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This paper presents a review of living radical polymerization achieved with thiocarbonylthio compounds
[ZC(=S)SR] by a mechanism of reversible addition—fragmentation chain transfer (RAFT). Since we first intro-
duced the technique in 1998, the number of papers and patents on the RAFT process has increased exponentially as
the technique has proved to be one of the most versatile for the provision of polymers of well defined architecture.
The factors influencing the effectiveness of RAFT agents and outcome of RAFT polymerization are detailed. With
this insight, guidelines are presented on how to conduct RAFT and choose RAFT agents to achieve particular
structures. A survey is provided of the current scope and applications of the RAFT process in the synthesis of
well defined homo-, gradient, diblock, triblock, and star polymers, as well as more complex architectures including
microgels and polymer brushes.
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Introduction .. . .
to competitive technologies. However, the conventional pro-

Radical polymerization is one of the most widely used
processes for the commercial production of high-molecular-
weight polymers.l'l The main factors responsible for the
pre-eminent position of radical polymerization are that: (a) it
can be used with a large variety of monomers including
(meth)acrylates, styrene, (meth)acrylamides, butadiene, and
vinyl acetate; (b) it is tolerant to a wide range of functional
groups (e.g. OH, NR,, COOH, CONR;) and reaction condi-
tions (bulk, solution, emulsion, miniemulsion, suspension);
and (c) it is simple to implement and inexpensive in relation

cess has some notable limitations with respect to the degree
of control that can be asserted over macromolecular structure,
in particular, the molecular weight distribution, composition,
and architecture.

The recent emergence of techniques for implementing liv-
ing radical polymerization has provided a new set of tools
for polymer chemists that allow very precise control over
the polymerization process while retaining much of the ver-
satility of conventional radical polymerization.>-81 It is no
longer a formidable task to apply radical polymerization to
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the synthesis of blocks, stars, or other polymers of com-
plex architecture. New materials that have the potential of
revolutionizing a large part of the polymer industry are
beginning to appear. Possible applications range from novel
surfactants, dispersants, coatings, and adhesives, to bio-
materials, membranes, drug delivery media, and materials
for microelectronics.

To understand how RAFT and other forms of living radical
polymerization work, we first need to consider the mechanism
of the conventional process.'! Radical polymerization is a
chain reaction. The chains are initiated by radicals (formed
from an initiator) adding to monomer. Chain propagation then
involves the sequential addition of monomer units to the rad-
ical (P},) so formed. Chain termination occurs when the prop-
agating radicals react by combination or disproportionation.
A much simplified mechanism is shown in Scheme 1.

In conventional radical polymerization, the steady-state
concentration of propagating species is about 10~7 M, and
individual chains grow for 5-10 s before terminating. Chains
are continuously formed, propagate, and are terminated by
radical-radical reaction. The molecular weight of chains
formed in the early stages of polymerization is high and
will reduce with conversion because of monomer depletion
(Fig. 1). The breadth of the molecular-weight distribution and
polydispersity is governed by statistical factors. The polydis-
persity, expressed in terms of the ratio of weight to num-
ber average molecular weights,* is broad (M, /M, > 1.5;
see Fig. 2).

In an ideal living polymerization, all chains are initiated
at the beginning, grow at the same rate, and survive the
polymerization (there is no termination). The propensity of
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Fig. 1. Evolution of molecular weight with monomer conversion for
a conventional radical polymerization with constant rate of initiation
(——-) and a living radical polymerization (—).

free radicals to undergo radical-radical termination means
that, for the case of radical polymerization, all chains can-
not be simultaneously active. To confer living character on a
radical polymerization, it is necessary to suppress or render
insignificant all processes that terminate chains irreversibly.
Thus, living radical polymerization only becomes possible in
the presence of reagents that react with the propagating radi-
cals (P;)) by reversible deactivation (Scheme 2) or reversible
chain transfer (Scheme 3) so that the majority of chains are
maintained in a dormant form (P,—X). The average concen-
tration of the active propagating species in a living radical
polymerization may be similar to that for the conventional
process although the cumulative lifetime of an individual
chain as an active species will be lower. Rapid equilibra-
tion between the active and dormant forms ensures that all
chains possess an equal chance for growth and that all chains
will grow, albeit intermittently. Under these conditions, the
molecular weight increases linearly with conversion (Fig. 1)
and the molecular weight distribution can be very narrow
(e.g. My /M, ~ 1.1, Fig. 2).

The living radical polymerization techniques that have
recently received greatest attention are nitroxide-mediated
polymerization (NMP), atom-transfer radical polymeriza-
tion (ATRP), and reversible addition—fragmentation chain
transfer (RAFT). The NMP technique was devised in our
laboratories in the early 1980s,['% and in recent years
has been exploited extensively for the synthesis of nar-
row molecular-weight distribution homopolymers and block
copolymers of styrene and acrylates.[>!1:12] Recent devel-
opments have made NMP applicable to a wider, though
still restricted, range of monomers.l?] ATRP is substantially

*The number average molecular weight or molar mass is simply the total weight of the sample divided by the number of molecules in the sample:
My= Y mM;/> ni= Y w;/3 n;, where n; is the number of chains of length i, w; is the weight of chains of length i, and M; is the molecular weight
of a chain of length i. The weight average molecular weight is the sum of the weights of chains of each molecular weight multiplied by their molecular
weight divided by the total weight of the sample: My = > w;M;/Y" w;= Y n;M?/3" n;M;. The weight average is always greater than the number average
molecular weight. The polydispersity is the ratio of the weight average to the number average molecular weight and, for an ideal radical polymerization, will
be 2 for termination by disproportionation or chain transfer, or 1.5 for termination by combination.
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Fig. 2. Typical molecular weight distributions for a conventional and
living radical polymerization. Data shown are from GPC analysis of
polystyrene prepared by thermal polymerization of styrene at 110°C
for 16h (M, 324000, My, /M, 1.74, 72% conversion) and a similar
polymerization in the presence of cumyl dithiobenzoate (0.0029 M) (M,
14400, My /M, 1.04, 55% conversion).[’]
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Fig. 3. GPC traces of PMMA formed by polymerization of MMA
(6.55M in benzene) with 1,1’-azobis(1-cyclohexanenitrile) (0.0018 M)
as initiator and various concentrations of RAFT agent 64 for 6 h at 90°C
(refer to Table 1 for details).[!%]

more versatile;>* however, it requires unconventional ini-
tiating systems that often have poor compatibility with
polymerization media. RAFT polymerization, also devised
in our laboratories,!'14] is one of the most recent entrants in
this field and arguably the most convenient and versatile.>~7]

In this paper, we report on the development, scope and
mechanism of living radical polymerization with reversible
addition—fragmentation chain transfer. The paper will empha-
size research carried out at CSIRO but is augmented by the
work of other groups, where appropriate, to provide a more
complete picture.
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Table 1. Molecular weights and polydispersities for PMMA

formed by polymerization of MMA (6.55M in benzene) with

1,1’-azobis(1-cyclohexanenitrile) (0.0018 M) as initiator and RAFT
agent 64 for 6 h at 90°CI'5l

Trace [RAFT], MA My/M, My(calc.)B Conversion
[M x 10*] [gmol™'] [gmol~] [%]

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

A Values rounded off to three significant figures.
B Based on Eqn 5 and an assumed cumulative initiator efficiency ( f)
of 0.3.

RAFT agent Polymeric RAFT agent
S = X YX YX Y S

R< )k Y —> R

S L S Z

Initiator n
1 2
Scheme 4. Overall reaction in RAFT polymerization.
RAFT Polymerization

The utility of the RAFT process is illustrated by the follow-
ing example of RAFT polymerization of methyl methacrylate
(MMA). A series of MMA polymerizations were carried
out at 90°C with 1,1’-azobis(1-cyclohexanenitrile) initiator,
and using an approximate 60-fold range of concentrations
of S-dodecyl S-(2-cyano-4-carboxy)but-2-yl trithiocarbon-
ate 64 (see Table 5).['3] The molecular weight distributions
observed after six hours are shown in Fig. 3. The molecular
weights, ranging from 2870 to 126000, agree with expecta-
tion based on the concentrations of RAFT agent and initiator
used (Table 1). All samples have narrow molecular weight
distributions (M, /M, < 1.2).

The main features of the ideal RAFT polymerization can
be summarized as follows.

e RAFT polymerization (Scheme 4) can be performed by
simply adding a chosen quantity of an appropriate RAFT
agent to a conventional free-radical polymerization. The
same monomers, initiators, solvents, and temperatures
are used.

e RAFT polymerization possesses the characteristics usu-
ally associated with living polymerization. All chains begin
growth at the commencement of polymerization and con-
tinue to grow until the monomer is consumed. Molecular
weights increase linearly with conversion (Fig. 1). Active
chain ends are retained.

e Molecular weights in RAFT polymerization can be pre-
dicted using Eqn 1

M y(calc) & Mo — [M} [M]th (1)
[1]o
where [M], — [M]; is the monomer consumed and my; is
the monomer molecular weight.
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e Narrow molecular weight distributions are achievable
(Fig. 2).

e Blocks, stars, and complex molecular architectures are
accessible (Fig. 4).

With appropriate selection of the RAFT agent for the
monomers used and the reaction conditions, all or most of
the above can be routinely achieved. An understanding of
the mechanism of RAFT polymerization provides insight
and allows the formulation of some simple guidelines for
successfully implementing RAFT polymerization.

History of RAFT

Although the acronym RAFT!3! can be used in a more
general sense, it has come to be closely associated with
radical polymerizations carried out in the presence of thio-
carbonylthio compounds which react by reversible addition—
fragmentation chain transfer.

The same process when it involves xanthate RAFT
reagents is sometimes also called MADIX (macromolecular
design by interchange of xanthate).l'®! Reversible addition—
fragmentation chemistry involving xanthate esters has been
known to organic chemists for some time. It forms the
basis of the Barton-McCombie process for deoxygenation
of alcohols (Scheme 5).[17-1°1 Note that the process relies on
selective cleavage of the R—O bond. The deoxygenation path-
way is facilitated by formation of a strong C=0 bond, but it is
also important that the group on sulfur is chosen to be a poor
homolytic leaving group (typically methyl or ethyl). X—H
in Scheme 5 is usually tri-n-butyl stannane, but other free-
radical reducing agents??] may also be used. When the group
on sulfur is a good homolytic leaving group (a propagating

Y~
P

N

Eight-arm star block

Polymer architectures.

Microgel
X< X<
X'+ g s s
R. ——— R._ — R' + 2\
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l X—H
R—H+ X
Scheme 5.

radical), chemistry similar to that involved in the Barton—
McCombie reaction can be used to desulfurize thiols and to
cleave RAFT end groups (see later).

In 1988, Zard and coworkers[?!] first proposed xanthate
esters and reversible chain transfer as a convenient source
of alkyl radicals and applied this chemistry in the synthe-
sis of monoadducts to a monomer (a maleimide). Numerous
applications of xanthate addition fragmentation chemistry in
organic synthesis have been described in papers and reviews
by the same group.[?223]

We first reported the use of addition—fragmentation
chain transfer agents to control polymerization in the mid
1980s.1732:331 The agents include macromonomers,>4-26]
allyl sulfides,?”] allyl bromides,?®] allyl peroxides, [29) vinyl
ethers,[*%] and thionoesters.>!] We also reported that liv-
ing characteristics (narrow polydispersities, block synthe-
sis) could be achieved with the use of macromonomer
RAFT agents in emulsion polymerization of methacrylate
monomers in 1995 (the acronym RAFT was not used at that
time).[3435]

Living radical polymerization using thiocarbonylthio
RAFT agents was first described in a patent published in
1998.114] The first paper and conference reports describing
the process also appeared in 1998.[13] Other patentsB36-38
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and papers soon followed. This method, along with NMP and
ATRP, now dominates the literature on living radical poly-
merization and radical polymerization generally.l3%4% As of
January 2005, the first paper on RAFTI!3] had received more
than 500 citations (Scifinder). The RAFT patent!*] was the
ninth most cited in the field of Chemistry and Related Science
in 2003 and the most cited of those published within the last
ten years (Chemical Abstracts Service).[4!]

Mechanism of RAFT

The key feature of the mechanism of RAFT polymerization
is a sequence of addition—fragmentation equilibria as shown
in Scheme 6.1>13] Initiation and radical-radical termination
occur as in conventional radical polymerization. In the early
stages of the polymerization, addition of a propagating rad-
ical (P}) to the thiocarbonylthio compound [RSC(Z)=S, 1]
followed by fragmentation of the intermediate radical gives
rise to a polymeric thiocarbonylthio compound [P, S(Z)C=S,
4] and a new radical (R"). Reaction of the radical (R") with
monomer forms a new propagating radical (P},). Rapid equi-
librium between the active propagating radicals (P}, and P;,)
and the dormant polymeric thiocarbonylthio compounds 4
provides equal probability for all chains to grow, and allows
for the production of polymers with narrow polydispersity.
When the polymerization is complete (or stopped), most
of chains retain the thiocarbonylthio end group and can be
isolated as stable materials.

The mechanism for achieving control in RAFT poly-
merization differs significantly from that involved in NMP
and ATRP. The latter processes involve reversible deacti-
vation of propagating radicals by radical-radical reaction
(NMP) or atom transfer (ATRP). The dormant species (the
alkoxyamine in NMP or the halo-compound in ATRP) is

P,—S.._S—R
T k
z
3
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Mechanism of RAFT polymerization.

also the source of radicals. The position of the deactivation—
activation equilibria and the ‘persistent radical effect’ deter-
mine the rate of polymerization.[*>*3] In RAFT polymeriza-
tion, the deactivation—activation equilibria are chain-transfer
reactions. Radicals are neither formed nor destroyed in these
steps and an external source of free radicals is required to initi-
ate and maintain polymerization. Notwithstanding effects of
molecular weight and chain length distribution on radical—
radical termination and any side reactions (discussed later),
the polymerization kinetics should be similar to those found
for conventional radical polymerization. Thus the rate of poly-
merization should be half order with respect to initiator and
independent of the RAFT agent. Such behaviour has been
demonstrated for MMA polymerization in the presence of
dithiobenzoate RAFT agents over an approximate fivefold
range of RAFT agent concentrations (0.006-0.03 M) and
an approximate 100-fold range of initiator concentrations
(0.0005-0.045 M; Fig. 5).[4] Significant retardation of poly-
merization rate is only evident for the highest concentration
of cumyl dithiobenzoate 22.

