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Introduction

Today free radical polymerization is one of the most studied
fields in polymer chemistry and the majority of laboratories will
be employing some form of living radical polymerization (LRP)
either:

e NMP — nitroxide mediated polymerization,

e ATRP — atom transfer radical polymerization, or

e RAFT — reversible addition—fragmentation chain transfer
polymerization

Some may be using variants or combinations of these
techniques to produce exciting molecular structures not previ-
ously possible.

NMP and RAFT were discovered by CSIRO in the Division
of Applied Organic Chemistry and its successors in laboratories
at Fishermen’s Bend and Clayton, Victoria. This article gives a
history of the research group in CSIRO and the reasons why the
research started. It also seeks to highlight the rewards that can
stem from seeking a basic understanding of the science under-
pinning industrial processes.

Whilst this highlight focusses almost entirely on the work of
the CSIRO group, it should be noted that numerous researchers
around the world have contributed greatly to both processes
(NMP and RAFT) since the CSIRO discoveries. Indeed, the
number of publications on NMP and RAFT is now of the order of
2000 and 3000, respectively.

Background

Free radical polymerization is the most diverse means of syn-
thesizing polymers; it can be carried out under relatively
undemanding conditions, is suitable for a wide range of mono-
mers, and can even be conducted in the presence of water. Hence
it is a highly desirable choice for industrial applications. How-
ever in the 1960s radical polymerization lacked the ability to
readily prepare controlled structures, such as block, graft, or star
copolymers, and to precisely control the molecular architecture
such as molecular weight and molecular weight distribution. A
possible alternative was the much more demanding ionic poly-
merization which did offer the possibility of narrow polydis-
persity and different structures such as block copolymers. The

“Ezio Rizzardo and David Solomon shared the 2011 Prime Minister’s Prize for Science for their role in revolutionizing polymer science through their discovery
and development of living radical polymerization (LRP). Nitroxide mediated polymerization (NMP) and reversible addition—fragmentation chain transfer
(RAFT) polymerization put Australian polymer science at the forefront of research into free radical polymerization. This and related work was largely
responsible for the transformation of free radical polymerization from a mature science in the 1960-1970s to the great activity we see today.
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big difference in mechanism between radical and ionic poly-
merization was in the termination step; Szwarc had coined the
term ‘living’ to describe anionic systems, where there was no
self-termination step.!'! In the ionic system a second monomer
could be added, after the first was polymerized, and a block
copolymer formed. In radical systems the highly reactive radi-
cals rapidly self-terminate to dead polymer chains. The accepted
mechanisms in the 1960s for radical and ionic polymerizations
are shown as (a) and (b) respectively in Scheme 1.1 The inset in
Scheme 1 also shows the two different types of linkages that can
be formed, either head—tail (H-T) or head—head (H-H).

The reasons advanced for H-T addition in both radical and
ionic polymerizations were based on thermodynamic considera-
tions; the radical or ion stability will be, in order, tertiary (most
stable), secondary, and then primary, and this will dictate
structure. This argument was still being used in radical systems
until the 1990s.

Few Australian laboratories were interested in the detailed
chemistry of radical polymerization; for example at the Royal
Australian Chemical Institute (RACI) Symposium on Polymers
held in 1957 there were two papers on the synthetic chemistry
of polymers and 28 on the physical properties of polymers.
Often the structure of the polymers produced by radical
chemistry was represented as shown in Fig. 1. The end groups
and any H-H groups were considered irrelevant (0.1 % of the
structure).m

However, there were several theoretical and practical obser-
vations that this model did not satisfy. Examples are:

1. In practical systems where the polymer is exposed to heat
and/or UV light (i.e. paint) the initiator chosen for the
synthesis had a significant influence on the stability of
the resultant polymer.

2. Poly(methyl methacrylate) (PMMA) synthesized by ionic
methods was more stable than the (apparently) same polymer
made by radical polymerization. Similar observations
applied to poly(vinyl chloride) (PVC).
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3. In simple organic radicals, and in some polymerizations
(e.g. cyclo-polymerization), the concept of stereo-electronic
effects was shown to be important and kinetically preferred
structures were formed,"*! and

4. There was a major contradiction in the teaching of radical
chemistry. On the one hand radicals were described as highly
reactive, neutral species that attack indiscriminately, yet in
polymerizations they were believed to give a regular H-T
linkage with very specific selectivity.

The above observations led us to a project to study defect
groups in polymers produced by radical chemistry. Defect
groups are defined as any monomer residue in a different
environment (structural) to the major repeat units.> These
included the initiator end-group (1 in Fig. 2), the end-groups
resulting from termination by disproportionation (2 and 3 in
Fig. 2) or combination (4 in Fig. 2), as well as any other H-H
linkages (4 in Fig. 2).

Defect Groups

Obvious differences between PMMA synthesized by ionic and
radical chemistries are the H-H and unsaturated dispropor-
tionation structures observed in the free radical system as shown
in Fig. 2. Therefore a model for the H-H component was syn-
thesized and a macromonomer equivalent to the dispropor-
tionation molecule was made by chain transfer methods using
cobalt tetraphenylporphyrin (CoTpp) as shown in Scheme 2.[°!

Thermal stability studies showed that the stability increased
from H-H linkages (3): 195°C least stable, and then the
unsaturated macromonomer (1): 225°C, and finally the saturated
oligomers and polymers (2): 300°C.[! These studies helped
explain the different thermal stability of ionic and radical
PMMA.

Given the mechanism for radical polymerization in Scheme 1
the question arises what is the structure of PMMA at high
conversions? That is, in commercial PMMA does the unsatu-
rated disproportionation macromonomer copolymerize to yield
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Accepted mechanisms for (a) radical and (b) anionic polymerizations in the 1960s with the two types of linkages

shown in the inset. Compound 1 has a head—head (H-H) linkage, compound 2 saturated end-group and compound 3 unsaturated

macromonomer.
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Fig. 2. Defect groups in radical polymerization.

a branched structure? Our studies showed that the macromono-
mer added a cyanoisopropyl radical, it did not homopolymerize,
and importantly, the molecular weight of PMMA formed was
lowered significantly by the macromonomer.!”? This was
explained by what in retrospect was an early version of RAFT,
that is a facile B-scission of the adduct as shown in Scheme 3.

However, the incorporation of PMMA macromonomer was
much higher in copolymerizations with ethyl acrylate (EA),

vinyl acetate (VAc), styrene (Sty), or acrylonitrile (AN).” This
discovery is discussed more fully in the section on the exciting
development of what is termed RAFT (see later section on
RAFT).

Nitroxides as Trapping Agents

Two other observations from our studies on commercially
important polymer systems were significant in leading to our
detailed study of radical polymerization. First was the cyclo-
polymerization of 1,6-dienes, such as N-alkyl diallylamines. We
were able to show that the kinetically preferred 5-membered
ring was formed as shown in Scheme 4.5

Thus in conventional radical polymerization we were firmly
of the view that, for example, the regular H-T structure was the
result of easier (faster) addition to the tail, not the stability of the
radical formed. That is, kinetic (rate) factors were of greater
significance than thermodynamic stability.

Likewise further impetus for a detailed study of the initiation
step came from an unexpected source. When the clay mineral
kaolinite is added to organic systems it gives high viscosities.
Treatment of the kaolinite with oleic acid greatly reduces the
viscosity (from 48 to 3 Pa in paraffin oil!'”?) and also offers the
possibility of the bound oleic acid entering into the polymer
matrix in, e.g. cured rubber or unsaturated polyesters (the so
called graded seal effect observed with carbon black).!'®! These
oleic acid modified clays were exciting to manufacture because
some batches ignited spontaneously in the storeroom; however,
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Model compounds for the poly(methyl methacrylate) (PMMA) defect groups: 1 — unsaturated

macromonomer, 2 — saturated macromonomer, and 3 — head—head (H-H) linkage.
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Scheme 4. Cyclopolymerization of 1,6-diallylamines. (R; =H or alkyl).

industry solved this problem by using an extended drying step.
Unravelling the chemistry behind this process was an important
step in the study of initiation and is detailed here because of its
historical importance in leading to LRP and its illustration of the

Fate of poly(methyl methacrylate) (PMMA) macromonomer. (Sty: styrene, EA: ethyl acrylate, VA: vinyl

virtue of understanding the underlying chemistry as distinct
from only solving the practical problem. We predicted some
radical chain process was responsible for this spontaneous
combustion.

Studies on clay/oleic acid chemistry are difficult experimen-
tally and a model system was set up based on the following
logic. Oleic acid is known to oxidize at the methylenes adjacent
to the double bond to form a hydroperoxide so tertiary butyl
hydroperoxide was chosen to model this hypothesized first step.
Clay was known to be strongly acidic when dried hence sulfuric
acid was used.!'"! It was also known that acids decomposed
hydroperoxides by an ionic mechanism!'? hence this would
compete with any radical process. Therefore methyl methacry-
late (MMA) was used as a solvent (trap); the idea being that each
radical produced would be reflected in a PMMA molecule, but
ionic intermediates would not attack the MMA, i.e. one radical
would produce a detectable amount of PMMA.
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Fig. 3. Structures of the nitroxides 2,2,6,6,-tetramethylpiperidinyl-1-oxy
(TEMPO) (1) and 1,1,3,3-tetramethylisoindoline-2-oxyl (2).

PMMA was in fact formed and in a very careful product
balance and analysis of the PMMA we concluded that!'*-!4);

1. Approximately 30 % of #-butyl hydroperoxide underwent an
acid induced radical decomposition. This was an important
discovery for many reasons including the safe disposal of
peroxides.

2. Of'the t-butoxy radicals that were generated only 60 % added
to the MMA; the remainder formed #-butanol by abstraction.

However, we did not know the precise points of attack of the
t-butoxy on the MMA and therefore needed an effective trap-
ping agent to isolate the initial reactions.

Nitroxide Trapping

Ideally the trapping agent would stop the chain after only one or
two units had added. Diphenyl picrylhydrazyl (DPPH) had
previously been used to trap radicals but we had shown that the
use of this was complicated and not definitive.['> Of the variety
of trapping agents and techniques available, such as spin traps,
transition metal ions, and nitroxides, we chose the latter for
several reasons; nitroxides combine at near diffusion rates with
carbon centred radicals to give alkoxyamines which can be
separated and identified by conventional organic methods, and
nitroxides do not react with oxygen centred radicals, i.e. from
our initiating species.

Our first radical trapping experiments were conducted with
the readily available nitroxide 2,2,6,6,-tetramethylpiperidinyl-
l-oxy (TEMPO, 1 in Fig. 3),' but for more detailed
work we synthesized the isoindoline nitroxide (1,1,3,3-
tetramethylisoindoline-2-oxyl, 2 in Fig. 3) with a chromophore
to aid in identification and separation.!'”]

Over the years a vast array of other nitroxides has been
evaluated. Details of this work are reported in numerous
reviews,!'® 2% so here we will report on some of our more
significant findings and some of their implications.

Effect of Initiator

It is informative to compare two common initiating radicals:
t-butoxy and benzoyloxy, and their reactions with two common
monomers, Sty and MMA. These studies used either of the two
nitroxides shown in Fig. 3.

t-Butoxy

The initiation of MMA with #-butoxy radicals is shown in
Scheme 5.2!

This was a seminal study and provided important data
including:

1. The significant hydrogen abstraction from the o-methyl
group (29 %).

2. Abstraction from the methyl group of the ester. Presumably
this could also occur from the polymer.

3. The B-scission of the #-butoxy to give acetone and a methyl
radical and hence product (4). Since the rate constant for this
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Scheme 7. Initiation of methyl methacrylate (MMA) with benzoyloxy
radicals.

unimolecular fragmentation was known we had a ‘radical
clock’ to calibrate the absolute rate constant of the reaction
pathways.

In contrast the reaction scheme for the initiation of Sty with
t-butoxy radicals is essentially clean, and is shown in Scheme 6.5

Benzoyl Peroxide

The complex reaction of #-butoxy with MMA contrasts with
that of benzoyl peroxide which gave essentially only tail addi-
tion as shown in Scheme 7.5
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However, the reaction scheme for the initiation of styrene
with benzoyloxy radicals is shown in Scheme 8 and gives a
range of products.[**%!

Several products in Scheme 8 require comment!®*):

1. The head addition to give the non-resonance stabilized
radical. This is further support for kinetic control since
thermodynamic considerations would strongly favour the
resonance stabilized tail addition. Furthermore we have
shown that the secondary benzoate formed by tail addition
is thermally less stable than the primary benzoate.**!

2. The large amount of aromatic substitution. This is reversible
but can be trapped with efficient scavengers such as
nitroxides.*?!

3. Again we have a radical clock with the formation of phenyl
radicals.

These studies clearly showed the need to match the initiating
radical to the monomer. There is no one best system.

Other Initiators

Since our original studies numerous other systems have been
studied using nitroxide trapping and here we give two examples:

1. Hydroxyl radicals: We generated these in organic media by
the use of 2-(t-butylazo)prop-2-yl hydroperoxide.”> In
summary hydroxyl radicals give more head addition to
methyl acrylate (17 %) than #-butoxyl (2 %) but less ester
abstraction.!

2. Cumyloxy radicals: These behave in a similar manner to
t-butoxyl but undergo much greater B-scission in MMA.?®!

For more detailed analysis of other radicals refer to Moad and
Solomon."!

E. Rizzardo and D. H. Solomon
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Effect of Monomer

The value of nitroxide trapping is well exemplified in studies
involving monomers with multiple points of attack, particularly
alkyl methacrylates, and results are indicated in Fig. 4 for
t-butoxy radicals.*!! Likewise with allyl methacrylate the attack
is also shown in Fig. 4.1*)

Effect of Solvents

The ability, particularly, of the #z-butoxy radical to abstract
hydrogen is reflected in the choice of solvent for the polymer-
ization. For example in toluene as solvent, at high conversion,
most initiation is by way of solvent derived radicals with the
scheme shown in Scheme 9.12%:%%)

This offers the possibility of end group functionalization by
the use of functional solvents.[*®!

Thermal Polymerization of Styrene

The thermal polymerization of monomers has long been an area
of controversy and it is often argued that trace impurities
(oxygen) or the type of reaction vessel used could be a factor.
However, in the case of Sty there is more acceptance that highly
purified monomer can undergo spontaneous polymerization at a
rate of ~2 % per hour at around 100°C."! The two most widely
considered mechanisms are the biradical scheme proposed by
Flory, (a) in Scheme 10,2% and the Mayo molecular assisted
homolysis (MAH) mechanism, (b) in Scheme 10.1*")

The use of nitroxides results in a much higher rate of radical
formation suggesting the nitroxide is interacting with an inter-
mediate such as the Diels—Alder dimer of Sty. This is indirect
evidence in support of the Mayo MAH mechanism. Conclusive
proof of the MAH mechanism came from the use of FeCl;/DMF
as aretarder when both 1-phenyl-1,2,3,4-tetrahydronaphthalenyl
and phenylethyl end groups were identified.”*! This confirms
that radicals 3 and 4 in Scheme 10 had initiated polymerization
and hence the Mayo mechanism is correct.

In summary, the initiation studies provided a sound basis for
a scientific selection of the solvent, initiator, and reaction
conditions for the polymerization of a given monomer.

Initiator Efficiency

As part of our study on defect groups and radical polymerization
we considered the efficiency of traditional radical initiators.
Here we will exemplify this work by reference to AIBN.
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assisted homolysis (MAH) mechanism proposed by Mayo.
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Fig. 5. Cumulative and instantaneous initiator efficiency ( /') of azoisobu-
tryonitrile initiating styrene polymerization (50 % v/v toluene, 70°C) as a
function of monomer conversion.

Initiator efficiency (/') is defined by Eqn 1 where # is the
number of moles of radicals generated per mole of initiator

Rate of initiation of propagating chains 1

~ n(Rate of initiator disappearance) ()

Initiator efficiency is typically measured at zero or low
conversions. As the polymerization progresses the viscosity of
the medium increases and monomer concentration decreases.
Fig. 5 shows the ‘instantaneous’ £, for azoisobutyronitrile (AIBN)
initiated Sty, reducing over the course of the reaction from 76 %
at low conversion to <20 % at 90-95 % conversion.*!

Loss of useful radicals via the cage reaction is influenced by
factors such as viscosity and the proportion of ‘useful’ radicals is
in the range 50—70 %. In the case of AIBN this loss, shown in
Scheme 11, leads to the combination product tetramethylsucci-
nonitrile (1 in Scheme 11) which is claimed to be toxic.***!
The other disproportionation product, methacrylonitrile (3 in
Scheme 11), is a potential comonomer.*®*7! Furthermore, the
formation of the ketenimine (2 in Scheme 11) can complicate the
analysis.

Termination in Copolymerizations

Given the influence of macromonomers and other defect
structures on polymer properties it is worth discussing an
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Scheme 11. The cage reaction of cyanoisopropyl radicals from the
decomposition of azoisobutryonitrile (AIBN).

example of copolymerization and the likely end groups that can
arise during the termination step. Here we consider a copolymer
of Sty and MMA. We used computer simulation to show that
during copolymerization there is a greater concentration of
styryl ended chains and termination is predominately by Sty—Sty
coupling. We also used the appropriate azo compounds and
decomposed these in the presence of nitroxides so as to isolate
the cage reaction. In this way we could study the cage products.
Styrene is generally considered to terminate predominately by
combination and MMA by both combination and dispropor-
tionation. Of importance is the relative concentrations of each
terminal radical and these in turn are determined by reactivity
ratios and propagation rate constants.[*)

We showed that in methacylates the size of the ester group
has an influence on termination. In the copolymerization of
butyl methacrylate and MMA, there is a small preference for the
transfer of hydrogen from the radical of the model for the butyl
ester of methacrylate to the methyl ester as shown in
Scheme 12.13"]

Nitroxide Mediated Polymerization (NMP)

Several observations were made from the trapping work with
nitroxides which were to lead to NMP:

1. During the isolation and separation of trapped alkoxyamines
the characteristic purple colour of the nitroxide was some-
times observed. We avoided this by using low temperatures
and other techniques.'*"!

2. The cis—trans ratio of Sty dimers changed on heating as
shown in Scheme 13.14!]

3. Allylic alkoxyamines from hydrocarbons reverted to equi-
librium mixtures as shown in Scheme 14.[42

4. In several systems we observed molecules with more than
one monomer residue.*>?*) Whereas we did not favour the
mechanism for their formation as being a reversing of the
trapped alkoxyamine with one monomer residue followed by
insertion of a second monomer unit, we certainly thought
about this possibility. We considered these dimer products
formed by the slow trapping of the first formed radical.

These observations suggested that the alkoxyamines formed
could be heat labile, with the equilibrium shown in Scheme 15,
and this offered the possibility of a controlled growth and the
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synthesis of structures not previously possible by radical
chemistry.

The significance of this chemistry was recognized early and
we explored the many options that were possible. For commer-
cial reasons we were not permitted to publish this work and a
detaile[(‘ilsp])atent was filed in 1984 with the front page shown in
Fig. 6.
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Termination preferences in the copolymerization of butyl and methyl methacrylate.

There were two publications, a communication in 198744

and a conference paper in 1991.1**1 We did publish a theoretical
paper that showed that NMP could, in principle, provide narrow
polydispersity polymers.[**) The patent used the terms ‘living’,
‘controlled-growth free radical polymerization’, and ‘step
growth’ and was a milestone in the renaissance of radical
polymerization; the equivalent of the four minute mile.

The 1984 patent was extensive and, in contrast to many
patents, contained quite detailed experimental procedures. In
fact the patent was essentially a scientific paper. In view of the
extensive literature on NMP and some of the claims made it is
informative to summarize the disclosures of the 1984 patent
since we have published only some of the details in scientific
journals.[7-4%]

New Initiators

The patent details the preparation of three types of new
initiators:

(a) The alkoxyamine of an initiator such as AIBN and a
nitroxide ((a) in Scheme 16),

(b) The alkoxyamine formed from an initiator, a monomer, and
a nitroxide ((b) in Scheme 16), and,

(c) Alkoxyamines prepared from functional initiators such as
4,4'-azobis(4-cyano-n-pentanol) (compounds 3 and 4 in
Scheme 16).

In preparing these initiators we were guided by the results of
our previous trapping work. For example in preparing the
alkoxyamine from styrene we used #-butoxy, not benzoyl
peroxide. More recently these alkoxyamines have been
described as ‘unimers’. This term relates to the fact that there
is only one monomer unit in the compound. Of course we
reported that any of the above could be prepared in situ using
the free nitroxide. However, in the work we reported we purified
and characterized each alkoxyamine since our previous nitr-
oxide trapping work had shown that few of the initiating steps
were clean.

Nitroxide Structure

A broad range of nitroxides was disclosed. Of great practical and
theoretical significance was the reporting of sterically crowded
nitroxides of the general formula shown as 1 in Fig. 7. Initially
we used TEMPO and 1,1,3,3-tetramethylisoindoline-2-oxyl
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(1] Patent Number: 4,581,429
[45] Date of Patent: Apr. 8, 1986

[54) | POLYMERIZATION PROCESS AND
POLYMERS PRODUCED THEREBY

[75] [Inventors: David H. Solomon, Glen Waverley;
Ezio Rizzardo, Wheelers Hill; Paul
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wherein

X represents a group having at least one carbon atom
and is such that the free radical X is capable of poly-
merizing the unsaturated monomer by free radical
polymerization, and the radical functionality resides
on the or one of the carbon atoms,

R', R%, R* and R represent the same or different
straight chain or branched substituted or unsubsti-
tuted alkyl groups of a chain length sufficient to pro-
vide steric hindrance and weakening of the 0—X

bond, and

R¥and R represent the same or different straight chain
or branched substituted alkyl groups or RACNCRY
may be part of a cyclic structure which may have
fused with it another saturated or aromatic ring, the
cyclic structure or aromatic ring being optionally
substituted.

19 Claims, 16 Drawing Figures

Fig. 6. Front page of nitroxide-mediated polymerization (NMP) patent filed in 1984.
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Scheme 16. Various initiators described in the NMP patent.

(shown in Fig. 3).*!! In the patent we further disclosed the
synthesis and use of 1,1,3,3-tetracthylisoindolin-2-yloxyl (2 in
Fig. 7), 1,1,3,3-tetra-n-propylisoindolin-2-yloxy (3 in Fig. 7),
2,6-dimethyl-2,6-di-n-propylpiperidin-1-yloxyl (4 in Fig. 7),
and di-z-butyl nitroxide (5 in Fig. 7).

Monomers Studied

The monomers disclosed in the patent were: Sty, o-methyl
styrene, AN, methacrylonitrile, methyl acrylate, EA, MMA,

AR -
R N-or N-O* -0° N-O° N-O°
4% 7&
R, Re
5
1 2 3 4 5

Fig. 7. General structure of nitroxide reported in the patent (1) as well as
four other nitroxides described.

isobutyl methacrylate and VAc. The patent also used polybu-
tadiene and poly(isobutyl methacrylates).

Molecular Weight and Molecular Weight Distribution

The patent covered molecular weights ranging from 946 to
60000 Da. Most of the examples in the patent had a broad
molecular weight distribution (MWD or M,,/M,,) although one
example with PMMA did have a MWD of 1.15. A few years
later we realised that in principle NMP was capable of yielding
narrow MWD and we published a theoretical paper on what is
now known as the persistent radical effect.[6!

Polymer Structure

Homopolymers, block copolymers (di- and tri-), as well as graft
copolymers were described. Later we were to use NMP to
produce microgels.*”) Various homopolymers (1 and 2 in
Fig. 8), block copolymers 3 and 4, and a graft copolymer 5
reported in the patent are shown in Fig. 8.
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Fig. 8. Examples of various polymers in the patent: homopolymers 1 and
2, block copolymers 3 and 4 and graft copolymer 5.
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Macromonomers

These were formed by elimination of the hydroxylamine from
an oligomer. Scheme 17 shows the removal of the hydroxyl-
amine to form macromonomer 1, while the structures of two
other macromonomers are also shown.

Reactions of Aminoxyl End Groups

Removal of the aminoxyl end group is desirable in most com-
mercial applications and two methods were reported (as well as
the elimination of the hydroxylamine to form macromonomers)
and are shown in Scheme 18. Part (a) shows the conversion of
the aminoxyl end group into a hydroxyl end group by zinc-acetic
acid reduction while part (b) shows the replacement of the
aminoxy end group by a hydrogen through the use of a thiol.

Solvent Effects and Stability of Alkoxyamine

Most alkoxyamines were characterized by purification and then
NMR spectroscopy and a half-life stability measured by the loss
followed by HPLC when heated in ethyl acetate in the presence
of a 10-20 fold excess of another nitroxide.*® Typical results
are shown in Fig. 9.

Note the wide range of stabilities and the clear effect of the
steric hindrance on the stability. Also a change in solvent had a
significant effect on half-life as can be seen in Table 1 for
alkoxyamine 1 in Fig. 9.

o)
-+ —
_ - o HO—N
-~ 1o
o)
I

Scheme 17. Examples of macromonomers from the patent.

(a)

(b)
EtSH

—_—

OH
0-N N . M + HN
P AcOH NT o
NZ o= o
o I
[

+ HO-N + g g E

>,

Scheme 18. Schemes for reactions of the aminoxyl end groups.
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Fig. 9. Half-life of various alkoxyamines in ethyl acetate.

Table 1. Effect of solvent on the half-life of alkoxy-
amine 1 in Fig. 9

Solvent Half-life at 60°C [min]
Light petroleum 38
Ethyl acetate 33
Acetonitrile 22
DMF 20
Methanol 17
Methanol/water 9 : 1 16
Methanol/acetic acid 9: 1 15

Fig. 10. Methyl methacrylate macromonomer.

Reversible Addition—Fragmentation Chain Transfer
Polymerization (RAFT)

We have previously mentioned the B-scission of the radicals
derived from addition of radicals to certain macromonomers
(Scheme 3). The following section describes how this work led
to the development of small-molecule addition—fragmentation
chain transfer agents (AFCTAs) and ultimately to the discovery
of RAFT.P"

Macromonomers as AFCTAs

The concept of chain transfer by a mechanism involving
addition—fragmentation arose from observations during a study
on the chemistry of MMA macromonomers (Fig. 10).

A detailed study of cyanoisopropyl radical addition to MMA
trimer (Fig. 10 when n = 2) revealed that the favoured reaction
of the adduct radical was B-scission.[”! The major products from
this pathway, which are shown in Scheme 3, are a propagating
radical and a new alkene terminated oligomer, i.e. a new
macromonomer. The new propagating radical terminates by
disproportionation to yield MMA dimer, (Fig. 10 whenn = 1) or
by combination with itself or with the cyanoisopropyl radical.

In an extension to this work, we investigated the copolymer-
ization of methacrylate based macromonomers with acrylates,
methacrylates, Sty, AN, VAc, and acrylamide. It was observed
that macromonomers copolymerize with the less sterically
hindered monomers (e.g. acrylates, Sty, AN, acrylamide) to
afford graft copolymers.”’su In contrast, little!”! or no!*!

copolymerization was observed with the more sterically hin-
dered methacrylates (e.g. see Table 2).

Based on the above observations, we proposed a general
mechanism to explain the results of copolymerization of meth-
acrylate ~ macromonomers  with  various  monomers
(Scheme 19).°1

The addition of propagating radical 1 to methacrylate macro-
monomer 2 in Scheme 19 is expected to occur readily to give
adduct radical 3.1°"! The adduct radical 3 can react by one of
three different pathways: (a) it can add to monomer which would
result in the macromonomer becoming incorporated into the
polymer backbone (yielding a graft copolymer), (b) it can revert
to the starting species in which case the propagating radical 1
can continue to grow by further addition of monomer, or (¢) it
can fragment, by P-scission, and in so doing generates a
polymeric re-initiating radical 5 and a new alkene terminated
oligomer 4 whose backbone is based on the propagating radical
1. The relative rates of these pathways depend on the monomer
used. For alkyl acrylates (1; X =H, Y = CO,R), fragmentation
of the adduct radical 3 to 4 and 5 is likely to be more favourable
than fragmentation by the reverse reaction to 1 and 2. This is
because the former route gives rise to a more stable tertiary
radical 5 compared with the secondary radical of the alkyl
acrylate propagating species 1.

However, propagation of the adduct radical 3 (X=H, Y =
CO;R) in Scheme 19 by reaction with monomer is also favour-
able presumably because the alkyl acrylate monomer is rela-
tively unhindered and so can be attacked by the bulky radical 3.
This is evident from the results in Table 2 which show that for
EA, incorporation of MMA macromonomer is high. In contrast,
there is little incorporation of macromonomer in copolymeriza-
tions with MMA (i.e. propagating radical 1; X=Me,
Y = CO,CH;).l”?

In a follow up study, ethyl methacrylate (EMA) was poly-
merized in the presence of MMA dimer or trimer (2, P=0 or
P =1, respectively). A "HNMR analysis of the product revealed
that only one macromonomer unit per chain was incorporated
and that this resided at the chain ends, in agreement with the
mechanism in Scheme 19. The lack of macromonomer copoly-
merization with MMA suggests that propagation of adduct
radical 3 is severely limited.P°! Indeed, the large van der Waals
interactions between a bulky radical 3 approaching a hindered
methacrylate monomer is likely to be the reason for propagation
of radical 3 to be unfavourable. Ultimately, the favoured route
and the path forward is through fragmentation by B-scission. In
the case of a propagating radical derived from styrene (1; X =H,
Y =Ph), the situation is between the methacrylate and acrylate
examples with a higher level of macromonomer incorporation
than methacrylates but lower than the acrylates.
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Table 2. Copolymerization of methyl methacrylate (MMA) macromonomers with ethyl acrylate (EA), styrene (Sty), and MMA!”!

Monomer Macromonomer M, Mol-% of Macromonomer Percentage conv. Product M, (x 107%) Mol-% of Macromonomer
in feed in product
EA - - 95 270.0 -
1000 12 95 36.0 11.0
Sty - - 92 21.0 -
540 7.7 51 4.8 53
MMA - - 99 26.0 -
680 5.9 71 9.3 1.7
/
o
M% X o O  Monomer Graft
n 1 + copolymer
Y Y o— o
1
O o— O o—
H P
2

Xy X
n

Y oY
4

—O

Scheme 19. Mechanism of copolymerization of macromonomers.

It is evident from the discussion above that methacrylate
macromonomers act as chain transfer agents in free radical
polymerization by a mechanism of addition—fragmentation and
in so doing install an olefinic group at the end of the polymer
chains. These products are themselves macromonomers that can
react further as the polymerization progresses. For polymeriza-
tion of acrylates in the presence of macromonomers the newly
formed macromonomers will be branched because of concurrent
copolymerization. The continued copolymerization of these
would give rise to highly branched block copolymer structures.
The polymerization of methacrylates in the presence of
methacrylate macromonomers will yield new methacrylate
macromonomers that will in turn participate in the addition—
fragmentation process. This ‘recycling’ is the genesis of
reversible addition—fragmentation chain transfer discussed in a
later section.

Small Molecule AFCTA

The utility of the addition—fragmentation chain transfer was
further developed by designing three classes of simple organic
molecules with a general structure shown in Fig. 11.1°%

These classes are represented by allylic compounds (Fig. 11,
A =Y = CH,), which include allylic sulfides (X = SR),>*4
allylic peroxides (X=OOR),°>*% allylic bromides (X=
Br),%3"1 allylic sulfones (X = S(O)R),’*>"! allylic phospho-
nates (X=P(0)(OR),),°**"" and allylic stannanes (X=
SnR).5>°7! The other two classes are vinyl ethers (Fig. 11,
A =CH,, Y = 0)P%°%3 and thiocarbonyl compounds (Fig. 11,
A=S,Y =0).1"" The group X is a good homolytic leaving
group and Z can be varied to give an optimum chain transfer
constant (Cy,).

Reactive
double bond

Radical leaving

/ group
U _x

Z Y \
Activating / Weak

group single bond

Fig. 11.
agent.

General structure of an addition—fragmentation chain transfer

Addition—fragmentation chain transfer is a versatile process
being applicable to a range of monomers (Sty, (meth)acrylates,
vinyls) and having the flexibility to introduce functionality at the
o and/or @ terminal ends.[®*) The general mechanism of the
addition—fragmentation chain transfer process is outlined in
Scheme 20 and gives rise to polymers as shown. The molecular
weights of the polymers are controlled by the amounts of chain
transfer agent added, the rates of polymerization are essentially
identical to those in the absence of transfer agent and the
polydispersities are similar to those of conventional polymer-
izations (1.5-2.0).

The incorporation of appropriate functionality in the X and Z
groups (Scheme 20) will result in mono and/or di end functional
oligomers.

The concept of carbon—carbon bond formation by radical
addition—fragmentation has its origins in the original work by
Lewis et al. who reported the allylation of aldehydes utilizing
radical addition—fragmentation.[®* Sometime later, the major
efforts of Keck et al.'®¥ Baldwin et al.,'® and Barton and
Crich®® all helped to establish radical addition—fragmentation
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Scheme 20. Mechanism of the addition—fragmentation chain transfer
process and final polymer structure.

X X = SR, Br, SO,R, P(O)(OR),, SnRs, SiRg, OOR

z Z = Ph, Ar, CO,R, CN, CONH,, OC(O)R, CI, H

Fig. 12. Allylic class of addition—fragmentation chain transfer agents.

as a useful tool for C—C bond formation. Although the addition—
fragmentation chain transfer process has its roots in these
original works, there is an added dimension when applying the
basic concepts of radical addition—fragmentation to free radical
polymerization. In order for chain transfer by radical addition—
fragmentation to operate effectively, the process must compete
with propagation. To achieve this, the chain transfer agent must
have: (a) a double bond whose reactivity towards propagating
radicals is similar to that of the polymerizing monomer, (b) fast
fragmentation of the resulting adduct radical, and (c) efficient
re-initiation of polymerization by the expelled radical.[%¢”)

This section will discuss how we employed simple AFCTAs
to control molecular weight and to prepare end functional
polymers.

Allylic Class of AFCTAs

The allylic class of AFCTAs, represented in Fig. 12, encom-
passes a group of compounds which include the allylic sulfides,
allylic peroxides, allylic bromides, allylic sulfones, allylic
phosphonates, and allylic stannanes.

The allylic class of AFCTASs yield macromonomers as final
products by the mechanism shown in Scheme 21.

The majority of compounds in the allylic class have been
reported in a 1988 patent.'>?! A summary of the different types of
allylic compounds used as AFCTAs, and hence the macromo-
nomers formed (Scheme 21), is given in Table 3.

As is evident from Table 4, the allylic sulfides (Fig. 12,
X =SR) are attractive AFCTAs. First, their Cy; are in the range
of greatest utility (an ideal Cy, is 1.0) for controlling molecular
weight in batch polymerizations.'®”! Second, they can be used to
prepare a range of macromonomers based on methacrylates,
Sty, and acrylates, and third, they can provide both mono- and
di- end functional polymers when appropriate functionality is
introduced in Z and R groups.

For example, according to Scheme 21, utilizing a dihydroxy
functional AFCTA (last entry, Table 4) will lead to a dihydroxy
end functional macromonomer (Fig. 13).
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s )
z z
RS
Fragmentation
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z 4

Re-initiation RS o ®

‘SR + Monomer

Final product: RS M’WW*’_(

z

Scheme 21. Addition—fragmentation chain transfer process with allylic
class as chain transfer agent and final product.

Table 3. Various addition—fragmentation chain
transfer agents in the allylic class (Fig. 12)

Allylic Z X
Bromides CO,Et*7! Br
PhP*7 Br
CNB7 Br
Sulfides CO,EPH S(#Bu)
CO,H!% SCH,CO,H
CNDB4 S(/Bu)
Phl>3 S(CH,),0H
clies! S(rBu)
Sulfonates CO,Et>7! SO,Ph
Sulfones Phl>”! S(O)(nBu)
Stannanes CO,EPT Sn(nBu);

Table 4. Chain transfer constants (C) of allylic sulfides (Fig. 12,
X = SR) for methyl methacrylate (MMA), styrene (Sty), methyl acrylate
(MA), and butyl acrylate (BA) polymerizations at 60°C!4%

z R Ce

MMA Sty MA BA
Ph Bu 1.2 0.8 3.9 -
CO,Et tBu 0.7 1.0 2.2 —
CN Bu 14 1.8 1.6 -
CO,Et (CH,),OH 0.5 1.2 - 1.3
CO,H (CH,),OH 0.3 1.8 - 1.5
CO,(CH,),0OH (CH,),OH 0.4 0.8 - 1.9

HO
~ s
O~
0 OH

Fig. 13. Dihydroxy end functional macromonomer.

The other compounds in the allylic class of AFCTA
(e.g. allylic bromides, allylic sulfones, allylic phosphonates,
and allylic stannanes) are also useful chain transfer agents in
controlling molecular weight in polymerizations as judged by
their Cy, (Table 5).
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Table 5. Chain transfer constants (Cy.) of allylic bromides, allylic

sulfones, allylic phosphonates and allylic stannanes (Fig. 12) for methyl

methacrylate (MMA), styrene (Sty), and methyl acrylate (MA)
polymerizations at 60°C!%*!

z X Cy

MMA Sty MA
Ph Br 2.3 2.9 53
CO,Et Br L5 - 23
CN Br 2.2 - 3.0
CO,Et SO,Ph 1.1 5.8 -
CO,Et S0,C(CH3), 1.0 - -
Ph P(O)(OE), 0.4 - -
CO,Et Sn(Bu); 3.0 - -

w
o

Addition

Q
vwwvvv_g Fragmentation
Re-initiation RO

‘OR + Monomer

Final product: ROWPO

z

Scheme 22. The mechanism of action of allylic peroxides and resultant
oligomer end group structure.

The allylic peroxides (Fig. 12, X = OOR) fall under the allylic
class of AFCTAs, but yield oligomers with an oxirane end group
rather than a 1,1-disubstituted alkene end group as for the
general allylic class.

The mechanism by which the oxirane end group is obtained is
depicted in Scheme 22 and is largely similar to the mechanism of
action of allylic AFCTAs. A propagating radical adds to the
allylic peroxides giving an intermediate adduct radical. This
radical undergoes a 1,3-Syi intra-molecular homolytic substitu-
tion resulting in the cleavage of the weak peroxy bond. In
contrast to the general allylic class of AFCTA which fragment
by B-scission, fragmentation for the allylic peroxides proceeds
by +y-scission; this results in the formation of an epoxide and the
expulsion of an alkoxyl radical (Scheme 22). The epoxide end
group structure has been verified by "H NMR analysis.[

The C, of allylic peroxides determined in MMA, Sty, and
methyl acrylate (Table 6) show that these compounds are
effective chain transfer agents. The Cy, of allylic peroxides is
several orders of magnitude higher than simple dialkyl perox-
ides (compare with di-#-butyl peroxide; C, of 0.00023—0.0013
and di-isopropyl peroxide; Cy. of 0.0003) which suggested that
chain transfer with the allylic peroxides is not due to direct
attack at the peroxy bond.

Vinyl Ether Class of AFCTAs

A range of compounds in the vinyl ether class, as shown in
Fig. 14, are effective as AFCTAs.[>3>]

E. Rizzardo and D. H. Solomon

Table 6. Chain transfer constants (C,) of allylic peroxides (Fig. 12,
X = OOR) for methyl methacrylate (MMA), styrene (Sty), and methyl
acrylate (MA) polymerizations at 60°C'!

Z R Ctr
MMA Sty MA
Ph C(CHy); 0.9 0.8 -
CO,CH; C(CHa); 1.6 0.6 1.0
CN C(CHz3)s 2.0 0.9 0.7
% X = CH,Ph, CH,Ar, CH,CH=CH,
= Z = Ph, Ar, CO,R, CN, CONH,
4
Fig. 14. Vinyl ether class of addition—fragmentation chain transfer agents.
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X* + Monomer Xemnsnn~ radical
O
Final product: XN‘N‘N‘N_<
z

Scheme 23. Vinyl ethers as addition—fragmentation chain transfer agents
and oligomer end group structure.

Table 7. Various vinyl ether addition—fragmentation chain transfer

agents (Fig. 14) and chain transfer constants (Cy,) for methyl methacry-

late (MMA), styrene (Sty), methyl acrylate (MA), and vinyl acetate
(VAc) polymerizations at 60°C'®?!

z X C

MMA Sty MA VAc
Ph Ph 0.8 03 5.7 9.7
CN Ph 0.08 0.04 0.3 12
CO,Me Ph 0.2 0.05 0.5 20

The mechanism of addition—fragmentation chain transfer
follows the general route discussed for allylic compounds.
The vinyl ether AFCTAs yield oligomers with a ketone end
group structure as shown in Scheme 23. In this case, the
formation of the stable C—O double bond is an added driving
force for the fragmentation process.

Several compounds in the vinyl ether class have Cis that
approach the ideal value of 1.0 (Table 7).
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Fig. 15. Thionoester group of addition—fragmentation chain transfer
agents.
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Scheme 24. Thionoesters as addition—fragmentation chain transfer agents
and resultant oligomer end group structure.

Table 8. Chain transfer constants (Cy,) of thionoesters (Fig. 15) with
styrene (Sty), methyl acrylate (MA), and vinyl acetate (VAc) measured

at 60°C!¢%!
Z X (o
Sty MA VAc
Ph Ph 1.0 1.2 >20
Ph 4-MeOOCPh 0.6 1.4 -
4-MeOPh 4-MeOOCPh 0.3 1.1 -

Thiocarbonyl Class of AFCTAs

The use of thiohydroxamic esters for the generation of alkyl
radicals in organic chemistry is well known through the work of
Barton and coworkers.’” The thiocarbonyl class of AFCTAs
was broadened when thionoesters, represented in Fig. 15, were
reported to undergo chain transfer by the addition—fragmenta-
tion process.[¢?

The use of thionoesters as AFCTAs produced oligomers with
a thioloester end group, and is outlined in Scheme 24.

Examples of thionoester AFCTAs are listed in Table 8§,
along with their C, in Sty, methyl acrylate, and VAc
polymerizations.

The RAFT Process

In an extension of the addition—fragmentation concept, meth-
acrylate based macromonomers have been shown to impart
‘living” behaviour to free radical polymerizations. To demon-
strate this feature, narrow polydispersity block copolymers,
based on methacrylates, were prepared under feed condi-
tions.[*®7172) The mechanism was envisaged to operate by
RAFT and represented a new process for achieving LRP.
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Fig. 16. Examples of the different classes of thiocarbonylthio reversible
addition—fragmentation transfer agents.

Subsequently, it was found that simple organic compounds
possessing the thiocarbonylthio moiety (S=C-S) were much
more effective and versatile in inducing ‘livingness’ by
RAFT.[*7"7] For convenience the terms ‘RAFT process’ and
‘RAFT agents’ were coined.l’”> It should be noted here that
researchers at Rhodia in France simultaneously and indepen-
dently observed that xanthates provide living characteristics to
the polymerization of certain monomers. They labelled their
mechanistically identical process: macromolecular design by
the interchange of xanthates (MADIX).

Representative examples of thiocarbonylthio RAFT agents
are shown in Fig. 16.

There are four common classes of thiocarbonylthio RAFT
agents, depending on the nature of the Z group; (a) dithioesters
(Z = aryl or alkyl), (b) trithiocarbonates (Z = substituted sulfur),
(c) dithiocarbonates (xanthates) (Z = substituted oxygen), and
(d) dithiocarbamates (Z = substituted nitrogen).

RAFT polymerization is performed by adding a chosen
quantity of an appropriate RAFT agent to a conventional free
radical polymerization mixture and yields polymers of prede-
termined chain length and narrow polydispersity. Polydispersity
indices of less than 1.1 can be usually achieved under optimal
conditions. The RAFT process offers the same versatility and
convenience as conventional free radical polymerization. It is
applicable to the same range of monomers (e.g. (meth)acrylates,
Sty, acrylamides, vinyls), solvents, functional groups (e.g. OH,
CO;H, NR,, NCO) and reaction conditions (e.g. bulk, solution,
suspension, and emulsion).

In emulsion polymerizations, RAFT introduces some addi-
tional challenges related to the difficulty in the transport of the
RAFT agent from the organic layer through the aqueous phase
and into the growing polymer particle. We have discussed these
challenges in our contributions to this topic!’**" and in our
comprehensive reviews of the RAFT process.!®! 3]

RAFT polymerization can be initiated by any source of free
radicals including UV irradiation®™®* and gamma irradiation™!
and can be performed over a wide range of temperatures,
including room temperature.®) We have also shown that it
can be carried out successfully in a continuous flow micro-
reactor®! or performed in the presence of Lewis Acids to
modify the stereochemistry of certain polymers.!38:8)
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Scheme 25. Mechanism of reversible addition—fragmentation chain transfer (RAFT) polymerization with thiocarbonylthio

RAFT agents.

The mechanism of RAFT polymerization with the
thiocarbonylthio-based RAFT agents involves a series of
addition—fragmentation steps as depicted in Scheme 25.

As for conventional free radical polymerization, initiation by
decomposition of an initiator leads to the formation of propa-
gating chains. In the early stages, addition of a propagating
radical (P;) to the RAFT agent (S=C(Z)SR) followed by
fragmentation of the intermediate radical gives rise to a poly-
meric RAFT agent and a new radical (R®). The radical R®
re-initiates polymerization by reaction with monomer to form
anew propagating radical (Py,). In the presence of monomer, the
equilibrium between the active propagating species (P; and Pj,)
with the dormant polymeric RAFT compound provides an equal
probability for all the chains to grow. This feature of the RAFT
process leads to the production of polymers with narrow
molecular weight distributions, as exemplified in Fig. 17.

When the polymerization is complete, the great majority of
the chains contain the thiocarbonylthio moiety as the end group
(Scheme 25) which has been identified by "HNMR and UV-vis
spectroscopy!’>) in addition to matrix-assisted laser desorption
ionization time-of-flight mass spectrometry (MALDI-TOF/
MS).’! Further evidence for the proposed mechanism was
provided by the identification of the intermediate thioketal
radical ((a) and/or (b), Scheme 25) by ESR spectroscopy.t”*!

In order for the RAFT process to function effectively there
are certain aspects of the polymerization conditions that require
consideration. The most critical considerations are choice of the
RAFT agent and an appropriate rate of initiation.

The RAFT agent must be chosen such that its chain transfer
activity is appropriate to the monomer(s) to be polymerized. The
electronic properties of the Z group and the stereoelectronic
properties of the R group determine the chain transfer activity of
the RAFT agents (Fig. 16). In general, many RAFT agents
behave as ideal chain transfer agents as judged by the rates of
polymerization being similar to rates of polymerization without
the RAFT agent (within 20 %). However, inappropriate choice
of the RAFT agent can lead to significant retardation, particu-
larly when high concentrations are employed to prepare low

10° 10° 10* 10°
Molecular weight [g mol "]

Fig. 17. Shown is the broad molecular weight distribution typical of a
conventional radical polymerization and the narrow molecular weight
distribution typical of a reversible addition—fragmentation chain transfer
polymerization. Data are from gel permeation chromatography analysis of
polystyrene prepared by thermal polymerization of styrene at 110°C for 16 h
(M, 324000, M, /M, 1.74, 72 % conversion) and a similar polymerization
in the presence of cumyl dithiobenzoate (0.0029 M) (M,, 14400, M, /M,
1.04, 55 % conversion).”!

molecular weight polymers. The retardation phenomenon has
been attributed to several factors which have been explained in
terms of the mechanism of the RAFT process (Scheme 25)P01.
(a) slow fragmentation of the adduct radical (A) formed from
addition to the original RAFT agent, (b) slow re-initiation by the
expelled radical R®, (c) preference for the expelled radical R® to
add to the RAFT agent rather than to monomer, (d) slow
fragmentation of the adduct radical (B) formed from addition
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a. R = C(CH,),Ph

oA )J\S
b. R = C(CH,),CN /\©
¢. R = CH,Ph
1 2

Fig. 18. Structure of 1 — dithiobenzoates and 2 — benzyl dithioacetate.

to the polymeric RAFT agent, (e) preference for the propagating
radical (Py and P;,)) to add to the RAFT agent rather than to
monomer. The observed retardation phenomenon has been
addressed by the appropriate choice of Z and R groups. For
example, in styrene polymerization with cumyl dithiobenzoate
(1a in Fig. 18) retardation was observed as an inhibition period
accompanied by slow consumption of the RAFT agent. Since
the cumyl radical is expected to be a good leaving group, the
observed inhibition was attributed to (b) and/or (c) above. The
retardation in Sty polymerization was averted by using a RAFT
agent with cyanoisopropyl as the radical leaving group (1b in
Fig. 18).°Y) Similarly, retardation was observed in the polymer-
ization of n-butyl acrylate with cumyl dithiobenzoate (1a in
Fig. 18) or benzyl dithiobenzoate (1c in Fig. 18), even though the
original RAFT agent was rapidly consumed. The observed
retardation was attributed to the polymeric RAFT agent
(i.e. (d) and/or (e) above). The retardation was alleviated by
using benzyl dithioacetate (2 in Fig. 18) as this RAFT agent is
less active implying that addition to the C=S bond is less
favoured and hence occurs at a slower rate but the resultant
adduct radical is less stable thus favouring fragmentation (refer
to Scheme 25). A possible side reaction in RAFT polymerization
is termination of propagating radicals by radicals (A) and (B)
Scheme 25.1%%

The Z group in the RAFT agent influences the reactivity of
the double bond. As such the Z group must be chosen so that it
activates the double bond towards radical addition but at the
same time does not provide too great a stabilizing influence on
the adduct radical (as this will contribute to slow fragmentation
and hence retardation) (see Scheme 25). Similarly, the R group
must be chosen such that it is a good radical leaving group
relative to the radical of the propagating species.’”>* The
leaving group R* should also preferentially add to monomer.

In contrast to the chain transfer constants for macromono-
mers which range from 0.01 to a theoretical maximum of 0.5, the
transfer constants of various RAFT agents have been found to
span more than five orders of magnitude. The transfer constants
have been measured in the range of 0.01 to above 1000
depending on the nature of Z, R, and type of monomer.!**%4-%¢]
It has been reported that to obtain narrow polydispersity poly-
mers (M,/M, < 1.5) in a batch process with degenerative chain
transfer (e.g. RAFT process) the Cy, of the transfer agent should
be greater than two.l””) However, it has been shown that this
limitation can be overcome by the use of a monomer feed
polymerization process to reduce the rate of propagation and
thereby produce narrow polydispersity polymers from a less
active CTA. 108981

The effect of various Z groups on the chain transfer activity
of RAFT agents was discussed in a recent report. By keeping the
R group constant, a direct correlation between the chain transfer
activity and the reactivity of the C=S bond was observed. The
change in the reactivity of the C=S bond was related to the heats
of reaction for C=S addition and the LUMO energies.”>! For the
RAFT polymerization of Sty, the chain transfer constants were
found to decrease in the series where Z is: aryl (Ph) >=> alkyl
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Table 9. Apparent chain transfer constants (Cy) for
S = C(Z)SCH,Ph in styrene polymerization at 110°C""!

Z Cy
Ph 26
SCH,Ph 18
CH; 10
N-Pyrrolo 9
OCg¢Fs 2.3
N-lactam 1.6
OPh 0.72
NEt, 0.01 (80°C)
(a) -
S S
D
\ll\lJ\SR \T/)\SR
(b) .
S S
&)
~oNen -2

Scheme 26. Resonance structures of (a) dithiocarbamates and (b)
xanthates.

(CH;) ~alkylthio (SCH,Ph, SCH3) ~N-pyrrolo >> N-lactam >
aryloxy (OCgHs) > alkoxy >> dialkylamino. Some examples
of chain transfer constants are given in Table 9.

As is evident from Table 9, the chain transfer activity of
dithiocarbamates and xanthates is generally low but also depen-
dent on the nature of the substituents on nitrogen and oxygen.
For dithiocarbamates, the C,, increases when the N substituent
is: N,N-dialkyl > N-lactam > N-pyrrolo. The low activity of the
N,N-dialkyl dithiocarbamates and xanthates has been explained
in terms of the contributions from the zwitterionic resonance
structures (Scheme 26).1%%-1

The conjugation of the lone pair of electrons (on the nitrogen
or oxygen) with the C=S double bond reduces the double bond
character, thus raising the LUMO and HOMO energies and
making radical addition less favourable.””>! The implications for
the less reactive propagating radicals derived from Sty and
MMA is that the use of N,N-dialkyl and N-phenyl, N-alkyl
dithiocarbamates are ineffective as RAFT agents giving no
significant molecular weight control. For more reactive propa-
gating radicals, for example, acrylyl, these RAFT agents are
mildly effective giving molecular weight control but generally
broad polydispersities. In the case of highly reactive propagating
radicals, for example, derived from vinyl esters, these RAFT
agents give good molecular weight control and low polydisper-
sity indices. The xanthates are only mildly effective as RAFT
agents for acrylates, styrenes, and acrylamides giving some
molecular weight control but broad polydispersities. This limi-
tation has been overcome by attaching electron withdrawing
groups (both inductive and mesomeric) to the nitrogen and
oxygen centres of dithiocarbamates and xanthates, respectively,
thus reducing the conjugation of the lone pair of electrons with
the C=S bond."**>*°! This results in an increase in the C,
value, with the extent of increase depending on the extent to
which the lone pair of electrons are removed from conjugation
with the C=S bond (Table 9).

In a parallel study the Z group was kept constant and the
effect of the R group on the chain transfer activity of RAFT
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agents was investigated.”*! It was reasoned that the C, should
reflect the effect of the R group on the partitioning of the
intermediate adduct radical between starting material and prod-
uct (see Scheme 25). In the RAFT polymerization of MMA with
dithiobenzoates (S=C(Ph)SR), the effectiveness of the RAFT
agent (i.e. the leaving group ability of R) decreases in the
order: C(Alkyl),CN ~C(Alkyl),Ph > C(CH3),C(=0)OEt >
C(CHj;),C(=0)NH(alkyl) > C(CH3),CH,C(CH3); ~CH(CHj3)
Ph > C(CH3); ~CH,Ph. In reality, only the first two groups are
effective in preparing PMMA of narrow polydispersity
(My/M,=1.1) and predetermined molecular weight. Some
examples of Cy; are listed in Table 10. These indicate that both
steric and polar factors determine the leaving group ability of R.
As discussed above, when choosing an appropriate R group in
the RAFT agent the polar and steric factors must be balanced
with the requirement that R® must be efficient in re-initiating
polymerization.

The C of polymeric RAFT agents have much higher
valuest® (Table 11), possibly reflecting the increased leaving

Table 10. Apparent chain transfer constants (C)
for S=C(Ph)SR in methyl methacrylate polymerization

at 600C [90]

R Ctr
C(CH,),CN 13
C(CHy),Ph 10
C(CH3),CO,EL 2
C(CH3),CH,C(CH3)3 04
CH(CH,)Ph 0.16
e, 0.03
i 0.03

Table 11. Apparent chain transfer constants (C,) of polymeric-
reversible addition—fragmentation chain transfer (RAFT) agents
measured at 60°C'°%

Polymeric-RAFT agent Monomer Cy
Polystyrene-SCSCHj; Styrene 180
Polystyrene-SCSPh Styrene 6000 42000 (40°C)

Poly(methyl
methacrylate)-SCSPh

Methyl methacrylate 140

Q
S
Z:  Ph >> SCH3 ~ CHj3 ~ g >> ij

- MMA
<« Sty, MA, AM, AN

E. Rizzardo and D. H. Solomon

group ability of the bulkier polymeric group compared with the
R groups of the RAFT agents in Table 9 and Table 10.

On the basis of these studies we have been able to provide
general guidance on how to select the appropriate thiocarbo-
nylthio RAFT agent for a particular monomer.[®"%>% Thjs is
shown in Fig. 19.

We have found that RAFT agents such as dithioesters or
trithiocarbonates suitable for controlling the polymerization of
‘more-activated” monomers (MAMs) e.g. MMA, Sty, MA,
inhibit or retard the polymerizations of ‘less activated’
monomers (LAMs) e.g. VAc, N-vinylpyrrolidone (NVP),
N-vinylcarbazole (NVC), while RAFT agents suitable for
controlling the polymerizations of LAMs such as N,N-dialkyl-
or N-alkyl-N-aryl dithiocarbamates and xanthates tend to be
ineffective with MAMs. We have solved this problem by
designing a new class of RAFT agents that can be switched
by protonation/deprotonation to achieve good control over
polymerization of both MAMs and LAMs and hence offer a
route to polyMAM-block-polyLAM.!' %1921 NL(4-Pyridinyl)-
N-methyldithiocarbamates are effective with LAMs and in the
presence of a strong acid, the protonated form of the N-(4-
pyridinyl)-N-methyldithiocarbamates provide excellent control
over the polymerization of MAMs. The process is illustrated in
Scheme 27 for the preparation of PMMA-b-PV Ac. Thus in the
first step the protonated RAFT agent (formed by adding
4-toluenesulfonic acid) is used to control the polymerization
of MMA to form PMMA. This macroRAFT agent is then
neutralized in situ by adding a stoichiometric amount of

S

/ S
N+
NC% RAFT g
/
N @
*’“ﬁ W
RAFT o

Scheme 27. Preparation of poly(methyl methacrylate)-block-poly(vinyl
acetate) using a switchable reversible addition—fragmentation chain transfer
agent.

> OPh > OEt ~ N(Ph)(CHg) > N(Et),
<——— VAc, NVC, NVP ———>

——————————————— -

CH;  CHy H CH, H
R foN - [P > fpn > l—COOEt >> |—CH2—|—CH3 I—CN - I—Ph > |—CH3 l—Ph
CHS CH3 CO H CH3 C:H3 ('J‘H3 CH3 CH3

- MMA ——— —em e -

- Sty, MA, AM, AN -

-~ e VAG,NVC, NVP ~ - -

Fig. 19. Guidelines for selection of reversible addition—fragmentation chain transfer agents for various polymerizations. For Z,
addition rates decrease and fragmentation rates increase from left to right. For R, fragmentation rates decrease from left to right.
Dashed line indicates partial control. (MMA: methyl methacrylate, Sty: styrene, MA: methyl acrylate, AM: acrylamide,
AN: acrylonitrile, VAc: vinyl acrylate, NVC: N-vinylcarbazole, NVP: N-vinylpyrrolidone.)
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N,N-dimethylaminopyridine (DMAP). RAFT polymerization of
VAc then provided the desired block copolymer.

RAFT Polymerization of Methacrylates

The methacrylyl propagating radical is a sterically bulky radical
of moderate reactivity. In choosing the requirements fora RAFT
agent, group Z could be aryl, alkyl, or S(alkyl) as these groups
are sufficiently radical stabilizing to allow an appropriate rate of
addition of the methacrylyl propagating radical to the C=S
bond. The R group should be a better leaving group than the
methacrylyl radical, hence R® should also be sterically bulky
(i.e. tertiary) and possess a radical stabilizing functionality. As
discussed above, RAFT agents containing C(alkyl),CN and
C(alkyl),Ph as the R group are effective in preparing PMMA of
narrow  polydispersity and  predetermined molecular
weight.>*1 Some examples of PMMA prepared with RAFT
agents meeting these criteria is shown in Table 12.
Interestingly, when R = C(CH;),CO,Et, we obtained good
molecular weight control but the polydispersity index was only
1.48 (last entry, Table 12). This indicates that this RAFT agent
has relatively poor chain transfer activity which is likely to be a

Table 12. Reversible addition—fragmentation chain transfer (RAFT)
polymerization of methyl methacrylate at 60°C with various RAFT
agents'®!

RAFT agents Percentage conv. M, (GPC) M, (Calc) My/M,

Z R

Ph C(CH;),CN 95 52300 59995 1.16

Ph C(CHj3),Ph 95 6600 4530 1.21

SCH; C(CH3),CN 95 59300 59995 1.14

Ph C(CH;),CO,Et 95 52900 59995 1.48
Table 13.
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reflection of the poorer leaving group ability of ethyl isobutyrate
compared with, for example, cyanoisopropyl or cumyl (first and
second entries respectively in Table 12). Since the steric bulk
between the three groups is likely to be similar, it may reflect the
lower radical stabilizing ability if the CO,Et group compared
with CN or Ph.

The utility of the RAFT process can be illustrated further by
the following example of the RAFT polymerization of MMA.
A series of MMA polymerizations was carried out at 90°C with
1,1’-azobis(1-cyclohexanenitrile) initiator, and using a
~60-fold range of concentrations of S-dodecyl S-(2-cyano-4-
carboxy)but-2-yl trithiocarbonate.!'®! The molecular weights,
ranging from 2600 to 125000, agree with expectation based
on the concentrations of RAFT agent and initiator used
(Table 13). All samples have narrow molecular weight distribu-
tions (My/M,, < 1.2).

RAFT Polymerization of Styrenes

For the RAFT polymerization of Sty there is more freedom in the
choice of the RAFT agent compared with the RAFT polymeri-
zation of methacrylates. This is particularly true in the choice of
R groups. The list of RAFT agents producing narrow polydis-
persity PS also includes groups where R = CH,Ph (Table 14).
The greater flexibility in effective R groups is due to the less
bulky nature and lower propagation rate of the polystyryl radical
compared with the polymethacrylyl radical. Hence the steric and
electronic stabilization parameters are not as demanding as for
methacrylate polymerization.

For reasons discussed previously, the low C;, of N,N-dialkyl
dithiocarbamates (Table 9) makes these ineffective agents for
the RAFT polymerization of Sty. There is no control in molecu-
lar weight or narrowing of polydispersity in styrene polymeri-
zation when Z = N(Et), and R = CH,Ph (Table 14) This is an
indication that the styryl propagating radical is not adding to the

Molecular weights and polydispersities for poly(methyl methacrylate) (PMMA) formed by polymerization of

methyl methacrylate (MMA) (6.55M in benzene) with azobis(1-cyclohexanenitrile) (0.0018 M) as initiator and S-dodecyl
S-(2-cyano-4-carboxy)but-2-yl trithiocarbonate as reversible addition—fragmentation chain transfer (RAFT) agent for 6 h

at 90°C!"'*!
Trace [RAFT], (M x 10%) M2 [gmol '] My /M, M,(Calc)® [gmol 1] Percentage conv.
1 19.92 2870 1.18 3000 80
2 9.96 5040 1.14 5600 80
3 4.95 9940 1.12 10400 79
4 2.48 21800 1.13 22600 91
5 1.24 41100 1.14 45300 >99
6 0.61 80900 1.13 80100 >99
7 0.32 126000 1.15 125000 >99

“Values rounded off to three significant figures.

BCalculated assuming one RAFT agent molecule per polymer chain.

Table 14. Reversible addition—fragmentation chain transfer (RAFT) polymerization of styrene with various RAFT agents

193]

RAFT agents Percentage conv. M,(GPC) M,(Calc) M/ M,
Z R

Ph C(CH3),Ph 81 25200 25100 1.12
Ph C(CH3)(CN)(CH,),CO,H 61 8900 9435 1.05
SCH; CH(Ph)CO,H 92 29200 28500 1.07
N(Et), CH,Ph 15 317100 4590 1.86
N-Pyrrolo CH,Ph 60 15600 18340 1.20
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Table15. Reversible addition—fragmentation chain transfer (RAFT) polymerization of acrylates with various RAFT agents

RAFT agents Monomer® Percentage conv. M,(GPC) M, (Calc) My /M,

Z R

Ph CH,Ph n-BA 40 91700 89300 1.14

SCH; C(CHj3),CN MA 55 65400 61800 1.06

N-Pyrrolo CH,Ph MA 74 8800 9500 1.17

N-Succinamido CH,Ph MA 97 108200 102900 1.18

Ph C(CHj;),CN AA 53 66800 73800 1.13

OEt C(CHj3),CN t-BA 72 11000 10100 1.77

“n-BA: n-butyl acrylate; MA: methyl acrylate; EA: ethyl acrylate; AA: acrylic acid; ~-BA: -butyl acrylate.

Table 16. Reversible addition—fragmentation chain transfer (RAFT) polymerization of acrylamides

RAFT agents Monomer® Percentage conv. M,(GPC) M,(Calc) M, /M,

V4 R

Ph C(CHj;),Ph DMA 64 59500 68300 1.05
DMA 76 88700 81100 1.08
NIPAM 56 24500 28700 1.15

ADMA: dimethyl acrylamide; NIPAM: N-isopropyl acrylamide.

RAFT agent due to the reduced reactivity of the C=S bond
arising from conjugation with the nitrogen lone pair of electrons.
When the extent of this conjugation is reduced, the RAFT agent
is effective in styrene polymerization. This is exemplified in the
last entry in Table 14.

RAFT Polymerization of Acrylates

The acrylyl propagating radicals have relatively low steric bulk
and high reactivity. These characteristics are ideal for addition
to the C=S bond and for expulsion of the R group in RAFT
agents. Consequently, there is a wider choice in both the Z and R
groups available for the RAFT polymerization of acrylates. This
is evident from the examples presented in Table 15.

The xanthates are only mildly effective RAFT agents in
acrylate polymerizations, providing good molecular weight
control but polydispersity remains relatively high (last entry,
Table 15).

RAFT Polymerization of Acrylamides

As for the acrylyl propagating radical, the acrylamidyl propa-
gating radical possesses relatively low steric bulk and high
reactivity. Consequently, a similarly wide range of RAFT agents
would be useful in the RAFT polymerization of acrylamides.
We have reported some examples of the RAFT polymerization
of N,N-dimethylacrylamide (DMA) and N-isopropylacrylamide
(NIPAM) (Table 16).17%1%4

RAFT Polymerization of Vinyl Esters

The VAc propagating radical has quite different reactivity
characteristics compared with (meth)acrylate and Sty derived
propagating radicals. For example, the VAc propagating radical
has relatively little steric bulk and the radical is poorly stabilized
making it highly reactive and, consequently, a very poor
homolytic leaving group. This marked change in reactivity has
severe consequences in the choice of RAFT agents for vinyl
ester polymerization. The results in Table 17 show that the
RAFT polymerization of VAc is only effective with xanthates
(Z = OR) and dithiocarbamates (Z = NR,).”*) We have shown

Table 17. Reversible addition—fragmentation chain transfer (RAFT)
polymerization of vinyl acetate

RAFT agents Percentage conv. M,(GPC) M,(Calc) M,/M,
Z R

OEt CH,CN 66 7000 6190 1.18
OEt CH,CN 92 9100 8610 1.37
N(Ph)(CH3) CH,CN 96 22700 18000 1.24

Table 18. Copolymerizations with S=C(Ph)SC(CHj;),Ph as reversible
addition—fragmentation chain transfer agent

Monomer/Comonomer” Percentage conv. M, M/M,
MMA/HEMA 75 28000 1.21
Styrene/acrylonitrile 71 51400 1.07

AMMA/HEMA: methyl methacrylate/hydroxyethyl methacrylate.

that the polymerization of VAc is completely inhibited in the
presence of dithioesters, trithiocarbonates, and aromatic
dithiocarbamates, i.e. the RAFT agents which are preferred for
RAFT polymerization of (meth)acrylates, styrenes and acryla-
mides.””®! The inhibition observed with these RAFT agents has
been explained by a slow fragmentation of the intermediate
radical (A) (Scheme 25). The slow fragmentation arises from
the poor homolytic leaving ability of the VAc radical, i.e. the
intermediate radical is more stable than the products arising
from fragmentation.

Random and Gradient Copolymers

We have used analysis by "H NMR spectroscopy to show that
the RAFT process does not alter the composition of copolymers
in random copolymerizations when compared with copoly-
merizations without the RAFT agent.””] Two examples of
random copolymers are shown in Table 18.
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We have also reported the preparation of a BA/MMA
gradient copolymer by the RAFT process.’””) The results
(Table 19) showed that using cumyl dithiobenzoate, S=C(Ph)
SC(CHj3),Ph, as the RAFT agent gave a narrow polydispersity
gradient copolymer, rich in MMA at one end and rich in BA at
the other end.

Diblock and Triblock Copolymers

There are numerous examples utilizing the living nature of the
RAFT process to prepare various AB, ABA, and ABC
blocks.[>769391 Some examples of hard—soft, hydrophilic—
hydrophobic, and other AB diblocks are listed in Table 20.

The last entry in Table 20 illustrates an alternative strategy
for block synthesis — linking a preformed polymer, e.g. poly
(ethylene oxide), to a functional RAFT agent and chain extend-
ing using the RAFT process.

A consideration in block synthesis with the RAFT process is
that in order to obtain a narrow polydispersity block copolymer
the leaving group ability of the propagating radical of the
A block is greater than or at least comparable to the leaving
group ability of the propagating radical of the B block.

ABC triblocks can be readily prepared by chain extending a
preformed AB diblock. We have illustrated this by adding
t-butyl methacrylate to poly(benzyl methacrylate-block-
dimethylaminoethyl methacrylate) (M, = 3500; M,,/M, = 1.06)
to give poly(benzyl methacrylate-block-dimethylaminoethyl
methacrylate-block-t-butyl methacrylate) (M, = 8250;
My /M, =1.12).7%

We have also prepared ABA triblocks by utilizing a
difunctional RAFT agent and this is exemplified by the prepa-
ration of poly(methyl methacrylate-block-butyl methacrylate-
block-methyl methacrylate) (M,=112200; M,/M,=1.14)
(Scheme 28).17¢

The advantage of this strategy is that ABA triblocks can be
prepared in two steps. An alternative to this two-step ABA

Table 19. Gradient methyl methacrylate/butyl acrylate (MMA/BA)
copolymer by the reversible addition—fragmentation chain transfer
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triblock strategy is the use of symmetrical trithiocarbonates as
RAFT agents.l’¥ We have reported several examples to illus-
trate the utility of this approach which, in general, follows the
procedure outlined in Scheme 29.11%%

Star Polymers

Star polymers can be readily prepared by utilizing RAFT agents
that contain multiple thiocarbonylthio moieties.l’®1%197] we
have reported two distinct strategies for accessing star polymers
using two classes of RAFT agents. In the first class, the repre-
sentative structures depicted in Fig. 20, show multi-functional
dithioester and trithiocarbonate RAFT agents which are
designed to have the arms grow from the core (i.e. the propa-
gating chains are attached to the core). Examples whereby these
agents are used to give 4-arm and 6-arm star PS polymers have
been reported.[6:196!

An unavoidable consequence with this class of RAFT agent
is that since the propagating chains are attached to the core, the
inevitable termination coupling reactions of radicals lead to
small amounts of star—star coupled products. These coupled
products have been observed by GPC as peaks with two times
the molecular weight of the main peak of the star polymer.!>1%®!

In the second class of RAFT agents, the trithiocarbonate
shown in Fig. 21 has been designed to have the propagating
chains grow away from the core (i.e. detached from the core).

Both these approaches provide 4 and 6-arm star polymers with
good molecular weight control and low polydispersity.l’®-93:19¢]
For example, the trithiocarbonate RAFT agent in Fig. 21
was used to prepare 4-arm  PS (M (GPC)=63900;
M,(Calc) = 78700; M /M, = 1.08, 63 % conversion).!'°! There
is a distinct advantage in the use of RAFT agents of the type
shown in Fig. 21 (i.e. where propagating chains grow detached
from the core) because complications arising from star—star
coupling reactions are avoided. This is highlighted in
Scheme 30. Since the propagating chains are detached from
the core, the core remains in the ‘dormant’ form and any radical—
radical coupling reactions will yield linear polymers which are
produced in lower amounts than if star—star coupling occurred.
These linear termination products have been observed by GPC

process . . .
as peaks with approximately half the molecular weight of the
[31,106]
MMA/BA Percentage conv. M, M, /M, star polymer.
1:091 0 - -
1:0.45 22 16800 1.21 End-Group Removal and/or Transformation
1:0.54 45 41600 1.13 . . . .
: The RAFT process yields thiocarbonylthio terminated poly-

1:0.80 93 75400 1.21 . R . e e,

mers. This end-group is what imparts ‘living’ character to the

Table 20. AB diblocks prepared by the RAFT process'’®

RAFT agents A block?® M, M /M, B block® M, M/M,
Z R
Ph CH,Ph Sty 20300 1.15 DMA 43000 1.24
Ph CH(CH3)Ph BA 33600 1.13 AA 52400 1.19
Ph C(CH3),Ph MMA 3230 1.17 MAA 4720 1.18
Ph C(CH;),Ph MMA 17400 1.20 Sty 35000 1.24
Ph C(CH3),Ph BzMA 1800 1.13 DMAEMA 3500 1.06
Ph C(CH3)(CN)(CH,),CO,H EO 750 1.04 BzMA 10800 1.10

ASty: styrene; BA: butyl acrylate; MMA: methyl methacrylate; BzZMA: benzyl methacrylate; EO: ethylene oxide; p(EB): poly(ethylene-co-butylene);
DMA: dimethylacrylamide; AA: acrylic acid; MAA: methacrylic acid; DMAEMA: dimethylaminoethyl methacrylate.
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Scheme 28. ABA triblock synthesis using difunctional dithioester reversible addition—fragmentation chain transfer agent.
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Scheme 29. ABA triblock synthesis using symmetrical trithiocarbonates

as reversible addition—fragmentation chain transfer agents.
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Fig. 20. Reversible addition—fragmentation chain transfer agents for
growing arms from the core.

polymer chains but it also means that the polymers are coloured.
The colour ranges from deep red to pale yellow depending on the
absorption spectrum of the particular thiocarbonylthio chro-
mophore. Over the years there have been strong incentives to
develop effective methods to modify the thiocarbonylthio end
groups, not only to remove the colour but also to convert them
into more useful functionalities. A variety of processes have
now been reported for this purpose including reactions with
nucleophiles, radical-induced reductions, thermolysis, electro-
cyclic reactions, and ‘click’ processes as outlined in our recent
review.['%®1 We have shown that the thiocarbonylthio end group
can be reduced to a hydrogen end-group with a source of radicals
and a hydrogen atom donor,!'*”! decolourized with a mix of azo
and peroxide initiators,!" %! or converted into colourless cyclic
structures by cycloaddition with diazomethane.!''!!

SCH,Ph

PhH,CS _  SH,CH,C _ OH,C~ "CH,0

CH,CH,S

= o o) )
g
o}

OH,C._ ,CH,0” ~ CH,CH,S
A b
S 0

SCH,Ph
Y

Fig.21. Trithiocarbonate reversible addition—fragmentation chain transfer
agent for growing arms detached from the core.

Conclusion

Radical trapping with nitroxides has provided a detailed picture
of the initiation of radical polymerization by oxygen-centred
radicals and has shown many unexpected results. With z-butoxy
radicals, for example, we have observed a great deal of hydrogen
abstraction from monomers and/or solvents. In some cases this
pathway exceeded the expected pathway of radical addition to
the double bond. These studies, together with a better under-
standing of the way polymer chains terminate, has helped us to
explain why polymers prepared with different initiators can
have different properties. The trapping of radicals with ferric
chloride allowed us to confirm the Mayo mechanism for the
thermal polymerization of Sty. This unusual mechanism for the
formation of radicals by a ‘molecule-assisted homolysis’ had
been in dispute for more than 20 years. Observations during the
trapping of radicals with nitroxides led us to conclude that the
formation of alkoxyamines by the combination of carbon-
centred radicals with nitroxides was in fact reversible, especially
at more elevated temperatures. This suggested that polymer
chains could be grown in a controlled and stepwise fashion by
the insertion of monomer between the carbon-centred radical
and the nitroxide and that the process could be controlled by
varying the temperature of the reaction. This ‘living-radical’
polymerization process is now known as nitroxide-mediated
polymerization or NMP. We showed that it is applicable to the
preparation of many ‘living” polymers and that the temperature
at which it can be conducted is inversely proportional to the
steric bulk of the nitroxide moiety.

When we applied NMP to a-methyl monomers, such as
MMA, we encountered a disproportionation reaction between
the propagating radical and the nitroxide which led to the
formation of omega-unsaturated polymers/oligomers. We then
demonstrated that these macromonomers can be used as



On the Origins of NMP and RAFT

P

0 S
5
R ><CH20J\CHZCH28 SCH,Ph <—=
R R
o)

R= —HZCOJ\CHchzSJ\SCHzPh

R CHzOJ\CHZCHZS

R R

S

967

o 5 Pn
S + *CH,Ph
Re-initiation
and
ropagation

Scheme 30. Mechanism for chain growth detached from the core.

prepolymers in copolymerization to prepare graft copolymers
and, depending on the monomers employed, can also act as
useful chain transfer agents to regulate the molecular weight of
polymers and under certain conditions make low polydispersity
block copolymers. We showed that the chain transfer process for
these macromonomers took place by a mechanism of radical
addition—fragmentation and were able to extrapolate to the use
of simple organic compounds for the same purpose. These
included allylic compounds (such as allylic sulfides, peroxides,
bromides, sulfones, etc), vinyl ethers and thiocarbonyl com-
pounds. When we investigated thiocarbonylthio compounds
(e.g. dithioesters) as chain transfer agents we observed some-
thing special; the polymer produced had a very narrow molecu-
lar weight distribution. We concluded that this was a case of
reversible addition—fragmentation chain transfer and labelled it
the RAFT process. Subsequently we showed that it offers the
same convenience and versatility as conventional free radical
polymerization since it is applicable to the same range of
monomers, initiators, solvents, functional groups, and reaction
conditions. The polymerization is simply performed by adding a
quantity of RAFT agent (dithioester, trithiocarbonate, dithio-
carbamate, or xanthate) to conventional free radical polymer-
izations and yields thiocarbonylthio terminated polymers of
predetermined molecular weight and low polydispersity indices
(less than 1.1 under optimal conditions). These polymers can be
chain extended to give a variety of block, gradient, and star
copolymers and the thiocarbonylthio end group can be con-
verted into many other useful functional groups.
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