyl methacrylate, used as the main monomer of
this volume of work, is used in coatings due to its increased resistance to UV-induced

degradation.®

Coherent films are easy to form using low glass transition temperature (Tg) polymers, the
resistance of films consisting of these polymers is poor. However, higher T4 polymers, such
as styrene (another monomer used in this Thesis), provide better barrier properties in
coatings.®® The easiest way to produce films at room temperature with improved resistance
properties is to blend the polymer.*® However, this can lead to polymer separation and poor
film appearance and adhesion. One way to avoid this is to chemically link the two polymers

together, forming a diblock copolymer, using living / controlled radical polymerization.

10
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1.3. Living/ controlled radical polymerization

The term ‘living polymerization® was introduced by Szwarc et al. more than 60 years ago.**
42 This area of polymer research has since expanded until there are now several main research
themes. The first of these is anionic polymerization, which is the classic living polymerization.
This was then expanded to include controlled radical polymerization, particularly atom
transfer radical polymerization (ATRP), nitroxide-mediated polymerization (NMP) and
reversible addition-fragmentation chain transfer (RAFT) polymerization. These were referred
to as ‘pseudo-living’ polymerization techniques but have since been renamed reversible
deactivation radical polymerization (RDRP) techniques.*® This is because these controlled
radical polymerization techniques do not completely eliminate termination but merely
suppress the rate of termination relative to that of propagation. This is achieved by the
equilibria shown in Scheme 1.1.

a) Active species Dormant species
. kdeact
Pn + X ~— Phr—X
R kact
kp \\J\(t
M RN
b) Active species Dormant species " Dormant species Active species
. ex . .
Pn + Pn—X ~ P,——X + Pm
w\kt kp /'~ Kt
M ~ v N

Scheme 1.1. The equilibria for controlled radical polymerization. (a) Reversible termination seen in ATRP and
NMP and (b) reversible transfer seen in RAFT polymerization.

Reversible termination is controlled by the persistent radical effect (PRE), where the
equilibrium involves reacting propagating polymer chains P, with capping species X'.
Reversible transfer does not rely on the PRE but is based on the standard free-radical
polymerization mechanism, with this additional equilibrium step suppressing the termination.
This equilibrium allows control over the molecular weight distribution by enabling the active
propagating chains to grow at the same rate. As a result, a controlled / “living” polymerization
has a linear increase in molecular weight with monomer conversion, as seen in Figure 1.5. As
mentioned previously, under free radical polymerization, the molecular weight increases
quickly before reaching a plateau and possibly decreasing at high conversion. Due to the
reversible deactivation of radicals, termination or chain transfer reactions during

polymerization are negligible.

11
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Free radical
polymerization

Living
polymerization

\ 4

Monomer conversion

Figure 1.5. Molecular weight (Mn) vs monomer conversion plots for conventional free radical polymerization and
living polymerization.

1.4. Nitroxide-mediated polymerization (NMP)

Nitroxide-mediated polymerization (NMP) was developed by CSIRO in the 1980s* and
requires the use of nitroxides or alkoxyamines as reversible capping agents that are
incorporated into the polymer chain. The NMP mechanism is shown in Figure 1.6. The NMP
equilibrium can be achieved with either a bicomponent (free-radical initiator and nitroxide) or
monocomponent (where these are the same molecule) alkoxyamine system. The most
common nitroxide is 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO).*: % Disadvantages of
these NMP reactions are the high temperature and expensive control reagents that can be
difficult to remove.*” NMP can be used with various vinyl monomers but is incompatible with
methacrylates. However, use of specific nitroxides,*® or the statistical copolymerization of

methacrylates with St,*° suggests that this restriction can be minimized.

12
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R»] /R,]
R—O—N R—R 'O—N\
R2 R2
Y4 Ry Y R1
k
/ 4 o/
NaVaVaVal 0 N —~— -+ O——N
| \ ke \
Y2 R2 Yz R2
+M

Figure 1.6. Nitroxide-mediated polymerization equilibrium from bicomponent initiating system (a) and
monocomponent initiating system (b).*

NMP can be used in heterogeneous polymerizations for suspension,* dispersion,® and
emulsion polymerizations.® Initially NMP in emulsion polymerization suffered problems
with nitroxide partitioning and monomer droplet nucleation.>? These issues could be overcome
by the use of a pair of nitroxides e.g. TEMPO and 4-stearoyl-TEMPO.5 However, due to the
high temperatures required for homolytic cleavage of TEMPO, pressurised reactors were
needed. This could be avoided with the use of SG1-based alkoxyamines, which allowed
acrylic polymerizations to take place at around 90 °C.%* These reactions have been carried out

under seeded emulsion,>® mini-emulsion® and under ab-initio conditions.>

Surfactant-free emulsion polymerization (SFEP) has also been utilised with NMP. To achieve
this, some publications specify the need to use a co-solvent,> an additional hydrophilic
monomer,>® and / or the formation of a macromolecular chain transfer agent (mCTA) in bulk
or solution to be extended in aqueous conditions.®® & For example, Thomson et al.5! reported
the formation of a mCTA in a one-pot system under SFEP conditions utilising the more
hydrophilic methyl acrylate with butyl methacrylate and styrene. This was achieved by adding
a small amount of all three monomers initially and then the majority of the BMA and St to be
polymerized thereafter.

1.5.  Atom Transfer Radical Polymerization (ATRP)

ATRP was developed independently by Sawamoto®? and Matyjasjewski®® in 1995. This
method involves the use of an alkyl halide (R-X) and a transition metal catalyst (M-L,), which
is usually copper-based. This system can be used for a wide range of monomers but removal

of the metal catalyst post-polymerization represents a problem for the industrial application
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of this technique. This type of RDRP has also been used for suspension,® dispersion,®® and

emulsion polymerizations.5

k

%
kact
Mt™L, + R—X ~—= X-Mt™ 1L, + R'E'\D

kdeact

Figure 1.7. Mechanism of ATRP. Mt = transition metal, Ln = complexing ligand, R = polymer chain, X = Br or
Cl.

In emulsion polymerization, the partitioning of the metal catalyst is crucial for achieving a
controlled radical polymerization. If the complex is too hydrophilic the reaction will be
uncontrolled because the majority of the catalyst will be located within the aqueous phase.®’
Anionic surfactants are incompatible with ATRP,% so the use of cationic and non-ionic
surfactant is necessary.®” % 7© However, using conventional ATRP led to poor colloidal
stability.” This led to the use of reverse ATRP using water-soluble initiators and the catalyst
in a higher oxidation state.”? In addition, the use of mini-emulsion” and Pickering emulsion”

systems has been explored.

Some examples of SFEP ATRP feature a macro-initiator. One category of these reactions is
the use of simple polymer chain macro-initiators.” ® Wu et al.”” used this method by
producing a poly(ethylene glycol) monomethyl ether methacrylate (PEGMA) macro-initiator
and stabiliser before extending with MMA or St.

In principle, comparable reactions to conventional ab initio SFEP can be carried out with small
molecule ATRP initiators specifically synthesised for these reactions in miniemulsion,’® 7 as

well as reverse ATRP in miniemulsion using conventional APS and K-50 initiators.®

1.6. Reversible addition-fragmentation chain-transfer (RAFT)

polymerization

Reversible addition-fragmentation chain-transfer (RAFT) polymerization was first reported
by Chiefari et al.’! and patented by Moad et al.®? in 1998. RAFT polymerization can often
yield B < 1.3 and a simple equation can be used to predict the degree of polymerization

(below).8

[M]
DP = —— (1.14)
[CTA]
Where [M] is the concentration of monomer and [CTA] is the concentration of RAFT agent.

Unlike ATRP, RAFT does not require a metal catalyst and can be used under mild conditions
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with a wide range of monomers. However, selection of the RAFT agent does play an important
role in the degree of control over the polymerization.® The generic structures of several groups
of RAFT agent can be seen in Figure 1.8. The Z group activates the C=S bond toward radical
addition and stabilises the transition state after free-radical addition. The R group should be a
good radical leaving group and should then be able to re-initiate polymerization of the chosen
monomer quickly to avoid retardation.® 8 The varying Z group defines these different RAFT
agents: dithiobenzoates (Z = alky or aryl), trithiocarbonates (Z = SR’), dithiocarbamates (Z =
NR’R’’) and xanthates (Z = OR’). The use of xanthates has been described as macromolecular

design by interchange of xanthate (MADIX) polymerization.®

S
)J\ R
z s
General
S
S
R
d )J\
s z R
g s
Dithiobenzoate Trithiocarbonate
S
S )J\
Z, R
z\ )J\ /R \N S/
(0] S |
Z,
Xanthate Dithiocarbamate

Figure 1.8. Generic chemical structures of RAFT agents.

The R and Z group must each be carefully selected for a given monomer. Moad et al.®’
published a guide to the selection of these substituents in 2005 which can be seen in Figure
1.9. Solid lines indicate good control and dashed lines indicate reduced control. The more
reactive RAFT agents have carbon or sulfur atoms connected to the C=S double bond (e.g.
trithiocarbonate). In contrast, C=S bonds with adjacent oxygen or nitrogen atoms
(xanthates and dithiocarbamates) are less reactive towards radical addition. More reactive
RAFT agents give best results with more activated monomers (MAMS). Less reactive

RAFT agents exhibit better control with less active monomers (LAMSs) due to the poor
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leaving group ability of the monomer. The use of a more activated RAFT agent will
therefore retard the polymerization. MAMs contain a vinyl group adjacent to an aromatic
ring (e.g. styrene, St), carbonyl (e.g. methyl methacrylate, MMA) or nitrile group (e.g.
acrylonitrile, AN). LAMs contain a vinyl group adjacent to an oxygen or nitrogen lone
pair (e.g. vinyl acetate, VAc) or the heteroatom of a heteroaromatic ring (e.g. N-

vinylpyrrolidone, NVP).8

(o]
~
Z:  Ph>>SCHj; ~ CH3 HN >> > OPh > OEt ~ N(Ph)(CH3) > N(Et),
= HN
MA > Vi

Ac

- M

—~— St, MA, AM, AN

CHj, CH, H CH, CH, CH, CHs H CH, H
H,
R: CN ~ Ph > Ph > COOEt >> (¢} CH; ~ CN ~ Ph > CH; ~ Ph
CHj CHs CO,H CHs CHs CHs H CH, CHs H
< MMA

< St, MA, AM, AN

- Vac >

Figure 1.9. Guidelines for the selection of R and Z groups of RAFT agents. Z groups addition rates decreased and
fragmentation rates increase from left to rate. R groups fragmentation rates decrease from left to right.®”
Reproduced from Moad (2005) with permission from CSIRO Publishing.

So-called switchable RAFT agents can be used to polymerize both LAMs and MAMs
successively, on the addition of acid or base.® & A representation of this switch can be seen
in Figure 1.10. When polymerizing diblock copolymers it is best to synthesise the
poly(MAMs) block first as poly(LAMS) are poor leaving groups, but reinitiation can be slow.
An alternative answer to this problem is the use of fluorinated RAFT agents.® ! These “F-
RAFT agents” were presented as possible “universal” RAFT agents but have yet to be fully
explored due to the difficulty of their synthesis.

s s S S
\ﬁ)\S/R \N)LS/R \ﬁ)J\s/R \N)kS/R

ﬁj - ﬁ‘j

A N N

9 P P o
H

N

I=z+

Figure 1.10. N-(4-pyridinyl)-N-methyldithiocarbamate switchable RAFT agents.

The synthesis of RAFT agents is often challenging, making their purchase on synthesis
expensive, which has perhaps impeded commercialisation of this technique. However, the

original RAFT patent filed by CSIRO has recently expired which may lead to further
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commercialisation of RAFT agents, such as those developed by Lubrizol.®? Synthesis of
RAFT agents is covered in detail in a review by Keddie et al.®® and an overview can be seen

in Figure 1.11.

v S 4 SH

Figure 1.11. Overview of RAFT agent synthesis. Reprinted (adapted) with permission from (Keddie, D. J.; Moad,
G.; Rizzardo, E.; Thang, S. H., RAFT Agent Design and Synthesis. Macromolecules 2012, 45 (13), 5321-5342).
Copyright (2012) American Chemical Society. %

Due to the sulfur-based nature of RAFT agents there are certain disadvantages to using RAFT
polymerization, such as the colour and unpleasant odour of the final polymers. These
disadvantages can be overcome by removal of the RAFT end group after the polymerization.®*
Chong et al.®* discussed possible reactions to remove the RAFT end group, as shown in
Scheme 1.2. Reaction of the polymer product with nucleophiles and reducing agents yields
thiols. Thermolysis and reaction with radicals, here represented as reduction and termination,

are other well understood routes to end-group removal.
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Scheme 1.2. Four possible routes for RAFT agent end group removal ([H] = H atom donor).*

A schematic representation of the mechanism of RAFT polymerization can be seen in Scheme
1.3.%” The initiation step is the same as free-radical polymerizations (FRPs) indeed, the
initiator used in RAFT polymerizations is the same (e.g. azo compounds). This can also be
said of the termination step to produce dead polymer which is here represented by a
combination reaction between two polymer chains. P, enters the first equilibrium by addition
to the C=S double bond of the RAFT agent. This step is referred to here as the reversible chain
transfer step. This involves formation of intermediate (1) before eliminating R* from the
RAFT agent. If this step is slow then it is likely that species (1), could undergo side reactions
or retard the polymerization if reinitiation by R" is slow. This can also be said for species (2)
in a later step, if P* is not a sufficiently good leaving group. R* will then propagate to form
another polymer chain in the reinitiation step or P* being further chain extended. At this point,
chain equilibration is attained whereby there is rapid exchange of the active polymer chains
between P,,- and Pn". As discussed earlier in this introduction, the initiation step is the rate
determining step of free-radical polymerizations and therefore the rate of polymerization
should be the same in both free-radical and RAFT polymerizations. That is if the optimal
RAFT agent for the polymerization of a given monomer is used, the reversible chain transfer
step should not retard the polymerization. If none of the steps of RAFT polymerization are
retarded this should allow the chains to grow at essentially the same rate and keep B low.
Early RAFT polymerizations had long inhibition periods and retardation of the rate of

polymerization due to the reasons discussed above.%
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Scheme 1.3. Mechanism of RAFT polymerization.®”
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Scheme 1.4. A representation of end-groups during a RAFT polymerization according to Moad et al.% Reprinted
(adapted) with permission from (Moad, G.; Rizzardo, E.; Thang, S. H., Toward living radical polymerization.
Accounts of Chemical Research 2008, 41 (9), 1133-1142). Copyright (2008) American Chemical Society.

A schematic representation of the possible end-groups of a RAFT polymerization was
presented by Moad et al.% and can be seen in Scheme 1.4. The irreversible termination of
polymer chains is suppressed in RAFT polymerization but is still present. This is likely to
occur under monomer-starved conditions and, as a result, polymerizations are often stopped
prior to full conversion being reached. This means that a greater number of chains contain the
RAFT agent as a chain end capper, which can then be reinitiated at a later time to produce
diblock copolymers and other architectures. It is worth noting at this point that the RAFT
polymerization mechanism requires the use of additional radicals to reinitiate the

polymerization.
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RAFT polymerization can be carried out in a range of solvents such as benzene,® alcohols,®
and supercritical CO..%® However, the focus of this Thesis is the use of controlled techniques
in aqueous media, namely emulsion polymerizations. As a result, solution and bulk RAFT
polymerizations will not be discussed further.

1.6.1. Heterogeneous RAFT polymerization

Although RAFT polymerization has been carried out under suspension polymerization
conditions,® 1% this Thesis, and therefore this Introduction, will focus on emulsion

polymerization (and dispersion polymerization when necessary).

RAFT emulsion polymerization originally suffered from poor colloidal stability, incomplete
conversion, high dispersity and independence of molecular weight on RAFT agent
concentration. 1% |t was determined that these side effects were the result of inadequate
transportation of RAFT agent through the aqueous phase and the high rate of radical exit from
micelles. These effects can lead to a long inhibition period at the start of the polymerization.1%
This leads to the polymerization taking place in the monomer droplets or the polymerization
taking part in the absence of RAFT agent due to poor partitioning, leading to reduced
control.1® When oligomers enter monomer droplets they are much less likely to exit than if
they enter micelles, due to the much larger droplet volume. This negates the considerable
surface area difference between these two species which drives the micellar nucleation of
particles in conventional emulsion polymerization discussed earlier.1% It is also worth noting
that RAFT emulsion polymerization may not follow zero-one kinetics, as suggested by
Monteiro et al.’® This is because transfer of activity to longer chains from an oligomer
entering a micelle is likely and the probability of two longer chain radicals terminating

instantaneously being lower than for an oligomer and long chain active radical.

Despite these disadvantages, small molecule RAFT agents can be used in ab initio
polymerizations. It was reported by Charmot et al.®® that MADIX polymerization of St and
butyl acrylate (BA) proceeded without rate retardation and the molecular weights were
consistent with the theoretical molecular weights. However, the dispersities of these
polymerizations were higher than expected (B = 2.1 and 1.4, for St and BA, respectively).
These polymers were extended to form block copolymers by Monteiro et al.22, who found
the semi-batch approach with a monomer-starved feed gave less irreversible termination and

less polystyrene homopolymer.

It has been reported by various groups'® 1% that the RAFT agent concentration can be higher
at the surface of particles formed in heterogeneous polymerization. This partitioning can be
useful for polymer growth from the surface but with the complication that the RAFT agent or

oligomers at the surface typically have higher dispersities (3 < B < 5).
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When using a conventional RAFT agent, the use of a secondary monomer in an emulsion
polymerization can often be beneficial. A review by Lubnin et al.'® states that the
polymerization of acrylic monomers gave good control of molecular weight. However, when
methacrylates were used, fewer than the theoretical number of chains were produced. When
10% acrylic monomer was added to these polymerizations, the rate was lowered enough to
produce predicted molecular weights. This review also stated that amphiphilic RAFT agents
often afforded better control than those which were deemed more hydrophilic or hydrophobic.
This was attributed to hydrophilic RAFT agents residing mostly in the water phase and
hydrophobic RAFT agents, or those with too high an affinity for the monomer droplets, being
unable to reach the micelles. Nozari and Tauer'®” also showed that the balance of
hydrophilicity between RAFT agent and initiator can be an important factor in the overall

control of the polymerization.

Surfactant-free emulsion polymerization (SFEP) was also con