Choice of RAFT Agents

A wide variety of thiocarbonylthio RAFT agents (ZC(=S)SR,
1) have now been reported. Our initial communication on
this form of RAFT polymerization!!3] focussed on the utility
of dithiobenzoate (Z = Ph) and other dithioesters. However,
our patentsl!+3%4] and subsequent papers demonstrate that
a wide range of thiocarbonylthio compounds can be used.
These include certain trithiocarbonates, xanthates, dithio-
carbamates, and other compounds. The effectiveness of the
RAFT agent depends on the monomer being polymerized and
depends strongly on the properties of the free-radical leaving
group R and the group Z which can be chosen to activate
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Table 2. Aromatic dithioester RAFT agents
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RAFT Z R’ Homopolymers*—< CopolymersA P
agent
6441 @ - *{ ° (MMA),#41 AA63] _
71441 @ o «*/\{ . S, 11441 (MMA )[6:44] _
§19.44] S,[9:14.44.46] A A [6] M [44:64] NIPAM-XMA, %] S-MAH,[7"]
@ -- NC—- MMA,[6:1444.52] XA [65-67] EHMA-b-S,198] EHMA-b-MMA-MAS]
VBz,13:141 p1014,181 B4 [68]
EHMA®]
O e +
10 . NC— - SSO3Na, 1613141 AMPS[72] AMPS-AMBS, 2] AMPS-5-AMBS[7?]
CH,CH,CO5 Na*
111441 NC— - MMAL6:13.44] _
CH,CH,CH,0H
12 NC—+ S,1614 DMAEMA 1131 AMI73] -
o CH,CH,COsH
- 73,74
13 @ C(ONHCH,CH,S05Na*  AMI™ -
141441 o . (MMA)[#4 -
C(O)NHCH,CH,OH
15 @ o HO,C—e (S),114361 SAC,[73] (MA),H4] -
BA,% (MMA)[30]
16 @ C2Hs0C(0)—* (S),1%1 BA,B61 (MMA)6] -
17 @ - cszoc(O)—‘ : S,1561 BA [56] (MMA)[5¢] _
181441 @ - CZHSOC(O)—{ . S, 114441 (MMA)[1444] -
C,HsOC(0 .
19 @ -- 20C(0) BMDO!7¢] -
20[44] @' - @7 . S,[14’44’46’77] MA,[44] BA,[13’44] S-b-DMA,[14’77] S-b-SMe,[14’77] MMA—b—S,[g]

(MMA),[44] DMA, 114
NIPAM,78] §.19-14] pqpz40°]

S-MAH, P18 (AMS-MAH)!>!]
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Table 2. Aromatic dithioester RAFT agents

(continued)
RAFT z R* Homopolymers®—C Copolymers? P
agent
21 @-- Q—‘ S [4453] A A [13.14] \[A [14.64.77.81] BA-b-AAI47T MA-H-EAL477]
BA, 01444771 (MMA), 1441 519:82]
22[91 §,[6.9,13,14,44,53,55] \1 A [44,81,83,84] S-AN,[13.14]1 S MMA 4] MMA-HEMA,[13.14]
@ - . BA,P 14 MMA | [13:144452771 BMA 77T MMA-BA,[*] HEMA-iBMA-MMA-S,!!4]
DMAEMA, 0] XMA,[6566] AM,[73] MMA-b-MAA,[471 MMA-p-8,11477]
DMA,[0] NIPAM,[6:78] 2y p[83] BzMA-b-DMAEMA,[7"] BZMA-5-MAA,[77]
4vp 83l cpm 4 (8),0-821 ppgg, 114 2VP-b-4VP[851 4vP-p-2VP85] ppf4-p-8,[14]
BMALA] BMA-b-SI14]
24 F@ @_{ MAIS1] ,
25[44] @ o : : : MMA[]4,44] _
26 " C_{ S,[86] MMA, 87 GMAI88) MMA-5-S87)
27 @_{ _ MMAL4] MMA-b-SI57]
28 OO MMAI®] MMA-5-S[89]
) et
- + s
291441 @ MMA,[14:44] BA[14.44] -

A If monomer is in parentheses only poor control was reported.

B Abbreviations:  AA, acrylic acid; AM, acrylamide; AMBS, sodium 3-acrylamido-3-methylbutanoate; ~AMPS, sodium
2-acrylamido-2-methylpropane-1-sulfonate; AMS, a-methylstyrene; AN, acrylonitrile; BA, butyl acrylate; BAM, N-tert-butyl acrylamide; BMA,
butyl methacrylate; BzZMA, benzyl methacrylate; BMDO, 5,6-benzo-2-methylene-1,3-dioxepan; CPM, 2.,4,4,6-tetrakis(ethoxycarbonyl)hepta-
1,6-diene; DAGMA, diacetone glucose methacrylate; DMA, N,N-dimethylacrylamide; DMAEMA, N,N-(dimethylamino)ethyl methacrylate;
EA, ethyl acrylate; EHA, 2-ethylhexyl acrylate; EHMA, 2-ethylhexyl methacrylate; GMA, glycidyl methacrylate; HEA, 2-hydroxyethyl
acrylate; HEMA, 2-hydroxyethyl methacrylate; iBMA, isobutyl methacrylate; MA, methyl acrylate; MAH, maleic anhydride; MMA, methyl
methacrylate; NIPAM, N-isopropyl acrylamide; NPMI, N-phenylmaleimide; NVP, N-vinylpyrrolidone; S, styrene; SAc, 4-acetoxystyrene;
SMe, 4-methylstyrene; SSO3Na, sodium styrene-4-sulfonate; tBA, tert-butyl acrylate; VAc, vinyl acetate; VBz, vinyl benzoate; VDC,
vinylidene chloride; 4VP, 4-vinylpyridine; 2VP, 2-vinylpyridine; XMA, functional methacrylate: 2-(acetoacetoxy)ethyl methacrylate,[6°]
3-[tris(trimethylsilyloxy)silyl]propyl  methacrylate,[®]  6[4-(4’-methoxyphenyl)phenoxylhexyl — methacrylate,[®7]  N-hydroxysuccinimide
methacrylate.[6]

€ Emulsion or miniemulsion experiments in italics.

D For block copolymers, the first polymerized block is mentioned first.
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Fig. 5. Plot of log (initial R,) versus log (initial initiator concen-
tration). Data are for bulk MMA polymerization at 60°C with AIBN
initiator (0.0005-0.045 M) and either cumyl dithiobenzoate 22 (m) or
2-cyanoprop-2-yl dithiobenzoate 8 (0) as RAFT agent (0.006-0.03 M).
A least-squares fit provides a slope of 0.507, R 0.98655.[44]

Weak single bond

R*+ S S—R R’*SYS*R
Reactive / Y4 4

double bond T R, R’ are free radical

leaving groups (R must
also be able to reinitiate
polymerization)

Z modifies addition and
fragmentation rates

Fig. 6. Structural features of thiocarbonylthio RAFT agent and the
intermediate formed on radical addition.

or deactivate the thiocarbonyl double bond and modify the
stability of the intermediate radicals (Fig. 6).[%%4446] For an
efficient RAFT polymerization (Scheme 6):

e The RAFT agents 1 and 4 should have a reactive C=S
double bond (high kqq)-

e The intermediate radicals 3 and 5 should fragment rapidly
(high kg, weak S—R bond) and give no side reactions.

e The intermediate 3 should partition in favour of products
(kg > k-ada)-

e The expelled radicals (R*) should efficiently re-initiate
polymerization.

A non-exhaustive summary of RAFT agents and the poly-
merizations in which they have been applied is provided in
Tables 2—7. These tables include some RAFT agent/monomer
combinations which provide poorer molecular weight con-
trol and/or polydispersity >1.4. These are indicated by the
monomer being in parentheses. Often these have been inves-
tigated in order to provide an understanding of the mechanism
and to allow construction of guidelines for the choice of
RAFT agent. Fig. 7 provides a summary of how to select
the appropriate RAFT agent for particular monomers.

Several papers have been published on the effects of the
substituents R and Z on the effectiveness and transfer coef-
ficients of RAFT agents.[6:94440] The rate of addition of
radicals to the C=S double bond is strongly influenced by

G. Moad, E. Rizzardo and S. H. Thang

the substituent Z. This rate is higher when Z =aryl, alkyl
(dithioesters), or S-alkyl (trithiocarbonates), and lower when
Z = O-alkyl (xanthates) or N,N-dialkyl (dithiocarbamates).

We performed a series of styrene polymerizations (110°C,
thermal initiation) for two series of RAFT agents which
differ in the activating group Z [S=C(Z)S—CH;,Ph and
S=C(Z)S—C(Me),CN].[*¢] The chain transfer coefficients
were found to decrease as shown in Fig. 7. Only the first
five in this series provide narrow-polydispersity polystyrene
(<1.2). More generally, chain-transfer coefficients decrease
in the series dithiobenzoates > trithiocarbonates ~ dithioalk-
anoates > dithiocarbonates (xanthates) > dithiocarbamates.
The relatively low activity of O-alkyl xanthates and N,N-
dialkyl dithiocarbamate derivatives can be qualitatively
understood in terms of the importance of the zwitterionic
canonical forms (Scheme 7), which arise through interaction
between the O or N lone pairs and the C=S double bond.
Electron-withdrawing substituents on Z can enhance the
activity of RAFT agents to modify the above order.[38:46-4]
Thus, xanthate and dithiocarbamate RAFT agents where the
oxygen or nitrogen lone pair is less available for delocaliza-
tion with the C=S by virtue of being part of an aromatic
ring or by possessing an adjacent electron-withdrawing sub-
stituent are substantially more effective. For examples see
Table 6 (xanthates) or Table 4 (dithiocarbamates). The trend
in relative effectiveness of RAFT agents with varying Z is
rationalized in terms of interaction of Z with the C=S double
bond to activate or deactivate that group towards free-radical
addition.

For ring-substituted cyanoisopropyl dithiobenzoate RAFT
agents in MMA polymerization, electron-withdrawing
groups, which render the thiocarbonyl sulfur more elec-
trophilic, enhance the rate of addition to the C=S dou-
ble bond and provide narrower polydispersities from the
early stages of polymerization (Fig. 8).°% The opposite is
true for electron-donating substituents. Cyanoisopropyl 2,5-
dimethyldithiobenzoate gives poor control which is attributed
to the ortho-substituents sterically inhibiting conjugation of
the aromatic ring with the C=S double bond.

For fragmentation to occur efficiently in the desired direc-
tion, the substituent R must be a good homolytic leaving
group, relative to the attacking radical P;,. For example, the
RAFT agent where R = CH;,Ph (e.g. benzyl dithiobenzoate
20) functions as a suitable chain-transfer agent in polymer-
ization with styryl and acrylyl propagating radicals but not in
those with methacrylyl propagating radical. The benzyl rad-
ical is a reasonable leaving group with respect to the styryl
and acrylyl propagating radicals but is a poor leaving group
with respect to the methacrylyl propagating radical. In MMA
polymerization, RAFT agents such as benzyl dithiobenzoate
can appear almost inert because R is a poor leaving group
with respect to the PMMA propagating radical.[**! The poor
control seen with benzyl dithiobenzoate in a-methylstyrene
copolymerizations probably has a similar explanation.>!]

The rate of fragmentation of intermediate 3 is enhanced
by increasing steric hindrance, by the presence of electron-
withdrawing groups, and by radical-stabilizing groups
on R.
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Table 3. Aliphatic dithioester RAFT agents

RAFT agent Z R Homopolymers* Copolymers®

301401 HgC-- Nc~{ . S, 1461 BAII3] -

310461 HgC-- Q S, 114461 A 1 9.14] S-b-MMAP-14]

32 HaC-- @*‘ gls3] _

33 H3C-- @—{ . MMAL6:52] _

34 @C”z’" @T 3,821 MA,[8450) NIPAM-5-SE°!
NIPAM,PU 5[82]

35 @ CHy @—{ .S (MMA) NIPAM-5-SE]
MA, 84 AM,[73] NTPAMI®!]

CHp L 92
36 @ 2 CO,CHj MAP2 -

A See footnotes A—D in Table 2.

The suggestion that R might be selected to be a monomeric
analogue of the propagating radical is flawed since penulti-
mate unit effects can be substantial, particularly when R is
tertiary. Thus, RAFT agent 18 (R = 2-ethoxycarbonylprop-2-
yl), where R may be considered as a monomeric propagating
radical, is a poor RAFT agent in the polymerization of
MMA and other methacrylates because R is a poor leav-
ing group with respect to the PMMA propagating radical.[*]
Analogous behaviour is observed for macromonomer RAFT
agents.[232%] For similar reasons, RAFT agent 6 (R = t-butyl)
is poor with respect to RAFT agent 7 (R = t-octyl).[**] These
differences in RAFT agent activity are attributed to steric
factors. During chain extension, the attacking and leaving
propagating radicals (P;, and P}, n, m > 2) are, in essence,
identical in all respects other than chain length, and there-
fore should have equivalent rates in addition to RAFT agent,
fragmentation, and propagation. When R is secondary, penul-
timate unit effects on addition and fragmentation reactions
are likely to be smaller but still should not be ignored.

The leaving ability of the substituent R must also be
balanced with the ability of the radical R® to re-initiate poly-
merization. The triphenylmethyl radical, for instance, would
be an excellent leaving group but would be a poor re-initiator
of chains and its use would result in retardation of polymeriza-
tion. For similar reasons, one should also not choose benzylic
species (cumyl, 1-phenylethyl, benzyl) for vinyl monomer
(VAc) polymerization, since rate of re-initiation would be
very low.

In many studies, the effectiveness of RAFT agents has
been estimated qualitatively by observing the correspondence
between found and calculated molecular weights and the nar-
rowness of the molecular weight distribution. A lesser number
of papers have made an attempt to evaluate the transfer coef-
ficients of the RAFT agents or the individual rate constants

for addition and fragmentation. In this context, the meth-
ods used for determining the transfer coefficients of RAFT
agents deserve mention. Conventional methods such as the
Mayo method should not be used in the case of the more
active RAFT agents. The Mayo method is difficult to apply
when transfer coefficients are high. The reversibility of chain
transfer means that apparent chain-transfer coefficients are
dependent on the transfer agent concentration and on conver-
sion of monomer and the transfer agent. One of the ways of
estimating the transfer coefficient is to determine the rates
of consumption of RAFT agent and monomer. In the case
of RAFT polymerization, it can be shown that the rate of
consumption of the transfer agent depends on two transfer
coefficients, Cy; (= kir/ kp) and C.y (= kv / ki), which describe
the reactivity of the propagating radical (P;,), and the expelled
radical (R") respectively (see Eqn 2).[44-46.52]

iy (1]

aM] IV Goll] + Cld] @

amM]

Note that in chain transfer by addition—fragmentation
(Scheme 6), the rate coefficient for chain transfer (k) is given
by Eqn 3:
kg

ke = k, —_ 3
tr = Kadd X g ke 3)
We similarly define k. as shown in Eqn 4.
k-add
kg =kg X —— 4
T i + @

These relationships (Eqns 2—4) are derived by application
of a steady-state approximation and assume that the adduct
radical 3 undergoes no reactions other than fragmenta-
tion. Eqn 2 can be solved numerically to estimate transfer
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Table 4. Dithiocarbamate RAFT agents

RAFT agent Z R Homopolymers* Copolymers?
37l46] @N_ B NC*{ . S,[461 MA 1381 MMAB847] _
\
38 — NC—- MMAI38] -
S N--
39[46] @N_ _ @ . S’[6,38,46,47] MA,[6’38’47] NIPAM[93] _
=
40 CN- - @—{ . NIPAMI?3] _
\
41 |4\N- - . S, 471 MA[38:47] -
N~/
A(N- - [48] _
42 O\\< C,H50C(0) EA
o} CO,C2Hs5
3 ﬁ(m- - $.1481 (MMA) 48] VACES) _
\< Nc~{ .
o]
N_ -
44 Q AN,B MAB AA-b-NIPAMD4%]
NC—*
0 N
N_ -
451461 Q (S),138:461 VABS] _
\ < >_
0
46 ©:/é”' - 8,381 (MA)B8] -
\ < >_
I C2Hs0C(O .
boncicHy, 250! )_\
" Qﬁ" ) CeHs0C(0I S 199 A 5] VAl -
CO,CHj CO2CoHs
Ph—N- - C2Hs0C(0)—+
48] 48] _
49 o COLCoHs EA," (VAc)
CHg—N- -
I
50 Ph NC—» VAcl6IB -
CoHs—N- -
51 2% C,Hs0C(0)— VAclo] _
CzHs
CoHs—N- - C,Hs0C(0)—
| [48] [48] _
52 s COCH (EA),1*81 (VAc)
CoHs—N- - C
53[46] CoHs (S)[6:461 _

A See footnotes A,B,D in Table 2.

B See Table 9.
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Table 5. Trithiocarbonate RAFT agents

RAFT agent Z R

A

Homopolymers Copolymers?

S..-
56 Nn—/ N— .
0 o}
57 HO,C——S---
COLH
58461 HaC-S--- NC«{ .
Ph
59 HaC~S---
COLH
o}
60 C4Hg-S--- N— -
o}
61 C4Hg—S--- CO,H
S--- .
62 ]
CO,CHg CO,CHg
63 CHg(CHz)11-S---
COLH
NC
64 CH3(CHz)11-S---
CH,CH,CO,H

S,[14‘46’96] AA,[63’97] MA[96] S_MAH[98]

S96

S.0%1 AA 99T HEA P91 EA 1)
BA,[99’100] (MMA)’[99] AM[73]

AA-b-EA, S-b-AA,
EHA-b-EAP9]

S [6:46.96] A 16961 NV AL6.96] _

§[6.96] _

g [15.101] gAl101] _

AA[102’103] AA-b-S,[102] AA_b_BA[102,103]

MAD2] _

AA,[99] EA,[99] BA,“OO]
BAM,P?I NIPAMII04]

AA-b-EA, AA-b-S*]

MMAI13] _

A See footnotes A—D in Table 2.

coefficients.[*®->2] Transfer coefficients in RAFT polymer-

ization can also be estimated by analyzing the dependence of
the molecular-weight distribution on monomer/RAFT agent
conversion.[4346:33-55] We have shownl[*] apparent transfer
constants determined with neglect of the back reaction of R
with RAFT agent (i.e. by assuming C.i; = 0) can underesti-
mate the actual transfer constant by more than an order of
magnitude in the case of the more active RAFT agents.

The dependence of RAFT agent activity on the sub-
stituents R and Z can be qualitatively predicted using low-
level molecular orbital calculations, and these also provide a
guide to the relative importance of the various factors.[44:46-36]
There also appear to be good prospects for more quantitative
predictions using high-level ab initio calculations.[46-50-37-62]
These studies are able to predict dependence of RAFT
agent activity on the Z and R substituents and, by providing

some understanding of the reason for this dependence, may
prove extremely useful in RAFT agent design. However, this
work is still in its infancy, and the use of these methods
to predict absolute values of rate constants or equilibrium
constants associated with RAFT must still be treated with
caution.

Even though there is a large range of potential RAFT
agents, it should be stated that a majority of polymeriza-
tions could be conducted with just two RAFT agents (Fig. 7);
one suited to (meth)acrylate, (meth)acrylamide, and styrenic
monomers, for example, a tertiary cyanoalkyl trithiocarbon-
ate, and another suited to vinyl monomers such as VAc, for
example, a cyanoalkyl xanthate. Ease of preparation, compat-
ibility with reaction media, desired end-group functionality,
and polymer architecture might, however, dictate the use
of other RAFT agents. In these circumstances, Fig. 7 will
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Table 6. Xanthate RAFT agents

RAFT agent ZA R Homopolymers® CopolymersB
65 CyH5—-0-- NC— VAcl6IC MA-VACP
66 CoHs—O-- @ ‘ (S).14¢1 (5] -
67 CoHs—0-- @T. (8)5[16,105—107] (BA),[38] (S)[9] _

D C2H50C(0) . 16,49,106,107 108 16 16,49 108 108
68 CoH5—O-- _\ (S),116:49.106.107] A A [108] (\fA) [16] (EA) 16491 AA-AM,[108] AA-p-AM,[108]

AM,H081 VA, [6:16] (§) [16] (B 4)[16] AA-AM-b-AM[108]
i
69 CoHs—0-- cl o—c—| . (M09 -
C,H50C(0) .
70 CaHs—O-- CO,CHs (S)[16,106] -
7 CyHs—O-- C,Hs0C(0) (S),[16:106] (EA)[16] _
SPh

72 CaHs-0-- (S)t1o6] -

73 CgHs—o-- NC*{ *
74 >—o— -

- O O
761461 @O— - @—‘ AA63]
RF
46 .
778l FF @
78 CF3CH,-O-- C2H:0C(0)— -
C,Hs0 E:l)
2r15 :P_ —0--
-9 oo Lo CH500(0)—-

VAC[109]

(S),1461 (tBA)PS)

(S),196) (tBA), 1T (MMA)13¥] -

($).141 (AL -

tBA-VAcB8:110]

(S),[49’107] EA[49] _

S.[491 EA49] _

A Some entries relate to methyl rather than ethyl ester.

Table 7. Other RAFT agent

RAFT Z R Homopolymer®  Copolymer
agent

?Csz
80 O=P---

gl14,111,112] _
I .

A See footnote B to Table 2.

provide some guidance. For example, in RAFT polymeriza-
tion of a methacrylate, one should choose a RAFT agent with
the Z group from aryl, S-alkyl, or pyrrole and the R group
from tertiary cyanoalkyl or cumyl.

B See footnotes A—D in Table 2.

CSeeTable 9. D See Table 10.

S S™
\O)J\S/R

-~ \O/)\S/R

+

- \/)\/R
+

N S
|

Scheme 7. Canonical forms of xanthates and dithiocarbamates.

Synthesis of RAFT Agents

Currently, few RAFT agents are commercially available.
However, RAFT agents are available in moderate-to-
excellent yields by a variety of methods, and syntheses are
generally straightforward.
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Z: Ph>> SCHy ~ CHy ~ Ni;l >> Nij > OPh > OEt ~ N(Ph)(CHjg) > N(Et),

MMA
<— S, MA, AM, AN

VAc

CHg
R: }—CN~ }—Ph > }—Ph> }—COOEt >> }—CHA—CH3 }—CN ~ }—Ph > }—CH3 }—Ph

CHj3 CHs3

MMA

CO,H  CHg
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Fig. 7.

CHs3

CHa CHa CH,

Guidelines for selection of RAFT 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 (i.e.
control of molecular weight but poor polydispersity or substantial retardation in the case of VAc). For monomer abbreviations see

footnotes to Table 2.
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Fig. 8. Evolution of polydispersity with conversion for MMA
polymerizations carried out with ring-substituted cyanoisopropyl
dithiobenzoate RAFT agents 2,5-dimethyldithiobenzoate (A), 4-
methoxydithiobenzoate (O), dithiobenzoate (A), and 2,5-di(trifluoro-
methyl)dithiobenzoate (C1).5%

Some of the methods exploited in recent work include:

e Reaction of a carbodithioate salt with an alkylating agent
(Scheme 8).[1444:46,56.113] Often this will involve sequen-
tial treatment of an anionic species with carbon disul-
fide and an alkylating agent in a one-pot reaction. For
example, we have used this process to prepare benzyl
dithiobenzoate,[*6] 2-(ethoxycarbonyl)prop-2-yl dithio-
benzoate,[*®] and 2-cyanoprop-2-yl dithiobenzoate.l]
Similar chemistry is used in the synthesis of unsymmetrical
trithiocarbonates (Scheme 9).[1'4115] Yields are generally
high (>70%) for substitution of primary and secondary
alkyl halides, but can be low for tertiary halides (5-40%).

e Addition of a dithio acid across an olefinic double
bond.[* 1161171 This procedure has been used to pre-
pare cumyl dithiobenzoate (Scheme 10).114] Electron-rich
olefins (S, AMS, isooctene, VAc) give Markownikov addi-
tion (sulfur at substituted position) and useful RAFT
agents, while electron-deficient olefins (MMA, MA, AN)

S
PhB PhMgB S
r ———> r
Et,O g 40°C Ph S
PhCH,B 8
> r
50°C PhAsAPh
Scheme 8.
Et,N = PhCH(CHg)Br =
CyHgSH —> — )J\ )\
CS, C,HsS™ s~ CHsS~ S Pn
Scheme 9.
CH4OH j\ +
PN 3 H
+ + R — —
Pho Cl 7 Sg ™ NaOCH; 7506 py” s~ *Na Et,0
S S
. ccl,
Ph” TSH 70c. PhT s
Scheme 10.
oL
NaH CS
4 2
—_————
CyoHpsSH Et,0, 5-10°C CiaHasS™ "Na CyoHpsS S *Na
S
lodine J\ S SCioHys

Et,0 Cy2H2sS

S
S
; - CH,
4,4'-Azobis(4-cyanopentanoic acid) |
EtOAG, reflux Ci2Ho5S S_?—CHZCHZCOOH
CN
64

Scheme 11.

unfortunately give Michael-like addition (sulfur at unsub-
stituted position).

e Radical-induced decomposition of a bis(thioacyl) disulfide
(e.g. Scheme 11).[13:45:46.118,119] Thjs i5 probably the most
used method for the synthesis of RAFT agents requiring
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tertiary R groups. It is also possible to use this chemistry to
generate a RAFT agent in situ during polymerization.[’]
Sulfuration of a thioloester,[!*44] a carboxylic acid plus an
alcohol['?%] or a carboxylic acid with a halide or olefin!!?!]
with P4S19, or Davey or Lawesson’s reagent (Scheme 12).
Radical-induced ester exchange.[>#+46:1221  For this
method to be effective, the R group of the precursor
RAFT agent should be a good free-radical leaving group
with respect to that of the product RAFT agent. For
example, the cyanoisopropyl radical generated from azo-
bis(isobutyronitrile) (AIBN) can replace the cumyl group
of cumyl dithiobenzoate (Scheme 13).[]

b CHg
{CHZ—Q—} S—C—S—CH,CH,(CH,)eCHs
N COOCHj |

G. Moad, E. Rizzardo and S. H. Thang

In the synthesis of dithiobenzoates (and related dithio-
esters) by the above processes, either dithiobenzoic acid
or its salts will often be formed in situ by various routes.
These include the reaction of benzyl chloridel®!'?3! or a
benzyl sulfonel!'?*! with elemental sulfur in the presence
of base, reaction of phenyl Grignard reagent with carbon
disulfide,[®] and treatment of benzoic acid with P4S1y or
Davey reagent.[121:123]

Evidence in Support of the RAFT Mechanism

Evidence in support of the overall RAFT reaction (Scheme 4)
is the retention of the RAFT end groups; this can be demon-
strated by NMR spectroscopy and mass spectrometry. Many
papers on RAFT provide NMR spectra of RAFT-made poly-
mers. Fig. 9 shows the expected structure and the 'H NMR
spectrum of a PMMA of M, =2600 and M, /M,=1.17
prepared by the solution polymerization of methyl methacry-
late at 90°C in benzene in the presence of RAFT agent 64
(sealed tube). The end groups of the polymer are clearly
visible in the spectrum and give different signals to those
observed in the '"H NMR spectrum of the RAFT agent.
Additional evidence for the retention of the RAFT
end groups and the quality of RAFT polymerization
under various conditions is provided by matrix-assisted
laser desorption ionization time-of-flight (MALDI-TOF)
or electrospray ionization (ESI) mass spectrometry. Sys-
tems studied by mass spectrometry include (polymer/
RAFT agents): PNIPAM/20,22,I81 PNIPAM/39,40,[3!

14

/
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Fig. 9.

Structure and "H NMR spectra (400 MHz, CDCl3) of S-dodecyl S-(2-cyano-4-carboxy)but-2-yl trithio-

carbonate 64 (bottom) and a poly(methyl methacrylate) (top) prepared in its presence. The NMR spectra show that
the RAFT agent 64 is absent from the polymer product. However, signals associated with the two end groups can

be observed.
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PVAc/49,1481 PS/21,1126] PS/69,1%6] PMMA/8,11,11%0] PBA/
57,63,[1271 PMA/21,22,24,18181 PEA/79,[*1 and poly-
(acenaphthalene)/81.['281 ESI is a softer ionization tech-
nique than MALDI-TOF and is more likely to leave the end
groups intact to be observed in the mass spectrum,[100:129]
MALDI-TOF analysis was successfully carried out on the
poly(acenaphthalene) 82 prepared with RAFT agent 81.[128]
The major peaks in the spectrum (Fig. 10) correspond to:
mgy + nmacN + mag = (153 + 316) + (152n) + 108; consis-
tent with the polymer being capped with PhC(=S)S and
anthracenyl moieties as expected for structure 82.

Interaction chromatography (liquid chromatography at the
critical point of adsorption; LC-CC) and two-dimensional
chromatography (2D GPC/LC-CC) have also been applied to
establish the presence of RAFT end groups and the quality
of RAFT polymerization. Pasch et al.['3%] used 2D GPC/LC-
CC to examine a PMMA-b-PS prepared in our laboratories
by RAFT with cumyl dithiobenzoate as the RAFT agent
and were able to ‘confirm the remarkable molar mass and
compositional homogeneity’ of the sample. Jiang et al. have
determined the end-group composition (fraction of RAFT
agent and initiator-derived chain ends) of PMMAI'%! and
PBAI'?7] prepared by RAFT with functional RAFT agents
by LC-CC coupled with mass spectrometry.

We obtained the electron paramagnetic resonance (EPR)
spectrum of intermediate radical 83 shown in Fig. 11 during

i ™
<;>—C—s{ch—CH>—<|3—0H20|42<3000H2
n
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BA polymerization at 90°C with cumyl dithiobenzoate 22 as
RAFT agent.['3!] This provided the first direct evidence for
the addition—fragmentation mechanism and the involvement
of species such as 3 and/or 5 as discrete intermediates
(Scheme 6). The intermediates have been observed directly
by EPR in RAFT polymerizations of styrene and acrylate
esters and in model reactions with dithiobenzoate and dithio-
phosphonate RAFT agents.[!1%131-136] The intermediates 3
or 5 are not detectable during MMA polymerizations or in
polymerizations with aliphatic dithioester, trithiocarbonate,
xanthate, or dithiocarbamate RAFT agents. This is attributed
to the greater rate of fragmentation and the correspondingly
shorter lifetime of the adduct in these polymerizations.

Side Reactions in RAFT

A variety of side reactions can potentially complicate
the RAFT mechanism causing retardation, by-products,
and anomalies in the molecular-weight distributions.!'3”]
Whether these occur depends on the particular RAFT
agent/monomer combination and the reaction conditions.

Retardation is observed in RAFT polymerizations when
high concentrations of RAFT agent are used and/or an inap-
propriate choice of RAFT agent is made. Some decrease in
polymerization rate is clearly attributable to a mitigation of
the gel (or Trommsdorf) effect.[*+4%] However, it is also clear
that other effects are important in some circumstances.

g o — O
@C—S—?—CHZCHZCOO—CHZ O N g
O T
81 82
(a) (b)
n=9 n=10 n=11 n=12
1946 2098 2251 2403
2
‘@
3 2z
£ g 152 152 152
g et | | e} || el |
l i I I I l i )_ﬂ } I l }
1000 2000 3000 1900 2100 2300 2500
Mass/charge Mass/charge
Fig. 10. (a) MALDI-TOF mass spectrum of 82 (dithranol as matrix; silver trifluoroacetate as cationizing agent, chloroform

as solvent); and (b) expanded region of spectrum.!'?8] The peaks are labelled with their measured molecular weights and the
number of repeating units (n). The interpeak distances correspond to the mass of the acenapthalene repeat unit.
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Fig. 11.
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5G

EPR spectrum observed during the polymerization of n-butyl acrylate with dimethyl 2,2"-azobisisobutyrate (AIBMe)

initiator and cumyl dithiobenzoate 22 at 90°C at 4 min [ay/G 3.66 (2H, ortho); 1.41 (2H, meta), 3.96 (1H, para), 0.28 (2H,
vyH)].['31 The polymerization mixture comprised AIBMe (10.5 mg, 4.56 x 10~° mol) and 22 (28.6 mg, 1.05 x 10~* mol) in

benzene (0.5 mL) and butyl acrylate (0.5 mL).

For example, there is significant retardation in the poly-
merization of acrylate esters in the presence of dithiobenzoate
esters,[944,52.64.84,136-138] For polymerization of MA with
benzyl 20 or cyanoisopropyl dithiobenzoate 8 as RAFT
agent at 60°C, we found retardation from the onset of
polymerization. The retardation appeared not to be directly
related to consumption of the initial RAFT agent (which was
rapid), with the dithioester being completely consumed at the
first time/conversion point. An aliphatic dithioester, benzyl
dithioacetate 31, was found to give substantially less retarda-
tion under the same reaction conditions (Fig. 12). The obser-
vation of less retardation in RAFT polymerization of acrylate
esters with aliphatic dithioesters and trithiocarbonate RAFT
agents than is seen with dithiobenzoate RAFT agents has also
been reported under other circumstances.?>264341371 Quinn
et al.?% observed that 1-phenylethyl dithiophenylacetate
34 enabled RAFT polymerization of MA at ambient tem-
perature, whereas 1-phenylethyl dithiobenzoate 21 strongly
retarded polymerization under the same conditions. McLeary
et al.B4 observed that RAFT polymerization of MA with
cumyl dithiophenylacetate 35 was subject to an inhibition
period corresponding to the consumption of the initial RAFT
agent. This was attributed to slow re-initiation by the cumyl
radical during what was called the initialization period.
Available data indicate that the rate constant for addition
of cumyl radicals to MA is slow with respect to that for
propagation.[*+13°] The reported rate constants for benzyl
and cyanoisopropyl radicals adding to MA is similarly slow
or slower with respect to propagation, yet no substantial
inhibition period is seen with these RAFT agents.[*+137]
We propose that the inhibition period relates not to slow
re-initiation by cumyl radical in itself, rather to the impor-
tance of the back reaction of cumyl radicals with the RAFT
agent.[*] Cumyl radicals add to RAFT agents at close to
diffusion controlled rates which has the effect of magnify-
ing any problems associated with slow re-initiation and also
leads to concentration dependence of the apparent transfer
constants. This is also a known issue in MMA and styrene
polymerization with cumyl dithiobenzoate (see below).[**]

Retardation has also been observed in polymeriza-
tions of styrene and methacrylates, and is pronounced
when high concentrations of dithiobenzoate RAFT agents
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Fig. 12. Pseudo first-order rate plot for bulk polymerization of MA
(4.45M in benzene) at 60°C with approx. 3.3 x 107*M AIBN in
the absence (m) or presence (0) of MeC(=S)CH;,Ph 31 (0.00306 M);
31 (0.0306 M) (A); PhC(=S)SCH,Ph 20 and PhC(=S)SC(Me),CN 8
(0.00366 M) (#). The plots for 8 and 20 are superimposed.[137]

are used.[%-32-5%133,137.140.141] With Jower concentrations of
RAFT agents such as cyanoisopropyl dithiobenzoate 8 and
cumyl dithiobenzoate 22 (<0.03 M), we have shown that rates
of polymerization for styrene and MMA are little different
from that expected in the absence of RAFT agent and appear
independent of the particular dithiobenzoate.[>**2] Incon-
sistencies in reported rates of polymerization suggest that, in
some cases, lower rates may in part be attributed to extraneous
factors such as impurities in the RAFT agent or incomplete
degassing. For higher RAFT agent concentrations, the extent
of retardation becomes markedly dependent on which initial
RAFT agent is used and its concentration. Much less retar-
dation is seen with cyanoisopropyl dithiobenzoate 8 than is
seen with cumyl dithiobenzoate 22. The retardation is in part
manifested as an inhibition period which corresponds to the
time taken to convert that RAFT agent into the polymeric
RAFT agent. The apparent transfer constant measured by the
rate of utilization of the RAFT agent is strongly concentration
dependent.[%-4452]

There is currently some controversy surrounding the sta-
bility and possible alternate fates of the intermediate radical
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Table 8. RAFT polymerization of unpurified commercial MMA
with RAFT agent 64 under various conditions*

Atmosphere Time [h]  Conversion [%] M,B My /M,
Freeze-evacuate 1.5 93 100000 1.25
N, flush 1.5 87 90000 1.25
In air® 1.5 26 38000 1.38
In air® 3.0 88 112000 1.26

A Polymerization of 10 g MMA with 20 mg of RAFT agent 64 and 5 mg
of AIBN at 80°C for the times indicated.

B GPC molecular weight in polystyrene equivalents.

€ No degassing.

in RAFT polymerization. These adducts might, in principle,
undergo various side reactions. They include:

e Reaction of the intermediate radicals 3 or 5§ with
other radical species such as an initiator-derived or
a propagating radical.l'*l In the case of 5, coupling
with a propagating radical leads to a three-armed star
(Scheme 14).[33,126,133,141]

e Reaction of the intermediate radicals 3 or 5 with another
such radical. In the case of self-reaction of 5, this pathway
leads to a four-armed star.

e Reaction with oxygen and impurities. RAFT polymer-
ization can show sensitivity to air and impurities in the
monomer. Results for polymerizations carried out with
unpurified commercial MMA at 80°C with thorough
degassing by freeze—evacuate—thaw cycles, a simple nitro-
gen flush, and no degassing are shown in Table 8. All
polymerizations provide narrow molecular-weight distri-
butions and some molecular weight control. However,
polymerizations with no degassing give substantial retar-
dation. All polymerizations yield a lower-than-expected
molecular weight which we attribute to the use of unpuri-
fied monomer.

e For some RAFT agents there are multiple pathways for
B-scission involving cleavage of a bond within the
“Z’-group. For unsymmetrical trithiocarbonates!®®! and
xanthates®”] two possible fragmentation pathways are
possible.

e Reaction with monomer to re-initiate polymerization.
Copolymerization of macromonomer RAFT agents has
been observed;?! however, the pathway is currently
unknown for thiocarbonylthio RAFT agents.

Slow fragmentation, by itself, is an unlikely cause for
retardation in RAFT polymerization of styrene and methacry-
lates. This would require that the rate of fragmentation be
very low and that the concentrations of the adduct radicals
3 or 5 be very high (approx. 1074 M for styrene poly-
merization with cumyl dithiobenzoate); much higher than
is observed experimentally by EPR (<10~7 M).[131 How-
ever, the adduct radical formed by addition to dithiobenzoate

RAFT agents should be significantly more stable than that
formed by addition to aliphatic dithioesters or trithiocar-
bonates. This expectation is supported by molecular orbital
calculations.[’®] Slower fragmentation should then mean that
this radical is more likely to be involved in side reactions
such as coupling with radical species. There is currently vig-
orous debate with respect to the significance of coupling
reactions involving the adduct radicals 3 or 5§ during poly-
merization. For dithiobenzoate RAFT agents, the pathway
has been observed with model systems under conditions of
high radical flux.[126-133:140.141] However, there is as yet no
direct evidence that the process occurs during polymeriza-
tion even under conditions where significant retardation is
observed. We have proposed that inhibition in vinyl acetate
polymerization is caused by side reactions of the adduct
radical.[®]

Initiation and Termination in RAFT Polymerization

Since radicals are neither formed nor destroyed during
reversible chain transfer, RAFT polymerization must be ini-
tiated by a source of free radicals. RAFT polymerization
is usually carried out with conventional radical initiators.
In principle, any source of free radicals can be used,!*
but most often thermal initiators (e.g. AIBN, ACP, K;S,03)
are used. Styrene polymerization may be initiated thermally
between 100 and 120°C. Polymerizations initiated with UV
irradiation,l'4>143] a y-source,l"*41%%1 or a plasma field!!>"]
have been reported. In these polymerizations, radicals may
be generated directly from the RAFT agent and these may
be responsible for initiation. It was suggested by Pan and
coworkers that the mechanism for molecular weight con-
trol in UVI#3] and y-initiated"”! processes might involve
reversible coupling and be similar to that proposed by Otsu
et al.l'3!] to describe the chemistry of dithiocarbamate pho-
toiniferters. However, Quinn et al.[!4>143] have demonstrated
that the living behaviour observed in these polymeriza-
tions can be attributed to the standard RAFT mechanism
(Scheme 6).

The initiator concentration and rate of radical generation
in RAFT polymerization are chosen to provide a balance
between an acceptable rate of polymerization and an accept-
able level of dead chains (radical-radical termination). One
useful guideline is to choose conditions so that the target
molecular weight is about 10% of that which would have
been obtained in the absence of RAFT agent. One common
misconception is that it is necessary to use very low rates of
polymerization in order to achieve narrow molecular weight
distributions. Sometimes, using a high rate of polymerization
and a correspondingly short reaction time can provide bet-
ter results. It is very important not to use prolonged reaction
times when retention of the RAFT functionality is important.
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Once the monomer is fully converted, continued radical gen-
eration may not change the molecular weight distribution, but
it can lead to formation of dead chains.

Side reactions of the initiator or initiator-derived radi-
cals with the RAFT agent are possible. However, these are
not always readily discernable because of the high RAFT
agent-to-initiator ratios used in well designed experiments.
It follows from the mechanism of the RAFT process that
there should be a fraction of dead chains formed relating
directly to the number of chains initiated. Ideally, this fraction
should be taken into account when calculating the molecular
weights of polymers formed by the RAFT process.[**] The
molecular weight of the polymer formed can be estimated
knowing the concentration of the monomer consumed and
the initial concentration of RAFT agent by using the sim-
ple relationship shown in Eqn 1. Positive deviations from
Eqgn 1 indicate incomplete usage of RAFT agent. Negative
deviations indicate that other sources of polymer chains are
significant. These include the initiator-derived chains.

If initiator-derived chains are significant, Eqn 5 should be
used to calculate molecular weights:

[M], — [M];
(1o +df ([1]o — [1]:)

where my; and mrapT are molecular weights of the monomer
and the RAFT agent respectively, d is the number of
chains produced from radical-radical termination (d & 1.67
in MMA and d ~ 1.0 in styrene polymerization), [I], — [I]; is
the concentration of initiator consumed, and fis the initiator
efficiency.

If the initiator decomposition rate constant is known, the
initiator consumption can be estimated using Eqn 6:

(o — [1; = [[o(1 — e (6)

The fraction of living chains (L) in RAFT polymerization
(assuming no other side reactions) is given by Eqn 7:

L [
1o +df ([, — [11)

In Fig. 13 we show the usual plot of the dependence
of molecular weight and polydispersity on conversion for a
RAFT polymerization of MMA. The initiator concentration
was about sixfold lower than the RAFT agent concentra-
tion. The polydispersity observed at high conversion is very
low (M, /M, < 1.1). However, Eqn 1 significantly overes-
timates the molecular weight. Eqn 5 provides a prediction
that is within experimental error of the experimentally deter-
mined molecular weights. In the latter calculation, we have
assumed that the initiator efficiency is constant with con-
version. In fact, the initiator efficiency is likely to reduce
with conversion (higher viscosity), and this possibly accounts
for the molecular weight at high conversion being slightly
underestimated.

It is also possible to calculate the fraction of living chains
based on the difference between the experimental molecular
weight and that predicted by Eqn 1 by using Eqn 8. Fig. 14
shows the dependence of the fraction of living chains on

M (calc.) = my + mrarr  (5)

(M
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Fig. 13.  Molecular weight/conversion data for the polymerization of
MMA (6.55 M) in the presence of RAFT agent 64 (0.0113 M) with 1,1'-
azobis(1-cyclohexanenitrile) (0.0018 M) as initiator at 90°C. The plot
shows: experimental M, (A); M, calculated with Eqn 1 (- - - -); M,
calculated with Eqn 5 and with £0.5,d 1.67 and kg 2.54 x 10> M~ s~

(—); experimental M, /M, (A); line of best fit (————).
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Fig. 14. Fraction of living chains (L) calculated using Eqn 8 (A) and

predicted using Eqn 7 (————) with cumulative /0.3, d 1.67, and kq
2.54 x 107> M~ s~! for PMMA formed by polymerization of MMA
(6.55M in benzene) with 1,1’-azobis(1-cyclohexanenitrile) (0.0018 M)
as initiator and various concentrations of RAFT agent 64 for 6 h at 90°C
(corresponds to experiments shown in Fig. 3 and Table 1).

RAFT agent concentration for a series of polymerizations
carried out with the same reaction times and initiator lev-
els. All polymerizations gave narrow polydispersity products
My /My <12).

_ (Mn — mprarT)[1]o
(M]o — [M]e)mm

One method for gaining further insight into the RAFT
mechanism is through the use of kinetic simulation. Our
first paper on kinetic simulation of the RAFT process was
published in 1998.112] Many papers have now been writ-
ten on kinetic simulation of the RAFT process. Zhang and
Ray,[133] and Wang and Zhul'>4153] have used a method
of moments. Shipp and Matyjaszewski,!'>] and Barner-
Kowollik and coworkerst3+33138:157] haye used a commercial

®)
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Fig. 15. Evolution of molecular weight (0,®) and polydispersity
(o,m) with conversion for MMA polymerizations with RAFT agent 64
(0.0112 M) and: () MMA (7.0 M) with AIBN (0.0061 M) at 60°C (filled
symbols); (b) MMA (6.55 M) with 1,1’-azobis(1-cyclohexanenitrile)
(0.0018 M) at 90°C (open symbols).

software package (Predici) to evaluate complete molecular-
weight distributions. Peklak et al.l'3®] have used a coarse-
graining approach to give molecular-weight distributions.
We have applied a hybrid scheme in which the differential
equations are solved directly to give the complete molecular-
weight distribution to a finite limit (DP < 500), and a method
of moments is then used to provide closure to the equations,
accurate molecular weights, and polydispersities.[44:46-152]
Much of the research in this area has been carried out
with a view to understanding the factors which influence
retardation.[13%16%] Unfortunately, many studies have made
use of a simplified mechanism which in some cases may
compromise the findings. The main difficulty in modelling
RAFT lies in choosing values for the various rate constants.

Reaction Conditions (Temperature, Pressure, Solvent,
Lewis Acids)

There have been no comprehensive studies of the effect of
temperature on the course of RAFT polymerization. Tem-
peratures reported for RAFT polymerization range from
ambient to 140°C. There is evidence with dithiobenzoates
that retardation is less at higher temperatures and also data
that show narrower molecular-weight distributions can be
achieved at higher temperatures.[”) For MMA polymerization
with trithiocarbonate 64 there appears to be no dramatic effect
of temperature on the molecular-weight distribution (Fig. 15).
It should be noted, however, that higher temperatures offer
higher rates of polymerization allowing a given conversion
to be achieved in a shorter reaction time.

RAFT polymerizations under very high pressure (5 kbar)
have been reported.[!617163] At high pressure, radical-radical
termination is slowed and this allows the formation of
higher-molecular-weight polymers and higher rates of poly-
merization than are achievable at ambient pressure.

The RAFT process is compatible with a wide range of
reaction media including protic solvents such as alcohols
and waterl13-14.164.163] and Jess conventional solvents such as
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ionic liquids!' ! and supercritical carbon dioxide.['®7) RAFT
polymerization has been successfully carried out in aque-
ous media. However, care should be taken because certain
RAFT agents show some hydrolytic sensitivity.[?*3] We have
found that this roughly correlates with activity of the RAFT
agent (dithiobenzoates > trithiocarbonates & aliphatic dithio-
esters).

RAFT polymerization can be conducted in the presence of
Lewis acids. There are reports of attempted tacticity control of
homopolymers[®!-168-1701 (1o enable the synthesis of stereo-
block copolymers[!”!1) and control of the alternating ten-
dency for copolymerizations!t!7>173] through the use of Lewis
acids as additives. For MMA polymerization, the addition of
the Lewis acid scandium triflate, Sc(OTf)3, increases the frac-
tion of isotactic triads and enhances the rate of polymerization
in conventional radicall'’#! and RAFT processes.[!68170.171]
Polymerizations with dithiobenzoate RAFT agents 8[!7% or
22[168.170.171] apnd Sc¢(OTH); gave poor control over molecu-
lar weight and polydispersity. Wel!”%) have shown by NMR
analysis that the poor results can be attributed to the
Lewis acid causing degradation of the dithiobenzoate RAFT
agents; and further we have shown that trithiocarbonates are
substantially more stable. Thus, polymerizations with the
trithiocarbonate RAFT agent 58 provided polymer with nar-
row molecular-weight distributions (M, /M, ~ 1.2 at >95%
conversion) and molecular weights as anticipated for the
RAFT process, as well as the expected effect on tacticity.

RAFT in Heterogeneous Media

Much has now been written on RAFT polymerization
in emulsion and mini-emulsion conditions. Our first
communication on RAFT polymerization briefly mentions
the successful emulsion polymerization of butyl methacry-
late with cumyl dithiobenzoate as a table entry.!'3] Additional
examples and brief discussion of some of the important
factors for successful use of RAFT polymerization in emul-
sion and mini-emulsion were provided in a subsequent
paper.’] Much research has shown that the success in RAFT
emulsion polymerization depends strongly on the choice of
RAFT agent and polymerization conditions.>!73-183] Most
work has focussed on styrene polymerization,[®176-177.183]
although RAFT emulsion polymerizations of BA!I78] and
metherylates(®!3] have also been reported. Use of cumyl
dithiobenzoate 22 as RAFT agent in ab initio emulsion
polymerization of styrene is not recommended.!

The emulsion recipes we reported 13 were feed processes
in which conversion of monomer into polymer was main-
tained at a high level (often >90%). In a first ab initio step, a
low-molecular-weight polymeric RAFT agent was prepared.
Control during this stage was not always good. However,
the poorer polydispersity obtained in this step does not sub-
stantially affect control exerted during the later stages of
polymerization.

A novel approach to RAFT emulsion polymerization has
been reported recently.!%>181] In a first step, a water-soluble
monomer (AA) was polymerized in the water phase to a
low degree of polymerization to form a macro-RAFT agent.
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Table 9. RAFT homo- and co-polymerization of various monomers

Monomer® RAFT agent (conc.  Initiator® (conc. [M x 103])  Conversion M,C My /M,

(conc. [M]) M x 10%]) and conditions [%] [gmol~1]

MA (4.44) 44 (0.37) AIBN (0.332) 60°C, 82 96200 1.07
benzene, 6 h

AA (5.83) 8(0.36) AIBN (0.33) 60°C, 53 66800P 1.13
MeOH, 16h

S (8.7) 8(0.98) 110°C, 16 h 87 48000 1.07

MMA (7.48) 22 (1.1) Bz,0, (4.0) 60°C, 78 47000 1.04
benzene, 16 h

MMA (7.01) 22 (14.7) AIBN (30.5) 60°C, 90 6300 1.19
MEK, 24 h

MMA (7.48) 11(1.2) AIBN (6) 60°C, 92 55300 1.05
benzene, 16 h

DMAEMA (2.54) 12 (0.72) ACP (1.7) 60°C, 62 21500 1.13
EtAc, 16h

DAGMA (0.77) 8(3.95) V388 (2.4) 90°C, 70 3700 1.16
benzene, 20 h

VAc (10.86) 65 (9.96) V88 (87) 100°C, 4h 66 7000 1.18

VAc (10.86) 50 (4.98) AIBN (61) 60°C, 16 h 96 22700 1.24

NVP (6.0) 65 (1.2) AIBN (2) 60°C, 53 17000 1.35
MeOH, 8.5h

AN (6.07) 44 (0.6) V388 (0.33) 90°C, 30 20500F 1.23
DMF, 16h

NIPAM (1.77) 22 (0.39) AIBN (0.117) 60°C, 56 24500 1.15
benzene, 24 h

Diacetone acrylamide (1.2) 44 (2.17) ACP (4.0) 65°C, 89 6600 1.21
MeOH, 4h

SSO3Na (1.21) 10 (1.66) ACP (4.2) 70°C, 84 10500 1.20
H,0, 14h

S-ANC 22 (1.23) 100°C, 18 h 71 51400 1.07

MMA-HEMA (4.20 M/0.42) 22 (1.11) AIBN (6.1) 60°C, 75 28000 1.21
EtOAc, 16h

VDC-BA (6 M/1.5) 58 (1.08) V88 (4.0) 80°C, 72 32800 1.38
BuAc, 20h

IP-AN (5.6 M/2.4) 58 (2.09) V88 (4.0) 88°C, 30 11000 1.23
BuAc, 32h

S-NPMI (3.0 M/1.0) 22 (1.04) V88 (2.95) 90°C, 68 29600 1.11
toluene, 6 h

S-NPMI (1.0 M/1.0) 22 (10) V88 (3.28) 90°C, 60 1600 1.10
toluene, 8 h

A For monomer abbreviations, see footnote B of Table 2.

B Abbreviations: ~ACP,  4,4'-azobis(4-cyanopentanoic  acid); AIBN,  2,2’-azobis(isobutyronitrile); V88,  1,1-

azobis(cyclohexanecarbonitrile); Bz;O;, dibenzoyl peroxide; BuAc, butyl acetate; EtAc, ethyl acetate; MEK, butan-2-one;

MeOH, methanol.

C Bulk, S/AN 62 : 38 (azeotropic composition).
D After methylation with tetramethylammonium hydroxide/methyl iodide.
E Absolute molecular weight determination by light scattering.

A hydrophobic monomer (BA) was then added under con-
trolled feed to give oligomers that form rigid micelles. These
constitute a RAFT-containing seed. Continued controlled
feed of hydrophobic monomer may be used to continue
the emulsion polymerization. The process appears directly
analogous to the ‘self-stabilizing lattices’ approach we have
previously used in macro-monomer RAFT polymerization
which involves sequential polymerization of methacrylic
acid and non-polar methacrylates.!'3* Both processes allow
emulsion polymerization without added surfactant.

RAFT in  mini-emulsion  has also  been
reported.[9-08:82,102.185-195] we showed that RAFT in mini-
emulsion can be used to produce polystyrene of narrow
polydispersity in a batch process.’] Some retardation is
observed with dithiobenzoate RAFT agents.[>#2] However,

this is markedly reduced when aliphatic dithioesters®?] or
trithiocarbonate RAFT agents are used.l'?] One of the issues
with traditional mini-emulsion polymerization is the high
level of surfactant and co-stabilizer that is typically employed.
Pham et al.['%2] have recently described surfactant-free mini-
emulsion polymerization. Amphipathic macro-RAFT agents
synthesized in situ by polymerization of AA were used as the
sole stabilizers. This process eliminated secondary nucleation
of new particles and led to a latex with no labile surfactant
and good particle size control.

RAFT Polymer Syntheses

Some results for RAFT polymerizations taken from our own
work are summarized in Table 9. Conversions listed are those
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obtained for the conditions and times stated. They are not
limiting conversions or optimized reaction conditions. The
data are intended to demonstrate the applicability of RAFT
polymerization to a wide range of monomers under a wide
range of reaction conditions. The process has been used to
prepare both high- and low-molecular-weight polymers and
copolymers with narrow-molecular-weight distributions. The
results in Table 9 also demonstrate the compatibility of RAFT
polymerization with various functional monomers.

End-Functional Polymers and End-Group
Transformations

One significant advantage of RAFT over other processes
for living polymerization is its compatibility with protic
and other functionality (e.g. OH, SO3, CO;H) present
in the monomer or the RAFT agent. This makes the
technique eminently suitable for the synthesis of end-
functional polymers by incorporating the functionality into
the Z or R groups of the RAFT agent. Functional RAFT
agents include 11, 14 (-OH); 12, 15, 57, 59, 61, 63, 64
(—=COzH); 10 (—CO3Na); and 13 (—SO3Na). References to
the synthesis and use of these RAFT agents can be found in
Tables 2 and 5. Additional examples are provided in Table 9.

The synthesis of polymers with primary or secondary
amine functionality presents a problem since these amines
undergo facile reaction with thiocarbonylthio compounds.
Thus, amine end-functional polymers cannot be prepared
directly. Such polymers can be indirectly prepared by using
RAFT agents with latent amine functionality, such as the
phthalimido group in RAFT agents 56 and 60,131 which can
be subsequently deprotected.

A key feature of RAFT is that the thiocarbonylthio
group(s), present in the initial RAFT agent, is(are) retained
in the polymeric product(s). The retention of these groups
is responsible for the polymers’ living character. The prod-
ucts are themselves RAFT agents. However, the presence of
the thiocarbonylthio groups also means that the polymers
synthesized by RAFT polymerization are usually coloured.
This colour may range from violet through red to pale yel-
low depending on the absorption spectrum of the particular
thiocarbonylthio chromophore. The presence of colour can
be disadvantageous in some applications. Even though colour
may be modified by appropriate selection of the initial RAFT
agent, there has nonetheless been some incentive to develop
effective methods for treatment of RAFT-made polymer to
cleave the thiocarbonylthio end groups post polymerization.

In some circumstances, it is also necessary or desirable to
deactivate thiocarbonylthio groups because of their reactivity
or to transform them for use in subsequent processing. For
certain applications, it is desirable to have polymers possess-
ing thiol functionality. These applications include the use of
bisthiols in the synthesis of condensation polymers such as
polythiourethanes or polythioesters. Thiol functionality may
also be used to form crosslinks. Other applications of thiol
functional polymers relate to the property of thiols to com-
plex metals and to form conjugates with biological polymers,
such as proteins.[>-1%6]
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Scheme 15.

Some of the processes that have been used for thio-
carbonylthio group removal/transformation are shown in
Scheme 15. They include hydrolysis/aminolysis, various rad-
ical induced reactions, and thermal elimination.[!>101] The
RAFT end-group is also light sensitive and can be removed
under UV irradiation; 7% it may be oxidized with reagents
such as peroxides or sodium hypochlorite.[!]

The kinetics and mechanism of the reaction of com-
pounds containing thiocarbonyl groups with nucleophiles
has been reviewed by Castro.l!”] It is well known that
thiocarbonylthio groups can be transformed into thiols by
reaction with nucleophiles which include pyridines, primary
and secondary amines, ammonia, other thiols, and hydroxide.
They may also be reduced to thiols with hydride reduc-
ing agents such as sodium borohydride, lithium aluminum
hydride, or with zinc in acetic acid. The thiocarbonylthio
groups in RAFT-synthesized polymers are subject to the
same reactions. The potential of this chemistry to cleave
end groups and decolourize polymers and produce polymers
with thiol end groups was cited in our initial communica-
tion on RAFT polymerization.['3] Examples of end-group
cleavage with nucleophiles such as amines,[!>96:198,19]
hydroxide,®*! and borohydridel'%42%%] can be found in recent
publications. Radical induced reduction with, for exam-
ple, tri-n-butylstannanel!3-291292] can be used to replace the
thiocarbonylthio group with hydrogen.

RAFT end groups are known to be unstable at very high
temperatures. At temperatures >200°C, thermal elimination
has been used as a means of trithiocarbonate end-group
removal from polystyrene or poly(butyl acrylate).[!>-101]
Thermal C—S bond homolysis is also possible. Depending
on the propagating chain and the RAFT group, these reac-
tions may also occur at lower temperatures and will set an
upper temperature limit for the RAFT process.

Gradient Copolymers

In most copolymerizations, the monomers are consumed at
different rates dictated by the steric and electronic proper-
ties of the reactants. Consequently, both the monomer feed
and copolymer composition will drift with conversion. Thus
conventional copolymers are generally not homogeneous in
composition at the molecular level. In RAFT polymerization
processes, where all chains grow throughout the polymer-
ization, the composition drift is captured within the chain



400

Table 10. Preparation of gradient copolymers by copolymerization
of methyl acrylate (MA) and vinyl acetate (VAc) in the presence of
0-ethyl S-cyanomethyl xanthate 654

G. Moad, E. Rizzardo and S. H. Thang

Table 11. Preparation of gradient copolymers by copolymerization
of styrene (S) and N-phenylmaleimide (NPMI) in the presence of
cumyl dithiobenzoate 224

Time [h] Conversion M,® My/M, Cumulative Interval Time Conversion M,®  My/M, Cumulative Interval
[%] MA [%]¢  MA [%]P [h] [%] NPMI/S¢  NPMI/SP
2 32 7700 1.57 77 77 0.5 31 13900 1.12 50:50 50:50
4 50 9400 1.54 69 55 1 46 20500 1.10 50:50 50:50
8 59 9800 1.41 60 0 3 62 27200 1.10 44 :56 29:71
16 70 14000 1.34 49 0 6 68 29600 1.11 40:60 0:100
16 74 33300 1.13 36:64 0:100

A Bulk MA/VAc (34:66mol ratio) with AIBN (0.0031 M) and 65
(0.025 M) at 60°C.

B Molecular weight in polystyrene equivalents.

€ Cumulative percentage of MA in copolymer determined by 'H NMR
spectroscopy.

D Composition of copolymer formed in the interval between the shown
time point and the immediately preceeding time point.

structure. All chains have similar composition and are called
gradient or tapered copolymers.

Copolymers (e.g. S—JAN, MMA—HEMA, see Table 9)
when formed in the presence of a RAFT agent have the
same overall composition and sequence distribution (NMR)
as those formed in the absence of a RAFT agent. Reactiv-
ity ratios are unaffected by the RAFT process. However,
for very low conversions when molecular weights are low,
copolymer composition may be different for that seen in con-
ventional copolymerization because of specificity shown by
the initiating species (R).[203]

A difference between copolymers synthesized by RAFT
copolymerization and those synthesized by conventional rad-
ical copolymerization is that copolymers formed by RAFT
copolymerization are gradient copolymers whereas those
formed by the conventional process are blends. It is possi-
ble to synthesize block polymers in a batch polymerization
by taking advantage of disparate reactivity ratios between
particular monomer pairs (BA-MMA,71 tBA-VAc,[110]
S-MAHDP!.70.79.80]) The composition can be further tailored
by use of suitable monomer feed protocols. In general, it is
important in designing copolymerizations to choose a RAFT
agent that is compatible with all the monomers in the feed.
RAFT copolymerization can be successful (provide molecu-
lar weight control and narrow molecular weight distributions)
even when one of the monomers is not amenable to direct
homopolymerization using a particular RAFT agent. RAFT
polymerization of MM A with benzyl dithiobenzoate provides
very poor control yet copolymerization of S with MMA suc-
ceeds while the medium contains some (approx. 5%) styrene.

An example of gradient copolymer formation is the batch
copolymerization of MA and VAc. The reactivity ratios
(rma =9, rvac = 0.1) are such that both propagating radi-
cals prefer to add to MA. Thus, MA-VAc copolymerization
in the presence of a xanthate RAFT agent provides copoly-
mer chains that are rich in MA at one end and rich in VAc
at the other. The results of one such experiment are shown
in Table 10. When a mixture of MA and VAc (34 mol % M)
was copolymerized with AIBN in the presence of O-ethyl
S-cyanomethyl xanthate 65 at 60°C, the first-formed poly-
mer (at 2 h) is predominantly composed of MA units, and the

AS (3.0M) and NMPI (1.0M) in toluene with 1,1’-azobis
(1-cyclohexanenitrile) (0.00295 M) and 22 (0.0104 M) at 90°C.

B Molecular weight in polystyrene equivalents.

€ Cumulative NPMI/S in copolymer determined by 'H NMR
spectroscopy.

D Composition of copolymer formed in the interval between the shown
time point and the immediately preceeding time point.

Monomer A Monomer B S
e S NRVAVAVAVA VNG e AARY )J\
Initiator S Z  |nitiator S z

Scheme 16. A-B diblock synthesis.

product following exhaustion of this monomer is poly(methyl
acrylate-co-vinyl acetate)-block-poly(vinyl acetate).

Another example is the copolymerization of styrene (S)
with N-phenylmaleimide (NPMI; Table 11). In this case,
the reactivity ratios (rs ~0.02, rNpmr & 0.04) are such that
the two monomers have a strong tendency to alternate
in the chain. When the copolymerization is conducted with an
excess of styrene the product is poly(N-phenylmaleimide-alz-
styrene)-block-polystyrene. It is thus possible to use RAFT
polymerization to prepare block copolymers in a ‘one-pot’
batch polymerization process.

Diblock Copolymers

RAFT polymerization is recognized as one of the most ver-
satile methods for block copolymer synthesis and numerous
examples of block synthesis have now appeared in the liter-
ature. RAFT polymerization proceeds with retention of the
thiocarbonylthio group. This allows an easy entry to the syn-
thesis of AB diblock copolymers by the simple addition of a
second monomer (Scheme 16).I77] Higher order (ABA, ABC,
etc.) blocks are also possible by sequential addition of further
monomer(s). The results of several such experiments are sum-
marized in Table 12. References to other diblock syntheses
are provided in Tables 2—6.

Of considerable interest is the ability to make hydrophilic—
hydrophobic block copolymers where the hydrophilic block
is composed of unprotected polar monomers such as acrylic
acid, dimethylaminoethyl methacrylate, or ethylene oxide.
A doubly hydrophilic block composed of acrylic acid
and N-isopropylacrylamide (NIPAM) segments has also
been prepared.[®>] Other examples of doubly hydrophilic
block copolymers have been reported by McCormick and
coworkers,[244-247]

In RAFT polymerization, the order of constructing the
blocks of a block copolymer can be very important.*+771 The
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Table 12. A-B diblock copolymers by RAFT polymerization®
RAFT agent A-Block M, A-B Diblock M, My /M, Refs
22 MMA 55000 MMA-b-S 112500 1.20
22 MMA 3200 MMA-b-MAA 4700 1.18 (38,771
22 BzMA 1800 BzMA-h-DMAEMA 3500 1.06 (38,771
22 tBA 2100 AA-b-NIPAMP 5400F 1.10F
21 BA 33600 BA-b-AA 52400 1.19 (38,771
20 S 20300 S-b-DMA 43000 1.24 38,771
12 DMAEMA 636008 DMAEMA-b-S 1039008 1.28
12 EO 750 EO-b-S€ 7800 1.07 (38,771
A For abbreviations see footnote A to Table 2.
B GPC with DMF as eluent.
C Prepared from dithioester terminated poly(ethylene oxide).
D AA-b-NIPAM obtained after hydrolysis of the tBA-b-NIPAM with formic acid.
E Calculated from the GPC determined M, of tBA-b-NIPAM.
S
Functionalization Monomer B

ANNN—X NaVaVaVaUNg )J\ RISEEVAVAVAVAL )J\

S z Initiator S z

Scheme 17. A-B diblock synthesis from end-functional polymers via the RAFT process.

propagating radical for the first formed block must be a good
homolytic leaving group with respect to that of the second
block. For example, in the synthesis of a methacrylate—
acrylate or methacrylate—styrene diblock, the methacrylate
block should be prepared first.>>77] The styrene or acry-
late propagating radicals are very poor leaving groups with
respect to methacrylate propagating radicals.

Block copolymers based on polymers formed by other
mechanisms can be prepared by forming a pre-polymer
containing thiocarbonylthio groups and using this as a
macro-RAFT agent (Scheme 17).77:11%1 We first exploited
this methodology to prepare poly(ethylene oxide)-block-
PS from commercially available hydroxy end-functional
poly(ethylene oxide) (last example in Table 12).[77:110]
Other block copolymers that have been prepared using
similar strategies include poly(ethylene-co-butylene)-block-
poly(S-co-maleic anhydride),[’") poly(ethylene oxide)-block-
poly(MMA),[204] poly(ethylene oxide)-block-poly(N-vinyl-
formamide),!2%%! poly(ethylene oxide)-block-
poly(NIPAM),[206] poly(ethylene oxide)-block-poly(1,1,2,2-
tetrahydroperfluorodecyl acrylate),!?”] poly(lactic acid)-
block-poly(MMA),?%1  and  poly(lactic  acid)-block-
poly(NIPAM).[208.209]

Triblock Copolymers

A—B-A triblock copolymers can be prepared by RAFT poly-
merization in several different ways. One is to chain extend
an A-B diblock with monomer A. However, the use of a
bis-RAFT agent as a triblock precursor means that triblock
synthesis can be accomplished in only two polymerization
steps and helps ensure that both arms are of the same length
and composition.[1477:96]

There are two main classes of bis-RAFT agent. With
the bis-dithioesters 841771 or 85,1219 the bis-trithiocarbonate
86,1101 the bis-xanthate 87,1981 or bis-dithiocarbamate
88[1%] the polymer is grown out from the core and the RAFT

functionality is retained at the chain ends. With symmetri-
cal trithiocarbonates (e.g. 54-57)1°0%°1 or bis-RAFT agents
such as 89['4] or 90,2111 the RAFT functionality remains in
the centre of the block (Scheme 18). The merits and demerits
of the two approaches will be discussed further in the section
on star polymers.

Some recent work has been orientated towards the synthe-
sis of triblocks intended as thermoplastic elastomers based on
a ‘soft’ acrylate mid-section and ‘hard’ styrene or styrene-co-
acrylonitrile outer blocks (Scheme 19).['1%1 Rather than have
labile functionality internal to the triblock, the RAFT agent
86 was chosen so that the thiocarbonylthio functions would
remain at the chain ends (methyl is a very poor free-radical
leaving group). The o,w-bis(methylsulfanylthiocarbonyl-
sulfanyl)—poly(butyl acrylate), M, 77000, M /M, 1.05,
was formed by solution polymerization at 60°C with AIBN
initiator, and this was converted into a triblock copolymer
M, 171000, My /M, 1.12 by heating styrene/acrylonitrile
(62 : 38 mol ratio, azeotropic composition) at 110°C in a sub-
sequent step (Fig. 16). A series of such block copolymers of
varying block length and composition was made to enable a
structure property correlation to be established. It was found
that narrow polydispersities for both the mid- and end-blocks
were critical to achieving optimal mechanical properties.

Star Polymers

There are now a large number of papers on the synthesis
of star polymers using the RAFT process. The most com-
mon approach begins with a compound containing multiple
thiocarbonylthio groups of appropriate design; a multi-RAFT
agent. The synthesis of star polymers from multi-RAFT
agents can be seen as an extension of the triblock synthe-
ses described above where the number of thiocarbonylthio
groups exceeds two. The multi-RAFT agent may be a small
organic compound,[6:%77-110,198212=214] 4y organometal-
lic complex,?!3! a dendrimer,216218] 3 hyperbranched
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species,?1?1 a macromolecular species,2%42291 a particle,
or indeed, any moiety possessing multiple thiocarbonylthio
groups (though here the distinction between star and graft
copolymers becomes blurred). Our first RAFT patent!!4 rec-
ognized two limiting forms of star growth depending on the
orientation of the thiocarbonylthio group with respect to the
core. We have discussed the advantages and disadvantages
of the ‘propagation away from core’ (Scheme 20) and ‘prop-
agation attached to core’ (Scheme 21) strategies in various
publications.[6-5-110:198]

Multi-RAFT agents are readily synthesized from the cor-
responding multi-thiol, multi-hydroxy, and multi-halo com-
pounds. The challenge in preparing such multifunctional
molecules lies with developing reactions that proceed in
quantitative yield and produce no by-products. Whereas
incomplete reaction or side reactions in the synthesis of a

84177]
S O
<: :>—< HN
S /—/ S
Y.
o) S
85[210]
S—CH,
o~
o O
S
HsC—S
86[110]
S (6}
C,Hs0 4{ o)
S /—/ S
o >/-— OC,H;
O S
87[108]

O S S (0]
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| |
88[195]
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@u&ﬁ@

90[211]

Scheme 18.

G. Moad, E. Rizzardo and S. H. Thang

monofunctional compound will give residual starting mate-
rials or an easily removed by-product, in the case of multi-
functional compounds such process lead to molecules with
incomplete functionality. For example, in the case of an
eight-armed core, a yield of 95% for an individual function-
alization step means that <70% of the product would contain
the requisite number of arms. Purification of mixtures of
cores with different levels of functionality can be extremely
difficult and the process then becomes unviable. We have
reported!! 4] methods to quantitatively (>95% overall yield)

10000 1000 100 10

Fig. 16. Molecular-weight distributions for poly(butyl acrylate) (—)
and derived triblock copolymer (- - -).

S
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Star polymer synthesis by the ‘propagation away from
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Scheme 21.
core’ strategy.

Star polymer synthesis by the ‘propagation attached to
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convert multi-hydroxy compounds into both classes of multi-
RAFT agent (Schemes 22 and 23), and have applied these in
making three-, four-, six-, and eight-armed stars with narrow
polydispersity based on trimethylolethane, pentaerythritol,

dipentaerythritol, and tripentaerythritol cores respectively.

The ‘propagation away from core’ strategy (Scheme 20) is

illustrated by the synthesis of a four-arm star from the tetra-
trithiocarbonate 91 (Scheme 24, Fig. 17).[198] RAFT agents
93-95 also belong to this class (Scheme 25). The advantage

(A

108

Livvn o0 Livvv e v 0y |

10° 10*

Molecular weight [g mol ]

Fig. 17. Molecular-weight distributions obtained during bulk thermal
polymerization of styrene at 110°C with tetrafunctional RAFT agent 91
(0.0074 M). From bottom to top: at 6h, 25% conversion, M, 25550,
M /My, 1.2; at 20 h, 63% conversion, M, 63850, M /M, 1.1; at 64 h,
96% conversion, M, 92100, M /M, 1.2. The small peak to lower mole-
cular weight seen at high conversion can be attributed to dead linear
chains. This peak is not observed by GPC with UV detection.
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of this strategy is that, since propagating radicals are never
directly attached to the core, by-products from star—star cou-
pling are unlikely (Scheme 26). Radical-radical termination
will involve linear propagating radicals 97 and will produce
a low-molecular-weight by-product that may be observed in
high conversion polymerizations (for example, Fig. 17). All
of the thiocarbonylthio functionality remains at the core of

the star structure. It might be envisaged that steric factors

108

10° 10*

Molecular weight [g mol "]

Fig. 18. Molecular weight distributions obtained during bulk thermal
polymerization of styrene at 110°C with tetrafunctional RAFT agent
92 (0.0074 M). From bottom to top: at 6 h, 24% conversion, M, 24300,
M /My 1.1; at48 h, 96% conversion, M, 70700, M, /My 1.2. The small
peak to lower molecular weight seen at high conversion can be attributed
to linear dormant chains. The high-molecular-weight shoulder can be

attributed to star—star coupling. These peaks are also observed by GPC
with UV detection.
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associated with attack of the propagating radical at the core
of the star would be an issue particularly at high conversions.
There is, however, no direct evidence of problems attributable
to this cause in the examples we have reported.

A potential disadvantage of the ‘propagation away from
core’ strategy is that any reaction which cleaves the
thiocarbonylthio groups (e.g. hydrolysis, thermolysis) results
in destruction of the star structure. However, this property
may be turned into an advantage in some circumstances;
for example, in polymer-supported polymer synthesis. Arm
cleavage also enables the molecular weights of the arms
and the uniformity of arm growth to be readily verified
(Scheme 27).11%8]

The ‘propagation attached to core’ strategy (Scheme 21) is
illustrated by the synthesis of a four-arm star from the tetra-
trithiocarbonate 92 (Scheme 28, Fig. 18).[1°] RAFT agent
96 also belongs to this class.

For these RAFT agents, the thiocarbonylthio functionality
remains at the periphery of the star and the majority of propa-
gating radicals will be attached to the core. Star—star coupling

|

X X
S A
. YZ STWR
Y dm-1y S\Q S Y m

97

Q’ is 97 or an initiator-derived propagating radical.

by self reaction of radicals 98 is therefore a potential com-
plication (Scheme 29). A fraction of linear dormant chain
commensurate with the number of initiator-derived chains
will be formed as a by-product (for example, Fig. 18). The
likelihood of star—star coupling is expected to increase with
the number of arms to the star but can be minimized by
controlling the conversion and rate of initiation.

The synthesis of stars is readily extended to star-blocks
using strategies similar to those described under diblocks.! %81

Microgels

The so called ‘arm-first> process??!-*22] involves making a
living polymer then using this to initiate (co)polymerization
of a di- (or higher) functional monomer which forms
a crosslinked core (Scheme 30). The methodology has
been used to make star-shaped molecules using NMP
or ATRP. Again, RAFT polymerization offers new scope
to this process.??! The RAFT process usually involves
(co)polymerization of an appropriate diene monomer (e.g.
divinylbenzene) in the presence of a polymer formed by
RAFT polymerization. Lord et al.[??! have also used this
strategy to prepare star microgels.

Suitably constructed hydrophilic-hydrophobic  (or
solvophilic—solvophobic) block copolymers possess the abil-
ity to self-assemble to form micelles (or other supramolecular
structures). Such supramolecular assemblies may only be
stable in a particular medium and/or over a specific concen-
tration range. Various crosslinking mechanisms can be used
to stitch these structures together to form a stable star polymer
or microgel (or other structure). The core, the shell, or mid-
block section of the micelle may be crosslinked to stabilize
the structure.['19-223226] Star microgel synthesis would usu-
ally require crosslinking of the micelle’s core (Scheme 31).
Care is needed in selecting reaction conditions so as to
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Scheme 29. Q" may be 98 or an initiator-derived propagating radical.
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Scheme 30.

avoid inter-micelle crosslinking, and gel formation. Variants
of this methodology have been used to prepare a range of
structures.[208-227]

Polymer Brushes/Graft Copolymers

The preparation of polymer brushes by controlled radical
polymerization from appropriately functionalized polymer
chains, surfaces, or particles by a grafting-from approach
has recently attracted a lot of attention.[??8] Most work has
used ATRP or NMP, though papers on the use of RAFT
polymerization have begun to appear.[*2°233] The first to
apply RAFT in this context were Tsujii et al.?>°] and Brit-
tain and coworkers.[?3%231] Recent papers describe RAFT
polymerization from plasma-treated Teflon surfaces>3?! and
ozonolyzed polyimide films.!?3>] The approach used in these
and most other studies!>3%23%] has been to immobilize ini-
tiator functionality on the surface by chemical or plasma
modification and use this to initiate polymerization in the
presence of a dithioester RAFT agent. Tsujii et al.??]
have indicated that some difficulties arise in using RAFT
for grafting from particles because of an abnormally high
rate of radical-radical termination caused by a locally high
concentration of RAFT functionality.

Skaff and Emrick[?3®] bound RAFT agent 99 (Scheme 32)
to cadmium selenide nanoparticles by a ligand-exchange pro-
cess, and grew various narrow molecular-weight distribution
polymers (PS, PMA, PBA, PS-MA, PS-AA, PS-IP, PS-b-MA,
PS-b-BA) from these particles. Perrier and coworkers(204-237]
have attached RAFT moieties to cellulose (cotton) in order
to from PS, PMA, or PMMA grafts. This involved deriva-
tization of the cellulosic OH groups with thiocarbonylthio
functionality.

Grafting-through approaches have also been applied.
There have been several studies on the graft polymers by
macromonomer (co)polymerization.[?38-240] End-functional
polymers prepared by RAFT polymerization can be used
in ‘grafting-to’ reactions. The property of thiols and
dithioesters to bind to heavy metals such as gold and
cadmium has been used in preparing brushes based on
gold film or nanoparticles2°0241248] and cadmium selenide
nanoparticles.?*”] RAFT-synthesized thiols have also been
used to make protein conjugates.[*>-190]

Summary

RAFT polymerization has emerged as one of the most impor-
tant methods for living radical polymerization. The method is
robust and versatile and can be applied to the majority of poly-
mers prepared by radical polymerization. However, selection
of the RAFT agent for the monomers and reaction condi-
tions is crucial for success. Guidelines for selection exist and
most monomers can be polymerized with good control by
using one of two RAFT agents. One suited to (meth)acrylate,
(meth)acrylamide, and styrenic monomers, for example, a
tertiary cyanoalkyl trithiocarbonate, and another suited to
vinyl monomers such as VAc, for example, a cyanoalkyl xan-
thate. Monomers that remain difficult to homopolymerize
by the RAFT process are the olefins (ethylene, propylene).
Notwithstanding these comments, many features of the kinet-
ics of RAFT polymerization with specific RAFT agents
remain to be detailed and unravelled.

RAFT polymerization can provide control over the manner
of chain initiation and termination in radical polymeriza-
tion. A remaining challenge in free-radical polymerization
is to obtain simultaneous control over the propagation step
to achieve greater chemo-, regio-, and stereo-specificity. In
RAFT polymerization, all data point to the propagating rad-
icals behaving as conventional propagating radicals. With
judicious choice of RAFT agent, the reagents (e.g. Lewis
acids) used to control propagation in conventional polymer-
ization can be applied to achieve similar control during the
RAFT process.

We have illustrated how the RAFT process is being used
in the synthesis of well defined homo-, gradient, diblock,
triblock, and star polymers as well as more complex archi-
tectures including microgels and polymer brushes. New
materials that have the potential of revolutionizing a large
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part of the polymer industry are beginning to appear. Pos-
sible applications range from novel surfactants, dispersants,
coatings, and adhesives, to biomaterials, membranes, drug
delivery media, and materials for microelectronics.

Acknowledgments

We are grateful to DuPont Performance Coatings, in particu-
lar Charles T. Berge, Michael Fryd, and Robert R. Matheson,
for their support of the work carried out at CSIRO Molecular
Science. We also thank our many colleagues at CSIRO and
other institutions who have contributed to the development
of RAFT polymerization; their names are provided in the
references.

References
(1]
(2]
(3]
(4]
(3]

G. Moad, D. H. Solomon, The Chemistry of Free Radical
Polymerization 1995 (Pergamon: Oxford).

C. J. Hawker, A. W. Bosman, E. Harth, Chem. Rev. 2001, 101,
3661. doi:10.1021/CR990119U

K. Matyjaszewski, J. Xia, Chem. Rev. 2001, 101, 2921.
doi:10.1021/CR940534G

M. Kamigaito, T. Ando, M. Sawamoto, Chem. Rev. 2001, 101,
3689. doi:10.1021/CR9901182

E. Rizzardo, J. Chiefari, Y. K. Chong, F. Ercole, J. Krstina,
J. Jeffery, T.P.T. Le, R. T. A. Mayadunne, G. F. Meijs, C. L. Moad,
G. Moad, S. H. Thang, Macromol. Symp. 1999, 143, 291.

E. Rizzardo, J. Chiefari, R. T. A. Mayadunne, G. Moad,
S. H. Thang, ACS Symp. Ser. 2000, 768, 278.

J. Chiefari, E. Rizzardo, in Handbook of Radical Polymerization
(Eds T. P. Davis, K. Matyjaszewski) 2002, pp. 263-300 (John
Wiley & Sons: Hoboken, NY).

R.T.A. Mayadunne, E. Rizzardo, in Living and Controlled Poly-
merization: Synthesis, Characterization and Properties of the
Perspective Polymers and Copolymers (Ed. J. Jagur-Grodzinski)
2005 (Nova Science Publishers: Hauppauge, NY).

G. Moad, J. Chiefari, J. Krstina, A. Postma, R. T. A. Mayadunne,
E. Rizzardo, S. H. Thang, Polym. Int. 2000, 49,
993. doi:10.1002/1097-0126(200009)49:9<993:: AID-P1506>
3.0.CO;2-6

D. H. Solomon, E. Rizzardo, P. Cacioli, US Pat. 4581429 [ Chem.
Abstr. 1986, 102, 221335q].

(6]
(7]

(8]

[9

—

[10]

[14]
[15]

[16]

[17]
(18]
[19]
[20]

[21]
[22]

[23
[24

—_—

[25]

[26]

[27]
(28]
[29]
[30]
[31]
[32]
[33]

[34]

[35]

[36]

$ \

/J‘

Microgel
or star

Y. K. Chong, F. Ercole, G. Moad, E. Rizzardo, S. H. Thang,
A. G. Anderson, Macromolecules 1999, 32, 6895. do0i:10.1021/
MA9904868

G. Moad, E. Rizzardo, Macromolecules 1995, 28, 8722.
doi:10.1021/MA00130A003

J. Chiefari, Y. K. Chong, F. Ercole, J. Krstina, J. Jeffery, T. P.T. Le,
R. T. A. Mayadunne, G. F. Meijs, C. L. Moad, G. Moad,
E. Rizzardo, S. H. Thang, Macromolecules 1998, 31, 5559.
doi:10.1021/MA9804951

T. P. Le, G. Moad, E. Rizzardo, S. H. Thang, /nt. Pat. 9801478
[Chem. Abstr. 1998, 128, 115390f].

G. Moad, E. Rizzardo, A. Postma, S. H. Thang, Polymer 2005,
in press. doi:10.1016/J. POLYMER.2004.12.061

D. Charmot, P. Corpart, H. Adam, S. Z. Zard, T. Biadatti,
G. Bouhadir, Macromol. Symp. 2000, 150, 23. doi:10.1002/
1521-3900(200002)150:1<23::AID-MASY23>3.0.CO;2-E
D. H. R. Barton, S. W. McCombie, J Chem. Soc., Perkin
Trans. 11975, 1574. doi:10.1039/P19750001574

J. E. Forbes, S. Z. Zard, Tetrahedron Lett. 1989, 30, 4367.
doi:10.1016/S0040-4039(00)99362-6

D. H. R. Barton, S. I. Parekh, C. L. Tse, Tetrahedron Lett. 1993,
34,2733. doi:10.1016/S0040-4039(00)73548-9

A. Studer, S. Amrein, Synthesis 2002, 835. doi:10.1055/S-2002-
28507

P. Delduc, C. Tailhan, S. Z. Zard, Chem. Commun. 1988, 308.
S. Z. Zard, Angew. Chem. Int. Ed. Engl. 1997, 36, 672.
doi:10.1002/ANIE.199706721

B. Quiclet-Sire, S. Z. Zard, Pure Appl. Chem. 1997, 69, 645.

P. Cacioli, D. G. Hawthorne, R. L. Laslett, E. Rizzardo,
D. H. Solomon, J. Macromol. Sci.: Chem. 1986, 423, 839.
G.Moad, C.L. Moad, E. Rizzardo, S. H. Thang, Macromolecules
1996, 29, 7717. doi:10.1021/MA960852C

L. Hutson, J. Krstina, C. L. Moad, G. Moad, G. R. Morrow,
A. Postma, E. Rizzardo, S. H. Thang, Macromolecules 2004,
37,4441. doi:10.1021/MA0498130

G. E Meijs, E. Rizzardo, S. H. Thang, Macromolecules 1988,
21,3122. doi:10.1021/MA00188A039

G. F. Meijs, E. Rizzardo, S. H. Thang, Polym. Bull. (Berlin)
1990, 24, 501. doi:10.1007/BF00395571

G. F. Meijs, E. Rizzardo, S. H. Thang, Polym. Prepr. 1992, 33(1),
893.

G. F. Meijs, E. Rizzardo, Makromol. Chem. Rapid Commun.
1988, 9, 547. doi:10.1002/MARC.1988.030090807

G.F Meijs, E. Rizzardo, T.P.T. Le, Y. C. Chen, Macromol. Chem.
Phys. 1992, 193, 369. doi:10.1002/MACP.1992.021930209

E. Rizzardo, Y. K. Chong, R. A. Evans, G. Moad, S. H. Thang,
Macromol. Symp. 1996, 111, 1.

D. Colombani, Prog. Polym. Sci. 1999, 24, 425. doi:10.1016/
S0079-6700(99)00005-2

J. Krstina, G. Moad, E. Rizzardo, C. L. Winzor, C. T. Berge,
M. Fryd, Macromolecules 1995, 28, 5381. doi:10.1021/
MAO00119A034

J. Krstina, C. L. Moad, G. Moad, E. Rizzardo, C. T. Berge,
M. Fryd, Macromol. Symp. 1996, 111, 13.

P. Corpart, D. Charmot, T. Biadatti, S. Zard, D. Michelet, Int.
Pat. 9858974 [Chem. Abstr. 1999, 130, 82018].



Living Radical Polymerization by RAFT

[37]
[38]
[39]
[40]
[41]
[42]
[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]
[51]

[52]

[53]

[54]

[55]

[56]
[57]
[58]
[59]
[60]
[61]
[62]
[63]
[64]

[65]

G. Moad, E. Rizzardo, S. H. Thang, Int. Pat. 9905099 [Chem.
Abstr. 1999, 130, 154069u].

J. Chiefari, R. T. Mayadunne, G. Moad, E. Rizzardo, S. H. Thang,
Int. Pat. 9931144 [Chem. Abstr. 1999, 131, 45250w].

K. Matyjaszewski, ACS Symp. Ser. 2003, 854, 2.

K. Matyjaszewski, in Handbook of Radical Polymerization (Eds
T. P. Davis, K. Matyjaszewski) 2002, pp. 361-406 (John Wiley
& Sons: Hoboken, NJ).

CAS Science Spotlight 2004. www.cas.org/spotlight/pcite03/
pcite03.html
H. Fischer,
CR990124Y
A. Goto, T. Fukuda, Prog. Polym. Sci. 2004, 29, 329.
doi:10.1016/J.PROGPOLYMSCI1.2004.01.002

Y. K. Chong, J. Krstina, T. P. T. Le, G. Moad, A. Postma,
E. Rizzardo, S. H. Thang, Macromolecules 2003, 36, 2256.
doi:10.1021/MA020882H

E. Rizzardo, S. H. Thang, G. Moad, Int. Pat. 9905099 [Chem.
Abstr. 1999, 130, 154069u].

J. Chiefari, R. T. A. Mayadunne, C. L. Moad, G. Moad,
E. Rizzardo, A. Postma, M. A. Skidmore, S. H. Thang, Macro-
molecules 2003, 36, 2273. doi:10.1021/MA020883+

R. T. A. Mayadunne, E. Rizzardo, J. Chiefari, Y. K. Chong,
G. Moad, S. H. Thang, Macromolecules 1999, 32, 6977.
doi:10.1021/MA9906837

M. Destarac, D. Charmot, X. Franck, S. Z. Zard, Macro-
mol. Rapid Commun. 2000, 21, 1035. doi:10.1002/1521-
3927(20001001)21:15<1035::AID-MARC1035>3.0.CO;2-5

M. Destarac, W. Bzducha, D. Taton, I. Gauthier-Gillaizeau,
S. Z. Zard, Macromol. Rapid Commun. 2002, 23, 1049.
doi:10.1002/MARC.200290002

M. Benaglia, E. Rizzardo, A. Alberti, M. Guerra, Macro-
molecules 2005, 38, 3129. doi:10.1021/MA0480650

M. C. Davies, J. V. Dawkins, D. J. Hourston, Polymer 2005, 46,
1739. doi:10.1016/J.POLYMER.2004.12.037

G. Moad, J. Chiefari, R. T. A. Mayadunne, C. L. Moad,
A. Postma, E. Rizzardo, S. H. Thang, Macromol. Symp. 2002,
182, 65. doi:10.1002/1521-3900(200206)182:1<65::AID-
MASY65>3.0.CO;2-E

A. Goto, K. Sato, Y. Tsujii, T. Fukuda, G. Moad,
E. Rizzardo, S. H. Thang, Macromolecules 2001, 34, 402.
doi:10.1021/MA0009451

C. Barner-Kowollik, J. F Quinn, T. L. U. Nguyen,
J. P. A. Heuts, T. P. Davis, Macromolecules 2001, 34, 7849.
doi:10.1021/MA010349M

C. Barner-Kowollik, J. F. Quinn, D. R. Morsley, T. P. Davis,
J. Polym. Sci., Part A: Polym. Chem. 2001, 39, 1353.
doi:10.1002/POLA.1112

S. C. Farmer, T. E. Patten, J. Polym. Sci., Part A: Polym. Chem.
2002, 40, 555. doi:10.1002/POLA.10143

M. L. Coote, L. Radom, Macromolecules 2004, 37, 590.
doi:10.1021/MA035477K

M. L. Coote, L. Radom, J Am. Chem. Soc. 2003, 125, 1490.
doi:10.1021/JA028645H

M. L. Coote, Macromolecules 2004, 37, 5023. doi:10.1021/
MA049444W

M. L. Coote, D. J. Henry, Macromolecules 2005, 38, 1415.
doi:10.1021/MA047814A

M. L. Coote, J. Phys. Chem. A 2005, 109, 1230. doi:10.1021/
JP046131U

M. L. Coote, Aust. J. Chem. 2004, 57, 1125. doi:10.1071/
CHO04083

C. Ladaviere, N. Dorr, J. P. Claverie, Macromolecules 2001, 34,
5370. doi:10.1021/MA010358V

S. Perrier, C. Barner-Kowollik, J. E. Quinn, P. Vana, T. P. Davis,
Macromolecules 2002, 35, 8300. doi:10.1021/MA0203445

S. Saricilar, R. Knott, C. Barner-Kowollik, T. P. Davis,
J. P A. Heuts, Polymer 2003, 44, 5169. doi:10.1016/S0032-
3861(03)00520-2

Chem. Rev. 2001, 101, 3581. doi:10.1021/

[66]

[67]

[68]
[69]

[70]

(71]
[72]

(73]

[74]

[75]

[76]
[77]

(78]

[79]
(80]

(81]

(82]
(83]

(84]

[85]

(86]
(87]

(88]

(89]
[90]

[o1]

[92]

(93]

407

T. Krasia, R. Soula, H. G. Boerner, H. Schlaad, Chem. Commun.
2003, 538. doi:10.1039/B212634F

X. J. Hao, J. P. A. Heuts, C. Barner-Kowollik, T. P. Davis,
E. Evans, J. Polym. Sci., Part A: Polym. Chem. 2003, 41, 2949.
doi:10.1002/POLA.10894

H. de Brouwer, J. G. Tsavalas, F. J. Schork, M. J. Monteiro,
Macromolecules 2000, 33, 9239. doi:10.1021/MA001205V

E. N. Savariar, S. Thayumanavan, J. Polym. Sci., Part A: Polym.
Chem. 2004, 42, 6340. doi:10.1002/POLA.20467

H. de Brouwer, M. A. J. Schellekens, B. Klumperman,
M. J. Monteiro, A. L. German, J. Polym. Sci., Part A: Polym.
Chem. 2000, 38, 3596. doi:10.1002/1099-0518(20001001)38:
19<3596::AID-POLA150>3.0.CO;2-F

C. Tang, T. Kowalewski, K. Matyjaszewski, Macromolecules
2003, 36, 8587. doi:10.1021/MA034942A

B. S. Sumerlin, A. B. Lowe, D. B. Thomas, C. L. McCormick,
Macromolecules 2003, 36, 5982. doi:10.1021/MA034088N

D. B. Thomas, A. J. Convertine, L. J. Myrick, C. W. Scales,
A. E. Smith, A. B. Lowe, Y. A. Vasilieva, N. Ayres,
C.L.McCormick, Macromolecules 2004, 37,8941.d0i:10.1021/
MA048199D

D. B. Thomas, B. S. Sumerlin, A. B. Lowe, C. L. McCormick,
Macromolecules 2003, 36, 1436. doi:10.1021/MA025960F

S. Kanagasabapathy, A. Sudalai, B. C. Benicewicz, Macro-
mol. Rapid Commun. 2001, 22, 1076. doi:10.1002/1521-
3927(20010901)22:13<1076::AID-MARC1076>3.0.CO;2-K

T. He, Y. F Zou, C. Y. Pan, Polym. J 2002, 34, 138.
doi:10.1295/POLYMJ.34.138

B.Y. K. Chong, T. P. T. Le, G. Moad, E. Rizzardo, S. H. Thang,
Macromolecules 1999, 32, 2071. doi:10.1021/MA981472P

F. Ganachaud, M. J. Monteiro, R. G. Gilbert, M. A. Dourges,
S. H. Thang, E. Rizzardo, Macromolecules 2000, 33, 6738.
doi:10.1021/MA0003102

M. Q. Zhu, L. H. Wei, M. Li, L. Jiang, F. S. Du, Z. C. Li, F. M. Li,
Chem. Commun. 2001, 365. doi:10.1039/B0098151

E. Chernikova, P. Terpugova, C. O. Bui, B. Charleux, Polymer
2003, 44,4101. doi:10.1016/S0032-3861(03)00397-5

P. Vana, L. Albertin, L. Barner, T. P. Davis, C. Barner- Kowollik,
J. Polym. Sci., Part A: Polym. Chem. 2002, 40, 4032.
doi:10.1002/POLA.10500

M. Lansalot, T. P. Davis, J. P. A. Heuts, Macromolecules 2002,
35,7582. doi:10.1021/MA012214M

A. Ah Toy, P. Vana, T. P. Davis, C. Barner-Kowollik, Macro-
molecules 2004, 37, 744.

J. B. McLeary, J. M. McKenzie, M. P. Tonge, R. D. Sanderson,
B. Klumperman, Chem. Commun. 2004, 1950. doi:10.1039/
B404857A

A. I. Convertine, B. S. Sumerlin, D. B. Thomas, A. B. Lowe,
C. L. McCormick, Macromolecules 2003, 36, 4679. doi:
10.1021/MA034361L

J. Zhu, X. L. Zhu, D. Zhou, J. Y. Chen, E-Polymers 2003,
043.

J. Zhu, X. L. Zhu, Z. P. Cheng, F. Liu, J. M. Lu, Polymer 2002,
43,7037. doi:10.1016/S0032-3861(02)00655-9

J. Zhu, D. Zhou, X. L. Zhu, G. J. Chen, J Polym.

Sci., Part A: Polym. Chem. 2004, 42, 2558. doi:10.1002/
POLA.20119

J. Zhu, M. L. Zhu, D. Zhou, J. Y. Chen, X. Y. Wang, Eur. Polym.

J. 2004, 40, 743. doi:10.1016/J. EURPOLYMJ.2003.11.024

J. F. Quinn, E. Rizzardo, T. P. Davis, Chem. Commun. 2001,
1044. doi:10.1039/B101794M

B. Ray, Y. Isobe, K. Matsumoto, S. Habaue, Y. Okamoto,
M. Kamigaito, M. Sawamoto, Macromolecules 2004, 37, 1702.
doi:10.1021/MA035119H

A. Theis, A. Feldermann, N. Charton, M. H. Stenzel,
T. P. Davis, C. Barner-Kowollik, Macromolecules 2005, 38,
2595. do0i:10.1021/MA047476D

C. Schilli, M. G. Lanzendoerfer, A. H. E. Mueller, Macro-
molecules 2002, 35, 6819. doi:10.1021/MA0121159



408

[94]

[95]

[96]

[97]

(98]
[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

C. M. Schilli, M. F. Zhang, E. Rizzardo, S. H. Thang,
Y. K. Chong, K. Edwards, G. Karlsson, A. H. E. Muller,
Macromolecules 2004, 37, 7861. doi:10.1021/MA035838W
C. M. Schilli, A. H. E. Muller, E. Rizzardo, S. H. Thang,
Y. K. Chong, ACS Symp. Ser. 2003, 854, 603.

R. T. A. Mayadunne, E. Rizzardo, J. Chiefari, J. Krstina,
G. Moad, A. Postma, S. H. Thang, Macromolecules 2000, 33,
243. doi:10.1021/MA991451A

M. F. Llauro, J. Loiseau, F. Boisson, F. Delolme, C. Ladaviere,
J. Claverie, J. Polym. Sci., Part A: Polym. Chem. 2004, 42, 5439.
doi:10.1002/POLA.20408

Y. Z.You, C.Y. Hong, C. Y. Pan, Eur. Polym. J. 2002, 38, 1289.
doi:10.1016/S0014-3057(01)00309-3

J. T. Lai, D. Filla, R. Shea, Macromolecules 2002, 35, 6754.
doi:10.1021/MA020362M

X. L. Jiang, P. J. Schoenmakers, J. L. J. van Dongen, X. W. Lou,
V. Lima, J. Brokken-Zijp, Anal. Chem. 2003, 75, 5517.
doi:10.1021/AC034556R

A. Postma, T. P. Davis, G. Moad, M. S. O’Shea, Macromolecules
2005, in press. doi:10.1021/MA050402X

B. T. T. Pham, D. Nguyen, C. J. Ferguson, B. S. Hawkett,
A. K. Serelis, C. H. Such, Macromolecules 2003, 36, 8907.
doi:10.1021/MA0351751

C. J. Ferguson, R. J. Hughes, B. T. T. Pham, B. S. Hawkett,
R. G. Gilbert, A. K. Serelis, C. H. Such, Macromolecules 2002,
35,9243, doi:10.1021/MA025626]

A. J. Convertine, N. Ayres, C. W. Scales, A. B. Lowe,
C. L. McCormick, Biomacromolecules 2004, 5, 1177.
doi:10.1021/BM049825H

M. J. Monteiro, J. de Barbeyrac, Macromol. Rapid Com-
mun. 2002, 23, 370. doi:10.1002/1521-3927(20020401)23:5/6
<370::AID-MARC370>3.0.CO;2-A

M. Destarac, C. Brochon, J.-M. Catala, A. Wilczewska,
S. Z. Zard, Macromol. Chem. Phys. 2002, 203, 2281.
doi:10.1002/MACP.200290002

M. Adamy, A. M. van Herk, M. Destarac, M. J. Monteiro,
Macromolecules 2003, 36, 2293. doi:10.1021/MA025721S

D. Taton, A. Z. Wilczewska, M. Destarac, Macromol. Rapid
Commun. 2001, 22, 1497. doi:10.1002/1521-3927(20011201)
22:18<1497::AID-MARC1497>3.0.CO;2-M

A. Favier, C. Barner-Kowollik, T. P. Davis, M. H. Stenzel,
Macromol. Chem. Phys. 2004, 205, 925. doi:10.1002/MACP.
200300179

G. Moad, R. T. A. Mayadunne, E. Rizzardo, M. Skidmore,
S. Thang, Macromol. Symp. 2003, 192, 1. doi:10.1002/MASY.
200390029

M. Laus, R. Papa, K. Sparnacci, A. Alberti, M. Benaglia,
D. Macciantelli, Macromolecules 2001, 34, 7269. doi:10.1021/
MAO010299L

A. Alberti, M. Benaglia, M. Laus, D. Macciantelli, K. Sparnacci,
Macromolecules 2003, 36, 736. doi:10.1021/MA025713B

J. Meijer, P. Vermeer, L. Brandsma, Reclueil 1973, 92, 601.
R.A.Mayadunne, G. Moad, E. Rizzardo, Tetrahedron Lett. 2002,
43, 6811. doi:10.1016/S0040-4039(02)01497-1

G. Moad, G. P. Simon, K. M. Dean, G. Li, R. T. A. Mayadunne,
E. Rizzardo, R. A. Evans, H. Wermter, R. Pfaendner, Int. Pat.
04113436 [Chem. Abstr. 2004, 142, 75401r].

S. Kanagasabapathy, A. Sudalai, B. C. Benicewicz, Tetra-
hedron Lett. 2001, 42, 3791. doi:10.1016/S0040-4039(01)
00570-6

S. Oae, T. Yagihara, T. Okabe, Tetrahedron 1972, 28, 3203.
doi:10.1016/S0040-4020(01)93661-0

S. H. Thang, Y. K. Chong, R. T. A. Mayadunne, G. Moad,
E. Rizzardo, Tetrahedron Lett. 1999, 40, 2435. doi:10.1016/
S0040-4039(99)00177-X

G. Bouhadir, N. Legrand, B. Quiclet-Sire, S. Z. Zard,
Tetrahedron Lett. 1999, 40, 277. doi:10.1016/S0040-4039
(98)02380-6

H. Davy, J Chem. Soc.,
doi:10.1039/C39820000457

Chem. Commun. 1982, 457.

[121]
[122]
[123]
[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]
[135]

[136]

[137]

[138]

[139]

[140]
[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

G. Moad, E. Rizzardo and S. H. Thang

A. Sudalai, S. Kanagasabapathy, B. C. Benicewicz, Org. Lett.
2000, 2, 3213. doi:10.1021/0L006407Q

A. Alberti, M. Benaglia, M. Laus, K. Sparnacci, J. Org. Chem.
2002, 67, 7911. doi:10.1021/J0026162Q

F. Becke, H. Hagen, Ger. Pat. 1274121 [Chem. Abstr. 1968, 70,
3573v].

I. Abrunhosa, M. Gulea, S. Masson, Synthesis 2004, 928.
doi:10.1055/S-2004-822311

A. Dureault, