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Abstract

Reversible Fragmentation Chain Transfer (RAFT) polymerisation is increasingly utilised in research
and industrial applications due to its ability to polymerise monomers with diverse reactivity and
functionality across a wide range of polymerisation conditions with both conventional and
photoinitiator systems. Two key limitations exist; tailoring the class of RAFT agent to the reactivity
of the monomer being polymerised and polymerising monomers of sequentially lower reactivity

during block copolymer synthesis.

In this thesis, the feasibility of a model photochromic RAFT agent whose reactivity towards radical
addition and fragmentation can be switched remotely through a photoswitchable Z group was

explored.

Density Functional Theory level quantum chemical studies showed that spirooxazine based RAFT
agents (xanthate and dithiocarbamate) displayed changes to both their LUMO energy levels and
electron density within the RAFT moiety, indicating potential changes in reactivity. Thermodynamic
parameters used to qualitatively predict RAFT agent reactivity based on ab initio theory confirmed
that the closed and open states of both spiro-RAFT compounds will have different reactivity towards
radical addition and fragmentation, enabling controlled polymerisation of Less Activated Monomers
(LAMs) and More Activated Monomers (MAMS) respectively.

A novel spirooxazine based xanthate (spiro-XEP) and its non-photochromic analogue (PXEP) were
synthesised and tested in the polymerisation of methyl acrylate (MA), a typical MAM and vinyl
acetate (VACc) a typical LAM under typical RAFT conditions both with and without UV irradiation.

The rate of MA polymerisation in the dark initiated by AIBN was the same for both PXEP and spiro-
XEP. Irrespective of the presence of AIBN, with UV irradiation the polymerisation rate of MA
increased by 10x and 2.67x for PXEP and spiro-XEP, respectively. Good agreement between the
expected and obtained molecular weights and narrow dispersities (D < 1.25) were obtained with both
RAFT agents, indicating control was maintained. Chain extension Kinetics with a spiro-XEP
macroinitiator replicated these trends, demonstrating living characteristics and that the main RAFT

equilibrium reaction dominated polymerisation behaviour.

For VAc polymerisation with PXEP under UV irradiation, an enhancement was observed but it was
only 1.15x higher than the AIBN alone. With spiro-XEP severe rate retardation was seen, only being
2% that obtained with PXEP under equivalent dark conditions. Furthermore, the polymerisation rate
did not change with UV irradiation. In both cases there was good agreement between expected and

obtained molecular weights, with dispersities being narrower with spiro-XEP. Solutions containing



spiro-XEP underwent a series of colour changes when in the presence of UV and/or thermally
generated radicals species. For polymerisations, the intensity of the colour changes depended on the
monomer used and conversion attained. The evidence suggests that these colours arise due to radical

reactions with the spiro-XEP compound which are non-reversible in nature.

Modelling the polymerisations of MA and VAc with PXEP in Predici revealed that for MA the
dominant photolysis pathway and thus primary source of initiating radicals was the reversible
photolysis of RAFT capped species, whilst for VAc it was the photolysis of AIBN. Under UV
irradiation the model revealed that for both polymerisation systems the RAFT mechanism was
responsible for molecular weight and dispersity regulation, with no evidence of propagation from the

thiyl radical generated through the photolysis of RAFT species.

Finally, the limitations on leveraging the photoiniferter effect to synthesise block copolymers with
block orders that are “forbidden” by the RAFT process was investigated. This involved the synthesis
of copolymers with blocks comprised of methyl methacrylate (MMA), styrene (Sty), MA, and VAc.
A variety of RAFT agents with identical R groups including PXEP, spiro-XEP and a trithiocarbonate
were used to investigate the effect of RAFT agent class. Initiation systems ranging from a
combination of conventional thermal initiation and purely photoinitiated systems, including different
monomer orders, were tested to find the limits of this approach. It was found that PXEP was the
superior RAFT agent in all cases and that only moderate reversals against the conventional block
order were possible. Furthermore, dilute reaction mixtures featuring lower concentrations of initiating
species gave superior consumption of starting macroinitiators and narrower molecular weight

distributions.
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1 Introduction

1.1 Project Context

Thiocarbonyl thio (TCT) compounds can function as chain transfer agents (CTAS) in free radical
polymerisations, with this process being called Reversible Addition Fragmentation Chain Transfer
(RAFT) polymerisation. Owing to their unique structure, upon irradiation at the appropriate
wavelength of light they can also undergo initiation, transfer and termination, with this process termed

photoiniferter polymerisation.

Despite their broad applicability in both techniques, this does not make TCT compounds universal
polymerisation control agents; both polymerisation mechanisms impose limitations on which TCT
compounds can be used. In RAFT, specific classes of TCT compounds must be employed in the
polymerisation of vinyl monomers with disparate reactivities and the order of block placement in
block copolymer synthesis is restricted. To date, no truly universal RAFT agent which can control
the polymerisation of all vinyl monomers exists. The development of such an agent is highly desirable
due to it streamlining the RAFT process and potentially allowing the synthesis of block copolymers

where the blocks are made from monomers of dissimilar reactivity.

In photoiniferter polymerisations, the control obtained over both polymerisation kinetics and the final
polymers formed is typically inferior to RAFT polymerisation. Recent advances in the selection of
TCTs, reaction conditions including a trend towards lower energy light sources, have led to
significant improvements in this field. Regarding the use of TCTs in a photoiniferter context, the
relative contribution of the RAFT and photoiniferter mechanisms to the control of the polymerisation

process remains unknown.

The primary objective of this research is to investigate the design, synthesis and testing of a RAFT
agent with a photoswitchable Z group to potentially allow its reactivity in the RAFT process to be
modulated by light. The potential consequences of irradiation leading to the photoiniferter mechanism
and its impact on the polymerisation process are also investigated, along with how the photoiniferter
effect can be subsequently used in overcoming the limitations of block copolymer synthesis imposed
by the RAFT mechanism.



1.2 Project Aims

e To design RAFT agents with photochromic Z groups that change structure upon irradiation
to influence the reactivity of the RAFT moiety, and to test the validity of such a concept via
quantum chemical calculations

e To synthesise a photochromic RAFT agent and test it in the RAFT polymerisation of
monomers with disparate reactivities, namely methyl acrylate and vinyl acetate, under both
tradiational RAFT and photoiniferter polymerisation conditions

e To explore how the photoiniferter process potentially influences a photochromic RAFT agent
by testing and comparing a non-photochromic analogue via experimental and modelling
methods

e To test if a photochromic RAFT can overcome the limitation of needing to polymerise
monomers of sequentially greater reactivty (thus generating more stable radicals) in block
copolymer synthesis as dictated by the RAFT mechanism, and to determine whether this is a
result of a fundamental change in the reactivity of the RAFT agent or simply the result of the
photoiniferter mechanism

e To investigate how monomer and RAFT agent class along with the initiation mechanism
influence the photoiniferter process as applied to block copolymer synthesis

1.3 Thesis Structure

Chapter 2: An introduction to the mechanisms and kinetics governing free radical polymerisation
and reversible deactivation radical polymerisation processes is provided. The RAFT process is
explored in detail, including its advantages and disadvantages, how they arise mechanistically, their
consequences regarding RAFT agent design and selection for certain monomer classes, application
of reaction conditions and the synthesis of block copolymers. Alternative approaches that have been
employed to overcoming these limitations are explored in detail. Due to certain unanswered aspects
of the photoiniferter mechanism with TCT compounds, this is explored in detail after the kinetic basis
for free radical polymerisation and the RAFT process have been covered. The inherent similarities
between the two methods, relevant points of overlap along with their potential implications for the
influence of side reactions and practical considerations are also explored. A general introduction to
photochromism, the main families of photochromic molecules and the prior application of
spirooxazines in polymer science is briefly covered due to the vast scope of this field. A general
introduction to quantum chemistry is provided, along with a detailed explanation of the process for



the in silico assessment of a range of RAFT agents. This includes the thermodynamic parameters
computed and their mechanistic significance. A brief introduction to the Predici modelling program
is given, including its application to the modelling and investigation of the RAFT process and its
application to other areas of polymer science is also briefly covered. General synthetic approaches to
the synthesis of both RAFT agents and spirooxazines are briefly covered under the relevant sections.
Finally, the practical aspects of the characterization of the polymerisation process and the polymer
products obtained is covered. This includes commonly employed analytical techniques, their

underlying principles, method of operation, advantages, limitations and complementary nature.

Chapter 3: This chapter deals with the design strategy and rationale behind a new family of
photochromic spirooxazine based RAFT agents. Several of these compounds are then evaluated at
both ab initio and DFT levels of computational theory, including calculations of a series of
thermodynamic descriptors of RAFT agent activity. The DFT calculations explore interesting trends
in the computed properties based on patterns of RAFT agent substitution and establish the necessity
for further exploration of this concept at a higher level of computational assessment. Thermodynamic
descriptors were computed for two photochromic spirooxazine based RAFT agents where the
difference lies in the position of the RAFT moiety on the parent spirooxazine. These are compared to
several RAFT agents examined previously within literature and confirm that on this theoretical basis
the synthesis and testing of these photoswitchable RAFT agents is worth pursuing experimentally.
The computational procedures for both levels of theory are also covered here.

Chapter 4: This chapter summarises all the procedures utilised throughout the experimental sections
of this thesis, including the synthesis of various RAFT agents, synthesis and chain extension of a
range of RAFT polymers, RAFT and photo-RAFT polymerisation conditions, purification, isolation
and characterization of both polymer and non-polymer products. This includes the successful

synthesis of a photochromic xanthate and progress towards a photochromic dithiocarbamate.

Chapter 5: This chapter details the experimental and theoretical investigation of the photoiniferter
effect as applied to the polymerisation of methyl acrylate (MA) under conditions optimised for the
RAFT process. MA is polymerised under 3 sets of conditions, which are also applied to the chain
extension of a poly(MA) macro-RAFT agent. To elucidate the mechanistic origins of the
experimental phenomena seen, a comprehensive Predici model that includes all the features of
conventional free radical polymerisation, the RAFT equilibrium and a range of potential photolysis
effects was constructed. Several possible photolysis scenarios are presented by means of sensitivity
analysis of the model to the parameters for the respective phenomena. These include the effect of

photolysis of the conventional free radical initiator AIBN, direct radical generation within the reaction

3



mixture by photolysis of monomer and the core photoiniferter principle, namely the reversible
photolysis of the RAFT agent. The simulated results are critically analysed on their realistic
probability by comparison to literature precedent for the parameters used and by comparing the model
output to the experimental phenomena seen. Furthermore, the relative importance of degenerative
chain transfer within photoiniferter polymerisation under these conditions is explored; this is

accomplished by selectively deactivating these reactions within the Predici model.

Chapter 6: This chapter details the experimental and theoretical investigation of the photoiniferter
effect as applied to the polymerisation of vinyl acetate (VAc) under conditions optimised for the
RAFT process. As for the MA case in the previous chapter, VAc is polymerised under 3 sets of
conditions, which are also applied to the chain extension of a poly(VAc) macro-RAFT agent. The
same Predici model from the previous chapter is used, appropriately adjusted for the different reaction
conditions and kinetic parameters implemented. The modelling scenarios and subsequent analysis is
repeated, with particular attention paid to the drastically different behaviour of VAc polymerisation
seen under UV irradiation as compared to MA polymerisation. Theories for the vast differences seen
between the two monomers are put forth and explored further in the modelling.

Chapter 7: This chapter details the systematic testing of a novel photochromic spirooxazine based
xanthate. This includes kinetic testing under identical conditions to the kinetic investigations
undertaken in chapters 5 & 6 with the non-photochromic xanthate analogue. The living characteristics
of several of the polymers created with this RAFT agent are confirmed under various experimental
conditions, and the potential significance and mechanistic implications of the colour changes seen is

probed, with several potential explanations put forth.

Chapter 8: This chapter explores the potential for a photochromic xanthate to be used in the synthesis
of block copolymers with the monomer sequence running contrary to that which is traditionally
allowed by the RAFT mechanism. This concept is explored further via the photoiniferter technique
using the non-photochromic xanthate and a commonly used trithiocarbonate. The effect of utilising a
range of light sources with different emission wavelengths and monomers of different reactivities is
investigated. This gives further insight into the influence of the degenerative transfer mechanism that
operates in both RAFT and photoiniferter polymerisations conducted with TCT compounds, and how
this fundamentally suggests that certain limits on monomer sequence control cannot be overcome by

employing a photolysis-based reaction.

Chapter 9: This is a summary which re-iterates the key findings as established throughout this thesis.
followed by a short statement outlining the prospects for future work with the concepts, compounds

and approaches explored throughout this thesis.



2 Literature Review

2.1 Free Radical Polymerisation

2.1.1 Historical Context

Free radical polymerisation (FRP) has become of great commercial interest in the past half century
due to its utility in creating large quantities of high value polymer products to suit an incredibly
diverse range of applications. Aerospace, automotive, defence, medical and consumer goods now
commonly contain high percentages of polymer materials [1]. The ability to control polymer
properties arises through the careful selection of monomers, reaction conditions and a plethora of
additives such as thermal stabilisers, antioxidants, cross linkers and plasticizing agents [2].
Furthermore, compared to anionic and cationic polymerisation methods which are extremely sensitive
to reagent purity and reaction conditions, FRP processes show remarkable tolerance to reagent
impurities and reaction conditions including the ability to conduct polymerisations in aqueous media
[3]. Despite all these advantages, there are fundamental limitations bought about by aspects of the
FRP mechanism that have by necessity lead to the development of reversible deactivation radical
polymerisation (RDRP) techniques which impart “living” characteristics to the FRP process [4].
Fundamentally, regardless of the RDRP method, the goals of all RDRP techniques has been to give
polymer scientists the ability to control, with as much precision as possible, the molecular architecture
of the polymers formed. This includes overall polymer structure (linear, branched, dendritic, brush,
crosslinked etc), monomer composition (multiblock synthesis) chain end functionality, targeted
molecular weight and a narrow dispersity of the molecular weight distribution. Historically this has
resulted in the development of the 5 main RDRP techniques; the Iniferter process in 1982 [5],
nitroxide mediated polymerisation (NMP) in 1984-85 [4], Atom Transfer Radical Polymerisation
(ATRP) in 1995 [6], Reversible Addition Fragmentation Chain Transfer (RAFT) in 1998 [7] and
Macromolecular Design via Interchange of Xanthates (MADIX, often considered a subset of the
RAFT technique) also in 1998 [8]. Collectively the RDRP techniques now dominate research in
polymer science; however, despite their many advantages over FRP there are still fundamental

limitations arising from their respective mechanisms that need to be overcome.

2.1.2 Kinetics and Mechanisms of Free Radical Polymerisation (FRP) Processes

An understanding of the mechanisms and kinetics underpinning the FRP process is essential before

adding the complexities of the RDRP techniques discussed above. Historically, a lot has been



published in this area, from Flory’s pioneering work [9] in 1953 to the present day [10-14]. As
nomenclature of kinetic rate coefficients and kinetic definitions can vary between publications, the
most commonly employed nomenclature has been used, with notation chosen such as to not conflict
with rate coefficients used later in this thesis. Despite the underlying approximations of the the steady
state assumption and the fact that under certain conditions it is not strictly applicable; as it is standard
practice within the literature it has also been used here. It nevertheless works very well for describing
most FRP processes [11] and simplifies the mathematical description significantly. In summary, these

are the general assumptions underpinning the kinetic analysis explained in the following sections:

e That all kinetic rate coefficients are independent of chain length and conversion.

e That there is an instantaneous establishment of a steady-state free radical concentration,
meaning that radical pairs are created at the same rate at which they are destroyed.

e That the monomer (M) consumed as the reaction progresses is only due to chain propagation
and not due to the initiation process or to chain transfer reactions. This is important as it allows
the rate of monomer consumption to be equated directly with the rate of polymerisation.

e That all reactions are irreversible in nature, i.e. depolymerisation does not occur.

e That the effective concentration of initiator derived free radicals is essentially constant over

the course of the polymerisation.

For explanations of the kinetics of pseudo-stationary and non-stationary polymerisation systems as

they apply to pulsed laser polymerisation and other unique systems, please refer to [11] and [15].

2.1.2.1 |Initiation

The definition of initiation is the generation of primary radicals (I1*) that then add to the carbon-carbon
double bond of the monomer (M), which leads to the formation of initiating radicals (M*) in the

proceeding step. The process is summarised in Scheme 2.1.

Initiator Primary radicals Initiating radicals
kg .. f . i .
l, Aor X I+l —— I+ M — M
(1-f)
I(inactive)

By-products

Scheme 2.1: Summary of pathways operating during the dissociation of a radical initiator.



When sufficient energy is provided to a radical initiator (I2) a pair of primary radicals is created and
this occurs with the rate coefficient for dissociation, kq. This mechanism for the initial generation of
primary radicals is applicable to both thermal and photochemical pathways, with the rate of initiator

disappearance (Riq) being described by Equation 2.1:

d[I,]
Rig=— dtz =kg- [12]

Equation 2.1: Rate equation for decrease of initiator concentration.

Integration of Equation 2.1 yields Equation 2.2 that describes the decreasing concentration of initiator

[12] as a function of time (t) at a given temperature, starting from an initial initiator concentration of
[12]o.
(1] = [I,]o - e 7Fat
Equation 2.2: Integrated rate equation for decrease of initiator concentration.

From Equation 2.1 and Scheme 2.1, another key relationship can be derived; the rate of generation of
primary radicals which can then initiate polymerisation. This is defined as Rg and shown in Equation
2.3.

d[I’] d[1,]
Ry= —r =2

=2 f kq-[I]
Equation 2.3: Rate equation for the generation of primary radicals capable of initiating polymerisation.

For the thermal dissociation of initiators, kq can be calculated from the Arrhenius equation; thus kg is
strongly temperature dependent. For thermal initiators, the parameters of Ea and A are fundamentally
linked to the chemical structure of the radical initiator. For azo initiators, kq has also been shown to
vary by up to a factor of 2 with the nature of the solvent in which the initiator is used [12].

As is evident from Scheme 2.1, not all primary radicals that are generated go on to become “useful”
or initiating radicals; this is evident by a fraction of all radical pairs becoming consumed via side
reactions to form by-products. These are often a range of stable and/or unstable species, some of
which can degrade further to release secondary radicals of different reactivity to the primary radicals
[12, 16], however for simplicity and by the definition of initiator efficiency (f), they are treated as
inactive species in Scheme 2.1. These by-products arise from radicals needing to first escape the
solvent cage before they can react with monomer and this has been shown to be a diffusion controlled
process. The consequences of this are that the cage effect is likely to increase with decreased reaction
temperature and increase with increased conversion as the polymerisation progresses due to the

formation of polymer in the reaction medium increasing viscosity, however the extent of this is also
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dependent on the molecular weight of the polymer being formed. Furthermore, termination reactions
of the primary radicals with other radicals in the system and transfer to initiator can also reduce the
initiator efficiency. All these effects are accounted for in Scheme 2.1 by the inclusion of the efficiency
factor; for thermal initiators, this typically has a value ranging from 0.3 to 0.8 depending on reaction
conditions and can decrease quite severely over the course of a polymerisation for reasons described
previously [17]. It is useful to define the initiator efficiency, f, as the ratio shown in Equation 2.4
which relates the number of moles of radicals generated per mole of initiator molecules (n) to the rate
of initiation of propagating chains (Ri, from here on referred to simply as the “the rate of initiation™)

and previously defined parameters as shown in Equation 2.4:

_ (Rate of initiation of propagating chains)  R;

n - (Rate of initiator disappearance) " n-Ry
Equation 2.4: Definition of initiator efficiency (f).

From Scheme 2.3 and Scheme 2.1 it becomes clear that for the case of unsymmetrical initiators, the
primary radicals in each generated primary radical pair will have different reactivities and thus
different initiation rate coefficients (ki). For two non-identical primary radicals (I.* and I,*), this can
be summarised as shown in Scheme 2.2.

k.?

L+ M——— M

b
: ki :
L+ M ——— M
Scheme 2.2: Initiation by two radicals of differing reactivity.

Where the rate of initiation (Ri) will be determined by an average of the two separate initiation rate

coefficients (ki and ki), as shown in Equation 2.5.

A dlg] dl) . -
Ri=— = = = =2l = K [1g]- [M] + K (1] - [M]

Equation 2.5: Rate of initiation for the case when an unsymmetrical radical initiator is used.

Equation 2.5 can be simplified such that:

Equation 2.6: Expression for the rate of initiation (Ri) in a FRP system with a radical initiator present.

Where for unsymmetrical initiators Equation 2.7 applies:



_ kit K [1"]

ki= ===t and [15]=[5]= 5

2

Equation 2.7: Definition of composite terms for the case of an unsymmetrical radical initiator is used.

It should be noted that Equation 2.5 and Equation 2.7 also apply in the case of a symmetrical initiator
where the side products of initiator breakdown lead to unstable species which further degrade to
radicals with different reactivities from the primary radicals. For symmetrical initiators, Equation 2.6

IS used as given.

Finally, if we assume that Kkgq is the rate limiting step in the initiation process such that ki >> kg, then
it becomes clear that the rate of initiation of propagating chains (R;) can be directly equated to the

rate of primary radical generation (Rg) such that:
Ri=ki-[I']-[M]=2"f kq-[I]
Equation 2.8: Definition of the rate of initiation of by a thermal radical initiator.

Under the same assumption, this relationship can also be neatly obtained by the rearrangement of the

definition for initiator efficiency (Equation 2.4).

For photoinitiated process, the equivalent definition of the combined term of kqf in Equation 2.8 is
more complicated. Firstly, irrespective of the type of photoinitiator that is employed (Type 1 or 2), a
practical definition of the quantum yield (®) is given by Equation 2.9.

_ (Yield of initiating radicals)
B n - (Photons absorbed)

Equation 2.9: Practical definition of quantum yield in the context of photoinitiators used in FRP processes.

In this way, quantum yield is analogous to the term kgq-f for the case of thermal initiation, and Equation
2.9 is analogous to Equation 2.4, and likewise can be equated to the rate of initiation:

(Rate of initiation) R;
n - (Intensity of incident irradiation absorbed)  n- I,

Equation 2.10: Rate of initiation (Ri) for a photoinitiator as a function of quantum yield.
Where:
I,ps = Intensity of incident irradiation absorbed

Which is directly governed by the Beer—Lambert law; this directly relates laps to the total incident

light intensity (lo):



Iabs

=1-10%¢
lo

Equation 2.11: Beer-Lambert law.

Where:

€ = molar extinction coef ficient
c = concentration of photoinitiator [I,]

[ = pathlength of the sample

Thus combining Equation 2.10 and Equation 2.11 gives a complete expression for the rate of initiation

(Ri) by a photoinitiator, where n = 2 as is the case for thermal initiation (see Scheme 2.1):
Ri=2-®-1-(1—108t1:
Equation 2.12: Definition of the rate of initiation by a photoinitiator.

2.1.2.2 Types of Free Radical Initiators

The generation of primary radicals is almost exclusively achieved via the thermal or photochemical
decomposition of a specialty class of compounds called radical initiators, however direct generation
of radicals from the monomer itself is also possible [18], and a multitude of multicomponent initiating
systems have also been devised [10, 19]. The most common class of thermal initiators are the azo
class of compounds; these feature weak C-N bonds which decompose via homolytic cleavage upon
heating to release two carbon centred radicals and a molecule of nitrogen (Scheme 2.3, A). The
interesting feature of azo initiators is that they can also behave as photoinitiatiors, whereupon the
absorption of a photon of correct energy they can undergo cis-trans isomerisation around the nitrogen

double bond or direct photolysis [20].

Photoinitiators have come into prominence in the fields of FRP and LRP due to the ability to tailor
their absorption profiles and reactivity of the generated radicals by careful design of the photoinitiator
[21], along with giving the potential for spatial and temporal control over radical generation [22].
Photoinitiators are characterised as being one of two Types. Type 1 photoinitiators typically absorb
in the UV region and have bonds capable of undergoing unimolecular bond scission; examples
include the symmetrical bis thiocarbonylthio disulfides (which can also have thermally labile bonds)
and unsymmetrical thiocarbonylthio compounds as utilised in photoiniferter systems (Scheme 2.3, C
& D). Type 2 photoinitiators typically absorb in the UV and visible regions and require the interaction
of the excited triplet state of the photoinitiator with a co-initiator molecule [23]. These co-initiators
are often alcohols or amines as these tend to have readily abstractable hydrogens [23]; the commonly
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used UV initiator benzophenone is an example of a Type 2 photoinitiator and is illustrated in Scheme
2.3, B.

A) R><N:N R - >< ><
A c\ /
R R
+ N=N
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Scheme 2.3: Summary of initiators commonly encountered in FRP and living radical polymerisation techniques.

2.1.2.3 Reactivity of radicals & classification of monomers

Since both FRP and RDRP techniques function entirely by radical mechanisms, a general primer as
to the factors that influence both the reactivity of radicals and monomers is provided here. 1,1-
disubstituted (A = H) and 1,1,2-trisubstituted alkenes of the general form CHA=CXY (where A, X &
Y are variable substituents) are by far the most common monomers that are employed in FRP and

RDRP techniques; the process of addition of a radical (R*) to such an alkene is shown in Figure 2.1.
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Figure 2.1 has been removed due to copyright restrictions.

Figure 2.1: General representation of the energy profile showing the reaction of a radical (R*) with a alkene of
the general form CHA=CXY, taken from [24].

The addition of a radical to a double bond is potentially a reversible reaction as polymerisation is not
entropically favoured [13], however due to its exothermic nature arising from the replacement of a
bond with a o bond [24] it is thermodynamically favoured until the depolymerisation temperature is
reached [25]. The depolymerisation temperature is typically significantly higher than commonly
employed polymerisation temperatures hence this phenomenon is not of concern in most instances.
The rate coefficient for radical addition (k) to a double bond can be described by the Arrhenius
equation (Equation 2.13):

—Ea
k=A-eRT

Equation 2.13: Arrhenius equation.

Where:

A = Frequency factor (M~1s™1)

E, = Activation energy for dissociation (k] mol™1)
R = Gas constant (8.314 k] K™t mol™?)

T = Temperature (K)

For polyatomic radicals, the frequency factor spans a narrow range of around 2 orders of magnitude
(6.5 <log A < 8.5) [24], however the rate constant for addition can vary by many orders of magnitude.
From this it can be concluded that the greatest effect on the rate coefficient comes from the activation
energy (Ea) which is the height of the energy barrier in Figure 2.1 and corresponds to the energy
required to form the transition state. The main influences on the activation energy are a combination
of steric, resonance, enthalpic and polarity factors [24]. Regardless of the primary mechanistic factor
at work, the rate coefficient for radical addition is most strongly influenced by the chemical
substituents on either the site of radical attack on the alkene or at the radical centre itself; remote
substituents generally only show a minor influence on the stereochemistry and regiospecificity of
radical addition [26]. Bulky substituents on the alkene are responsible for decreasing the frequency
factor while subsequently raising the activation energy. Enthalpic factors describe the stabilising or
destabilising effects of substituents on all species (radical, alkene and transition state) and generally
decrease with increased exothermicity of the reaction [24]. Polar factors are thought to be very

significant and can be explained as a an energetically favourable alignment of the singly occupied
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molecular orbital (SOMO) of the radical and with either the lowest or highest occupied molecular
orbital (LUMO or HOMO) of the alkene [24].

From the perspective of RDRP techniques it is important to notice that the reactivity of a propagating
radical and that of the monomer are close to opposite of one another; in general the most stable
monomers form very reactive radicals and vice versa [27]. In the context of RAFT polymerisation
especially, this has led to monomers being broadly characterised as belonging to one of two groups.
Namely, there are the More Activated Monomers (MAMSs) and the Less Activated Monomers
(LAMSs). Their succinct definitions are as such [28]:

e MAMSs: monomers in which the double bond is conjugated to an aromatic ring (e.g. styrene),
a carbonyl group (e.g. methyl methacrylate, methyl acrylate or acrylamide) or a nitrile (e.g.
acrylonitrile). Due to possible resonance and delocalisation of the radical, these monomers
form very stable and thus quite unreactive monomeric and polymeric radicals. This makes
them poor attacking groups and good leaving groups.

e LAMSs: monomers in which the double bond is adjacent to a saturated carbon, an oxygen or
nitrogen lone pair (e.g. vinyl acetate or N-vinylpyrrolidone) or the heteroatom in an aromatic
ring (e.g. N-vinylcarbazole). Due to limited opportunity to delocalise the radical or stabilise
it via conjugation, these monomers form very unstable and thus very reactive radical species.

This makes them very good attacking groups and very poor leaving groups.

¢

X C r C C .
P> zé>>(_7¢>\f

Intermediate

Figure 2.2: General classification of common monomers used in RAFT polymerisation.
2.1.2.4 Propagation

The factors affecting the rate of monomer propagation are the same factors that govern the reactivity
of all free radicals, and this have covered previously in section 2.1.2.2. From a practical and
theoretical perspective, the accurate determination of the propagation rate coefficients (kp) for
commonly used monomers is of critical importance to researchers. Efforts guided by the International
Union of Pure and Applied Chemistry (IUPAC) have been made to systematically collate, analyse

and verify the values of k; for various monomers [11, 29-32]. The modern method of choice for the
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determination of k values has categorically been Pulsed Laser Polymerisation (PLP) and subsequent
analysis of the resulting molecular weight distributions (MWDs) [33]. Although the PLP technique
is considered accurate and state of the art, the values of k, determined by this technique often do not
represent the “actual” kp under realistic experimental conditions. This arises due to two main reasons
which occur under normal FRP and LRP conditions but are either entirely absent or minimised in

PLP experiments:

e For acrylate monomers, the propagating radical tends to form tertiary midchain radicals
(MCRs) through inter and intra-molecular branching. These MCRs have a markedly lower k,
relative to the terminal radicals which are secondary in nature. Thus the “effective” kp under
FRP and LRP conditions is always lower than the k, determined by PLP [31].

e Several monomers including vinyl chloride, vinyl acetate and other allyl esters tend to have
non-negligible rates of addition where the propagating radical does not add in the usual “head
to tail” manner and instead adds to the “head” of the monomer in a “head to head” manner
[29, 34, 35]. Due to steric, polar and resonance factors, the usual mode of addition of monomer
to a growing polymeric radical is in “head to tail” manner [13]. The resulting radicals once

again have different k, values. Both these effects are illustrated in Scheme 2.4.
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Scheme 2.4: Illustrated mechanisms for the formation of midchain radicals in acrylate systems (1, recreated
from [31]) and modes of addition available to monomers in FRP systems (2, recreated from [29]).

The assumption that Kk, is chain length independent is somewhat valid; there is experimental evidence
that the rate of monomer addition reaches a constant value of k; after an oligomeric chain length of n
~ 4 [13], however a gradual plateauing of k, at higher chain lengths has also been seen for a range of
common monomers [36]. This assumption has practical utility as FRP processes tend to generate
chain lengths in the range of 100 to 15000 monomer units long, depending on reaction conditions,
monomer and additives present. This assumption is supported by the fact the propagation reaction is
considered to be under chemical control [11], i.e. controlled by thermodynamics and not kinetics until
very high conversion (conv. > 80%) when viscosity becomes a major influence. This arises from the
consideration that at room temperature the rate of collisions between monomers is ~ 10*? s whilst
most monomers have a kp, of = 10% s, thus implying only = 1 in every 10° collisions leads to
propagation. A further consequence of this is that the value of ky is essentially independent of

monomer concentration, i.e. does not change significantly as a function of conversion. That is not to

15



say that solvent effects are totally negligible; specific monomer solvent pairs show some influence
on the value of kp and this is attributed to the interaction between the propagating radical and the
electron accepting ability of the solvent [37], with an extreme example being the FRP of methacrylic
acid in aqueous systems [38]. The FRP of methyl methacrylate (MMA) seems to exemplify all these
complex behaviours; studies indicate a significantly higher kp, for PMMA oligomers (up to a factor
of 10x) [39] and a significant decrease in kp at very high conversions during bulk MMA
polymerisation. Situations where the kinetics of single monomer unit insertion (SUMI) [40] or the
synthesis of oligomers [41] of chain length smaller than 10 units long are being studied require chain

length dependent kp values to be considered.

Fundamentally, from the perspective of kinetic analysis, the rate coefficient (kp) for the addition of
monomer to the initiating radical (M*) is considered the same as for a polymeric radical of chain

length Pn adding further monomer to propagate further, as shown in Scheme 2.5.

Initiating radical Polymeric radical
. Ky .
1) M+ M » P,
. K, .
2) Pn + M > Pn+1

Scheme 2.5: Summary of propagation reactions within a FRP system

From the fact that any initiating radical, regardless of chain length (n), is considered to have an
identical kp as shown in Scheme 2.5, it is possible to conclude that the overall rate of propagation
(Rp) is given by:

d n
Ry = _%: zkp'[Pn*]'[M]

n=1
Equation 2.14: Definition of the rate of propagation.
If we assume that the chain length of the polymers formed is significant (i.e. n > 1000), then consistent
with the assumptions listed in section 2.1.2 is the assumption that in Scheme 2.5 the number of

monomers consumed in step 1 << those consumed in step 2. Thus, it follows that the rate of

propagation (Rp) directly equals the rate of polymerisation.

2.1.25 Termination

Collectively, the termination reactions that determine the final fate of free radicals in a FRP process

are overall the most complicated to describe and model, whilst having the most profound
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consequences on the kinetics and the resulting polymers formed. The process of termination can
fundamentally only proceed by one of two mechanisms; via the combination or disproportionation of
radicals. Combination and disproportionation reactions have their own rate coefficients, kic and ki
respectively. These processes are illustrated with generic propagating polymer radicals in Scheme
2.6.

2 Possible modes of propagating radical termination

A) Combination
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H
B) Disproportionation
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Scheme 2.6: Combination reactions as they apply to propagating polymer radicals.

b
3
{

A
A

k
>
s

I—(')—I
I—ﬁ—I

ke =kee+kea
Equation 2.15: Definition of the overall termination rate coefficient.

For every FRP system, the overall termination rate coefficient (ki) is defined as the sum of two
respective contributions. Equation 2.15 also leads to the definition for the contribution of
disproportionation to the overall termination rate coefficient as a ratio:

Kia

§= —
kt,c + kt,d

Equation 2.16: Relative contribution of disproportionation to the overall rate coefficient for termination.

The size of the contribution due to disproportionation is largely determined by the repeat unit of the
polymeric radical; as a general rule the contribution from disproportionation is greater for radicals
that are sterically hindered or have abstractable B hydrogens [16]. There is evidence that the ratio of
6 can change as a function of temperature, however the effect is not consistent in favour of a particular

mechanism with an increase in temperature [16].

From a more “classical” analysis of FRP, the rates of termination between propagating polymeric
radicals and both initiating radicals and primary radicals is considered to be negligible, hence the

overall reaction scheme for termination is as shown in Scheme 2.7.
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Scheme 2.7: Simplified kinetic scheme for termination as portrayed in a classical kinetic analysis of FRP
processes.

Using the general expression that the overall rate coefficient is a sum of the two terms kiq and k.,
and all termination rate coefficients are chain length independent (assume Pn = Pm), the overall rate

of termination (R¢) can be summarised as:

d[Py] .
R, = — d: =2-kt-[Pn]2

Equation 2.17: Overall rate of termination in a FRP process.

From here, the kinetic treatment of FRP processes can be finalised to yield some useful relationships
by applying the assumptions outlined previously in section 2.1.2. One key assumption is that there is
a steady state concentration of radicals; this implies that the rate of radical generation (R;) is equal to

the rate of termination (R¢), hence combining Equation 2.8 with Equation 2.17 gives:

dp;] _
g - R Re=0
22 f kg L) = 2k [PF]?
k05
21 = (L) e

Equation 2.18: Concentration of propagating radicals as a function of fundamental parameters and initiator
concentration.

Substituting the result of Equation 2.18 result into Equation 2.14 gives an expression for the overall
rate of polymerisation (Rp) as a function of fundamental reaction parameters and quantities such as

initiator concentration and monomer concentration which can be measured experimentally.

0
Ry = ky - (fkt d) - [1,]°° - [M]

Equation 2.19: Rate of polymerisation defined without the concentration of any radical species.

The first order dependence of the rate of polymerisation on the monomer concentration and a square
root dependence on the initiator concentration has been confirmed in multiple polymerisation systems
[9, 11]. There are however complications to this: Equation 2.19 is expected to hold if f is unity or
close to unity. If f is substantially less than unity, this can lead to a direct correspondence between f
and [M]. In this case, the rate of polymerisation should vary with [M]'* as a result of the fact that the
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propagating radical concentration becomes a function of [M]%° [9]. Deviations from the [I12]°®
dependence can arise from the chain length dependent nature of rate coefficients or primary radical
termination effects. Furthermore, extreme dilution of monomer can lead to deviations from the
dependence of Rp from both [M] and [I2] in much the same way as for the case when f is substantially
less than unity, as explained previously. From a more practical standpoint, Equation 2.19 is easily
integrated and yields an expression that correlates monomer conversion (c) to the “apparent” rate
coefficient (kapp) Of polymerisation of a reaction as a function of time (t). This results in the typical
“pseudo first order” kinetic plot that is ubiquitous in polymer science publications, where [M]t and
[M]o are the monomer concentration at time t and t = O respectively.

n(20) () = kot ant = - 01)

Equation 2.20: Pseudo first order Kinetics for FRP processes, relating the observe rate coefficient for
polymerisation.

The assertion that a straight-line pseudo first order kinetic plot implies that a polymerisation shows
“living” characteristics is often stated in the LRP literature. Considering the closer analysis of the
equations presented here, at best, the statement can be made that the overall radical concentration is
constant if a straight-line pseudo first order kinetic plot is obtained. Statements such as “linear pseudo
first order kinetics prove the “living” nature of a LRP process” are misleading and should not be used;

this was reiterated in a recent article by Stenzel & Barner-Kowollik [42].

Several other relationships can be obtained from the kinetic analysis as outlined above, namely the

average kinetic chain length (v) of the polymer formed:

R, R; (Z-kd-f-[lz]-kt)O-S

Equation 2.21: Definition of the average kinetic chain length formed during the FRP process.

An alternate expression for v relates the ratios of the rate coefficient for propagation and termination

relative to the overall rate of polymerisation [9]:

2 2
7= kp ' [M]
2 " kt - Rp

Equation 2.22: Alternate expression for the average kinetic chain length formed during the FRP process.

From Equation 2.22 it can be seen that if the rate of polymerisation for two separate monomers is the
same, the value of () can be related back to the ratio of (kj/k.); as an example, for equivalent values

of Rp, the average kinetic chain length for vinyl acetate is approximately 180x that for styrene due to
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the greater speed of propagation relative to termination in vinyl acetate [9]. Hence under equivalent

values of Rp, the value of v can give insight into the reactivity of the propagating radical species.

In reality the termination process is incredibly complex; this translates into complexity surrounding
how the k, rate coefficient is implemented within simulations and models for FRP and LRP processes.
The process of termination is best explained when one considers that for two polymeric radicals to

terminate, the following series of events must occur (shown in Figure 2.3) [14]:

1. Translation of polymer chains towards each other through the reaction medium; this is also
known as centre of mass diffusion and is shown in Figure 2.3 (A).

2. Segmental diffusion of the radical chain ends until they reach close proximity to one another;
this is shown in Figure 2.3 (B).

3. Actual reaction between the two radicals via one of the two pathways; combination or

disproportionation, shown in Figure 2.3 (C).
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Figure 2.3: Summary of the termination process for two propagating polymeric chains. Recreated from [14].

The rate coefficient for bimolecular termination between two small carbon centred radicals is in the
order of ~ 10° M 51 [16], however there is incontrovertible evidence that the average rate coefficient
for termination (often designated as (k;)) between polymeric radicals is diffusion controlled even at
very low conversion and shows far more complex behaviour [43]. The evidence for this is that k;
decreases with system viscosity as expected for a diffusion controlled process [14], and hence this is
dependent on both the chain length of the propagating species and the conversion as these both
directly influence the system viscosity. Furthermore, the value of ki can vary by many orders of

magnitude depending on the nature of the monomer [11] and is not identical to that of analogous
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small radical models whose rate constants can be predicted by the Smoluchowski equation [14]. For
most common monomers the overall rate of the termination reaction is believed to be limited by
segmental diffusion at low and intermediate conversion (A in Figure 2.3) with it becoming limited
by centre of mass diffusion (B in Figure 2.3) at a certain chain length called the critical chain length
(icrit) or crossover length [43]. The interplay between these phenomena result in the value of (k. ) that

changes as a function of chain length i, as shown in Figure 2.4.

Log k"

Centre of mass Segm*

diffusion dominanti diffusion dominant

Lerit Log l
Figure 2.4: General relationship between the overall rate of termination <k¢» and the propagating chain length
of the terminating radicals (i). Recreated from [43].
From Figure 2.4, an accurate description of the termination rate coefficient for two propagating
chains, both of length i, is given by:
kPP =k i for i < g
kél = ktl'l ) (icrit)_(as_al“) TN = k? i for i > it
Equation 2.23: Expression for the termination rate coefficient as a function of propagating chain length.

For the case when the chains are of two different lengths, (i & j), the rate of cross termination is

kil;‘j — /(k;'l . kg'j)

Equation 2.24: Expression for the rate coefficient of cross termination between propagating chains of various
lengths.

given by:
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The full treatment for termination as given by Equation 2.23 and Equation 2.24 is sometimes
simplified for simulation purposes of FRP and LRP processes, and the average termination rate
coefficient is often implemented as shown in Equation 2.25:

(ke) = k? i
Equation 2.25: Expression for the average rate coefficient for termination as a function of chain length.

Where k? is the starting value of termination at chain length of = 0, i.e. essentially k? = k}'l as seen
in Figure 2.4. In reality k? is often slightly different for different monomers and values have been

determined experimentally, however as a first approximation k2 can be set equal to =~ 10° Mt s,

2.1.2.6 Molecular weight definitions and distributions

The degree of polymerisation of a polymer (Xn, also referred to as the degree of polymerisation (DPy))
is directly equal to the number of monomer units (n) in the polymer chain. The end groups are
neglected in this number; however, the overall molecular weight includes the molecular weight of the

end groups. The expression for the number molecular weight is given by:
M, = Xn M,
Equation 2.26: Definition for the number molecular weight of a polymer.

Where in this case the assumption is made that the polymer contains only one type of monomer which
has a molecular weight of M,,. This however is not a commonly used or useful definition, as polymer
chains, regardless of by which process they are made, are not all the same length but invariably a
distribution of lengths with the spread of values denoted by the dispersity, D. This leads to the 3
fundamental definitions of the molecular weight of a polymer, all of which are considered average
values for the respective quantities. These are the number average molecular weight (M,,), the weight
average molecular weight (M,,) and the Z average molecular weight (M, from the German word for
centrifuge (zentrifuge)). From a mathematical perspective, due to being average values, the values
should be denoted as M,,, M,, and M, however the non-accented versions are more common in the

literature and the two are used. The definitions are as shown in Equation 2.27:
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Equation 2.27: Definitions for the most commonly used descriptors for the molecular weight of a polymer.

Where n,, is the concentration of chains of length n (monomer units) and w,, is the weight of chains

of length n. Another useful definition is that of the moments of the chain length distribution, where

M= Znn-x,{

Equation 2.28: Definition for the moment of a chain length distribution.

the jth moment is defined as:

From this, the zeroth moment can be defined as the total concentration of polymer chains and the

first moment is the total concentration of repeat or monomer units in those chains:

A0 = Znn and A= Znn-Xn=ZWn

Equation 2.29: Definition for the zeroth and first moments of a chain length distribution.

From these definitions, the breadth or spread of the molecular weight distribution, called the
dispersity index can be defined as given in Equation 2.30. This is designated in most texts as b or D,

but is also commonly referred to as the polydispersity index (PDI).

My, X, A2

My X, (A2
Equation 2.30: Interchangeable definitions for the dispersity of a distribution of polymer molecular weights.

As stated by Moad and Solomon [14], in calculations the moments are effectively treated as
concentrations, and kinetic simulations of FRP processes often involve the calculation of the
dispersity by evaluating the moments rather than the complete distribution. It must be stressed this is
only accurate if the kinetics of the process being simulated are independent of chain length, which is

often not the case.

The distribution of the molecular weights within a polymer sample is critically linked to the interplay
between the various reactions occurring during the polymerisation process, as has been outlined in
the previous sections. The statistical treatment of FRP processes was originally proposed by Schulz
and elaborated upon by Flory [9] and others [44]. This leads to the definition that the probability of a
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propagation event (@) is described as the ratio of the propagation rate relative to the sum of all other
competing reactions, such that:
Ry

0=
R, + R, + Ry,

Equation 2.31: Definition of the probability of propagation.

Where R, and R, are the rates of propagation and termination respectively, as defined previously,
and R, is the rate of chain transfer in the presence of a chain transfer agent as defined in the following
section (2.1.2.7). A given chain will undergo (i — 1) propagation steps, each with a probability of (@),
before terminating with a probability of (1 — @).

If termination occurs solely by chain transfer or by disproportionation, it can be shown [9] that the
chain length distribution is given by the Schultz-Flory distribution:
n = 0" (1- 0)
Equation 2.32: Schultz-Flory distribution.
Applying this to the definitions for moments of the molecular weight distribution gives:

X, = 1 X—1+® d B—XW—1+®
n_1_® 1] W_l—(b an _Xn_

Equation 2.33: Expressions for Mw, Mn and B using the Schultz-Flory distribution.
For long chains,as @ — 1, D — 2 as given by Equation 2.33.

The other situation that must be considered is where termination occurs only by combination; this
was first described by Bamford et al. [44]. It can be shown that under these conditions the number
distribution is given by:
= (i—1)(1- 9)*- 9"
Equation 2.34: Chain length distribution when combination is the sole mode of termination.

Once again, applying the definitions for moments of the molecular weight distribution gives:

X, = 2 X—ZHD d D—XW—2+¢
n_l—Q ) W_Z—@ an _Xn_

Equation 2.35: Expressions for Mw, Mn and B applying the termination by combination distribution.
For long chains,as @ — 1, D — 1.5 as given by Equation 2.35.

A comparison of both these termination modes and the resulting number and GPC distributions are

illustrated in Figure 2.5.
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Figure 2.5 has been removed due to copyright restrictions.

Figure 2.5: lllustrated number (a) and GPC distributions (b) for two polymers both with an Xn = 100. The
number distribution of chains formed by disproportionation or chain transfer (dotted line, sum ni = 1.0, Xw/Xn=
2.0) is calculated by Equation 2.33. The number distribution of chains formed by combination (solid line, sum n;

= 1.0, Xw/Xn = 1.5) is calculated using Equation 2.35. Taken from [14].

2.1.2.7 Chain transfer

Chain transfer is the process by which an active radical can be transferred to a non-radical species
during the polymerisation by interaction with a chain transfer agent (CTA). This process is
summarised in Scheme 2.8, where k is the rate coefficient for chain transfer and Kre-in IS the rate
coefficient for re-initiation by the transferred radical. Chain transfer is also unique in the sense that it
is not strictly propagation and not strictly termination. Indeed, the effect of chain transfer on the
kinetics and the X,, and D of the polymers obtained can vary widely between these two extremes due
to the complex interplay of the various rate coefficients that underpin the process (ki and Kre-in) with
the other fundamental parameters that characterise the polymerisation such as kp, ki and k:. For this
reason, the chain transfer step is typically not covered under a traditional kinetic analysis of FRP
kinetics. This is not to say that chain transfer is avoidable or potentially insignificant. Even in the
simplest scenario where only monomer, solvent and initiator are present, chain transfer can occur
between growing radicals and all these species or even with the growing polymer itself. This was
evident in Section 2.1.2.4 for the case of acrylates forming MCRs during propagation. The extent of

these reactions is situation specific.

° ktr .
1) P+ T > P +T
. kre-in .
2) T+M > M
L] kp L]
3) M+ M > P

Scheme 2.8: Summary of the chain transfer process including further propagation.
From Scheme 2.8 the chain transfer rate (R;,) can be defined as:

d[T] \
tr = _W = ke - [Pn] -[T]

Equation 2.36: Definition of the chain transfer rate.

Furthermore, a common definition that is useful for determining the effectiveness of a CTA under a
given set of polymerisation conditions is the chain transfer constant (C;,), which is formally defined
as the ratio of the chain transfer coefficient to the propagation coefficient:
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Equation 2.37: Definition of the chain transfer constant.

There are 4 important key scenarios concerning chain transfer to consider [11]:

Scenario #1: when kp >> ki and Kreiin = Kp this leads to “normal” chain transfer which is
characterised by a decrease of the X, of the polymer chains formed proportional to the amount
of chain transfer agent added. This also does not lead to a decrease in the overall rate of
polymerisation (Rp).

Scenario #2: when kp << ki and kre-in = kp this leads to telomerisation [45], which means that
there is a severe decrease the X, of the polymer formed such that only oligomers can form (n
< 10 units). This scenario does not impact on Ry.

Scenario #3: when kp >> ki and kre-in < kp this leads to a decrease of the X,, and as the rate
coefficient for re-initiation is significantly reduced relative to the rate coefficient for
propagation, an overall decrease in R is seen.

Scenario #4: when kp << ki and Kre-in < Kp this leads to a large decrease in the X, and once
again as in Case #3, an overall decrease in Rp is seen. This is termed degenerative chain

transfer as due to kp << ki this process happens frequently between species.

There is also the special scenario for inhibition, although which strictly speaking is not always a

transfer process, can nevertheless be adequately described by the case where when kp << ki and Kre-

in~ 0 in Scheme 2.8. From here we can see that if the generated radical (T*) is sufficiently unreactive

and sufficiently stable, the polymerisation will effectively be halted until all of T is consumed.

A well-designed RAFT reaction is a hybrid combination of scenarios #1 and # 4, where, roughly

speaking, kp < ki or Kp = ki and Kre-in > Kp Or Kre-in = Kp. This leads to a situation where degenerative

transfer should occur rapidly, the Xn is controlled by [T] and the R, is essentially that for a FRP

without added transfer agent.

The effect of the addition of a chain transfer agent on the number average degree of polymerisation

obtained during a polymerisation is illustrated in Figure 2.6.
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<«——— Chainlength in the absence of chain transfer agent —»

< - ‘ .\/\/Q

Chain length with
chain transfer agent
present

Figure 2.6: A schematic description of chain transfer on the average polymer chain length in FRP process: A and
¢ are end groups present without a chain transfer agent (typically initiator fragments), ® and o represent end
groups derived from the chain transfer agent (typically initiator fragments), e and o represent end groups
derived from the chain transfer agent. Recreated from [16].

In a practical sense, the effect off chain transfer on X, can be quantified by the Mayo method, which
is effectively the process by which X, is measured as a function of chain transfer agent concentration
added to the FRP reaction mixture. This results in the Mayo equation:

L _ 1 Gl
Xno  Xur [M]

Equation 2.38: Mayo equation.

Where:

Xno = number average degree of polymerization without CTA

Xnr = number average degree of polymerization with CTA

2.2 Reversible deactivation radical polymerisation

2.2.1 Criteria and classification of “living” vs “controlled” polymerisation methods

There has been a long running and passionate academic debate as to which criteria need to be strictly
met for a polymerisation to be classified as “living” in nature and whether RDRP processes meet

these criteria [46]. The general criteria for a living system are as follows [47]:

1. Polymerisation proceeds until all monomer is consumed and restarts when fresh monomer is
added. A stricter interpretation of this includes that the number of living chains remains
constant. This also implies if other monomers are added sequentially that the synthesis of

multi-block copolymers is possible.
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If the molecular weight of the polymer formed increases linearly as a function conversion.
Traditional FRP fails this criterion, while FRP in the presence of a conventional chain transfer
agent satisfies this criterion whilst not giving other living characteristics.

. That the total concentration of both active and dormant species remains constant, which
should result in a linear pseudo first order kinetic plot. Non-living conventional FRP processes
can meet this criterion whilst certain RDRP can fail this criterion.

That a “narrow” molecular weight distribution is obtained; this is subjective however a well-
designed RDRP process can yield polymers with D < 1.2 and even close to 1.05 or lower.
That is however not to say that a narrow dispersity implies the absence of side reactions.
Similarly, a RDRP process that yields a higher dispersity whilst satisfying other living criteria
should not be considered a failure from the “living” perspective.

. That the end groups of the polymer are those imparted to it by the specific control agent used,

irrespective of the RDRP process chosen.

Even amongst disagreement, it is now common to refer to a RDRP process as living if it satisfies

most if not all, even if not perfectly, the criteria listed above.

2.2.2 Mechanisms and advantages of common RDRP processes

Fundamentally, the value of a well optimised RDRP system is that it displays the advantageous

“living” characteristics as listed in the preceding section, and likewise yields polymers with the same

desirable properties. The living characteristics of RDRP processes arise from kinetic consequences

of the complex interplay between the rate coefficients for activation and deactivation of the

propagating chains and other fundamental rate coefficients such as those for propagation and

termination. The most general schematic for an RDRP process is shown in Scheme 2.9.

k . .
P-X = ka“ -~ X + P +M
deact
eac kp
Dormant Active

Scheme 2.9: General scheme showing a Reversible Deactivation Radical Polymerisation., adapted from [48].

The main RDRP processes, including RAFT, the Iniferter technique, ATRP and NMP, can be

categorised into one of the 3 mechanisms shown in Scheme 2.10 [48].
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a) Dissociation-Combination (DC)

Kygi . .
PX = kd's' - P+ X

comb.

b) Atom Transfer (AT)
k

d

PX + A = =~ P+ AX
kd

d

c) Degenerative Chain Transfer (DT)

ex

k

-ex

P-X+ P, < ~ P_+ X-P,

Scheme 2.10: Summary of simplified LRP mechanisms, recreated from [48].

Relevant in this context is that iniferter polymerisation with thiocarbonylthio compounds is thought
to potentially obtain control from both the DC mechanism and the DT mechanism [49-52], whilst
RAFT polymerisation functions exclusively via the DT mechanism [53, 54]. For a DC system, the
equilibrium constant is defined as [48]:

_ kdis.

Koq =

kcomb.

Equation 2.39: Definition of the equilibrium constant for a DC system.

It is interesting to note that this definition is somewhat the opposite to that for a DT system in the
sense that it is the ratio of the activation to deactivation, whilst for RAFT this is essentially reversed
as described in section 2.3.2.

In atypical FRP reaction which may be hours in duration, the average lifetime of a propagating radical
is in the order of 1 second; in this brief time initiation, propagation and termination happen, giving
an average X, of around 10° — 10* and a dispersity dependent on the method of termination. The rate
coefficients in Scheme 2.9 are pseudo first order in nature, meaning that every dormant chain activates
once every k;} seconds and has an average active lifetime during which propagation can occur of
k... seconds [48]. In successful RDRP systems, the value of k32 is in the order of 10 — 10° s and
kzl .. =0.1 -1 ms; this has the practical effect that the cumulative lifetime of propagating radicals
in an RDRP system is significantly higher than then average lifetime of a propagating radical in a

FRP system [48]. Importantly, the same rate coefficients that allow this behaviour to occur also results
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in the rate of exchange between dormant (P-X) and active species (P*) being high relative to
termination and initiation, and that at any given time, the ratio [P*]/[P-X] < 107 [48]. Ultimately this
means that for most of the time, the living polymer chain is in the dormant state, which allows the
propagating radicals to all grow intermittently at roughly the same rate and thus achieve a lower
dispersity for the molecular weight distribution. For the two RDRP techniques of interest (Iniferter
& RAFT), expressions can be derived for the expected kinetic behaviours of these systems, the
number average molecular weight and dispersity of the molecular weight distributions. For a thorough
analysis and derivation of these the reader is referred to [48, 55], however the following expressions
have been taken from [47]. These expressions assume ideal conditions i.e. chain length independent
rate coefficients and negligible influence of side reactions including initiation from other sources and

conventional termination reactions.

For a dissociation combination system such as in the iniferter case, the number average molecular

weight is given by:

_ (Mo = [M])
M, = [P — X1, My + Mp_x

Equation 2.40: Expression for the number average molecular weight obtained via an ideal dissociation
combination process.

Where:

[M], — [M]; = monomer consumed

[P — X], = concentration of iniferter agent att =0
My = molecular weight of monomer

Mp_x = molecular weight of iniferter

P="=1+_—+
Xn Xn

X 1 (2—c> ky - [P — X]
c kcomb.

Equation 2.41: Expression for the dispersity obtained via an ideal dissociation combination process.

Where k. is the rate constant for combination of the dormant and active radicals, and all other

constants are as defined previously.

LMl _ 3 (Keq [P =Xl s o
[M]t 2 p S-kt

Equation 2.42: Expression for the expected kinetic behaviour obtained via an ideal dissociation combination
process.

Where K,, = k"dis' and all other constants are as defined previously.

comb.
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For a degenerative transfer process such as RAFT, the expression for the number average molecular
weight is the same as that for a DC system (Equation 2.40) with the trivial substitution that [P — X],
is replaced by the initial concentration of CTA ([CTA],).

The expression for dispersity for a DT system is also very similar to that of a DC system:

X, 1 2-c¢ 1
Cer

Xn Xn c

Equation 2.43: Expression for the dispersity obtained via an ideal degenerative chain transfer process.

From Equation 2.41 and Equation 2.43, the key difference between the DT and DC mechanism is that
the dispersity is not expected to be directly influenced by the initial concentration of control agent for

the DT case.

In a DT system such as in RAFT, the initiating radicals generated come from a radical initiator with
the assumption that the process of chain transfer does not retard the rate of polymerisation. Thus the
kinetic description is identical to that of a conventional FRP process, the rate is given by Equation

2.20, which can also be re-written as:

In <[[11\V2f> = k- (1':_:)2 -t

Equation 2.44: Expression for the expected kinetic behaviour obtained via an ideal degenerative chain transfer
process, identical to that for a conventional free radical polymerisation.

|-

2.3 Reversible Addition Fragmentation Chain Transfer (RAFT) Polymerisation

2.3.1 Fundamentals of the RAFT mechanism

As for the FRP case, the terminology regarding the RAFT mechanism varies across publications; the
rate coefficients were kept as consistent as possible with the latest literature but altered where
necessary to make differentiation in the Predici model easier. Irrespective of ongoing debate over the
significance of potential side reactions, the overall mechanism of RAFT is not disputed [56] and is

widely reported in the literature in the form as in Scheme 2.11.

31



Initiation

'+ M —— p’

Pre-equilbirum

S
PN
R
v
Z S
()

M 1

Reinitiation

R. +M R-re P;]

Main equilbirum

S

T ¢
P
/n
Z S
(%)

M 3

Termination

P
_~'n
kadd,O /T\
A R
k—frag,O VA S/
2
¢
kadd )\
\ P
kfrag 7 5/ m
4

PP p
P +P o =P +P_
P +R Kic > P,
P+l u: > P,

kfrag,O

k—add,O

kfrag

kadd

3 M
S .
+ P
)J\/Pm ’
S ky
> M

Scheme 2.11: The RAFT mechanism as it appears in literature; numbers in subsequent description relate to the
numbered species in this scheme.

As implied in the name, the process of Reversible Addition Fragmentation Chain Transfer (RAFT)

relies on a chain transfer process that operates when a RAFT agent is added to a conventional FRP

system. This means that the RAFT mechanism operates concurrently with all the steps present within

a FRP process, including initiation, propagation and termination. RAFT begins like any FRP, with

initiator derived primary radicals adding to monomer, forming propagating polymeric radicals of
chain length n (B;). These radicals then add to the sulfur of the C=S double bond of the RAFT agent

(1), forming the pre-equilibrium adduct radical (2). Radical attack on the carbon in the C=S bond is

thermodynamically preferred, however a vastly greater kinetic preference for addition to the sulfur
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ensures this is the dominant pathway [57, 58]. The pre-equilibrium adduct can then fragment via beta
scission “back” to reform the polymeric radical and the RAFT agent (1), or fragment “forward” to
release the R group radical (R*) and creating a macro-RAFT agent (3) in the process. The R* then
reinitiates polymerisation by adding to the monomer, forming a propagating polymer radical of length
m (By,). The By, adds to the macro-RAFT agent (3), forming the equilibrium adduct radical (4) which
for chain lengths n = m then has an equal probability of fragmentation to either side; this is the
dynamic equilibrium that forms the core of the RAFT process. The process comes to a halt and “dead”
polymer is formed when radicals terminate by any of the termination mechanisms shown. Several
key conditions need to be fulfilled for the RAFT process to function efficiently and not result in

scenarios #2 or #3 occurring as described earlier in section 2.1.2.7; these include [59]:

The RAFT agent (1) and the macro-RAFT agent (3) need to have a reactive C=S bond (high

Kaaa,o and kqqq).

e The adduct radicals (2 & 4) should fragment rapidly via beta scission and not participate in
any side reactions (high kgyqg4,0 and kgyqg).

e The pre-equilibrium adduct radical (2) needs to fragment preferentially in favour of the right-
hand side of the reaction to release the R group radical (R*) (kfrqg,0 = k—gaa,0) -

e The R group radical should be able to efficiently reinitiate the polymerisation by adding

rapidly to the monomer (kg_,. = ky).

2.3.2 Definitions of key relationships governing the RAFT process

The conditions described in the preceding section are general guidelines; to allow a more qualitative
description of the RAFT process several important relationships have been defined. These, along with

common methods for how they can be calculated or estimated are covered here.

2.3.2.1 Relating to the pre-equilibrium

The pre-equilibrium in the RAFT process is arguably the most complex step mechanistically, with
profound consequences for both the kinetic behaviour seen and how closely the molecular weight of
the polymer formed matches that of the theoretically predicted molecular weight. Two pre-

equilibrium constants can be defined [54]:

k k_
K = add,0 and Kﬁ — add,0

k—frag,o

kfrag,O

Equation 2.45: Definitions for pre-equilibrium constants in the RAFT mechanism.
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K describes the fragmentation of the pre-equilibrium adduct back to the starting RAFT agent and the
B, radical whilst K describes the fragmentation to release the R group radical and generate the initial
macro-RAFT agent (3). Which fragmentation pathway is more likely to occur is directly reflected in
how the pre-equilibrium adduct is partitioned between products and starting materials. This leads to
the combination of intrinsic rate coefficients being lumped together to give “apparent” transfer rate

coefficients which are defined by the partition coefficient (¢) [60]:

kfrag 0
ktr,O = kadd,o ’ k Tk = kadd,o ¢
frag,0 —frag,0
k—frag,O
k—tr,o = k—add,o ) = k—add,o (1-9)

kfrag,o + k—frag,O
Equation 2.46: Definitions for transfer rate coefficients in the pre-equilibrium of the RAFT mechanism.

The overall rate of consumption of the RAFT agent is directly related to the relative reactivity of the
propagating radical (B;) and the expelled radical (R*) [54]; these are respectively quantified by initial

chain transfer constants as:

ktrO k—trO
—— and C_gfo= .
k, ’

CtT',O = k
R-re

Equation 2.47: Definitions for chain transfer constants in the pre-equilibrium of the RAFT mechanism.

A common method developed by the team at CSIRO for estimating C,,. o involves directly measuring
the consumption of the RAFT agent as a function of monomer consumption [61]. If the rate of transfer
back to the macro-RAFT agent (3) is assumed to be is negligible such that C_,, , = 0, the following
equation is employed:

_ dIn([CTA])
07 dIn([M])

Equation 2.48: Approximation for the estimation of the initial chain transfer constant via the CSIRO method
[61].

For RAFT agents with high initial chain transfer constants (Cy.o, > 100), this method becomes
problematic as the RAFT agent is entirely consumed within the first few % of monomer conversion

[60]. Thus, this technique can only be reliably applied to RAFT agents with low to medium initial
chain transfer constants [54, 60].

Polymerisations run with RAFT agents with low initial chain transfer constants tend to exhibit hybrid
behaviour that does not initially behave like a well-controlled RAFT polymerisation; this is

characterised by an initial spike in the molecular weight at the start of the polymerisation [54]. This
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fact has been utilized by Barner Kowollik and co-workers [62] to develop a method for estimating
Cero Which requires determining the molecular weight of the polymer formed as a function of
conversion and extrapolating the intercept to ¢ = 0, thus giving the molecular weight of the polymeric
species before it reacts with the RAFT agent. This gives the expression:

%0 ~ — Mo
Ctr,o ’ [RAFT]O

+1

Equation 2.49: Approximation for estimating the initial chain transfer constant as developed by Barner Kowollik
et al [62].

2.3.2.2 Relating to the main equilibrium

The dynamic exchange of propagating species in the main equilibrium occurs with an equal
probability of fragmentation and addition to either side of the equilibrium (¢ = 0.5) once the chain
lengths of t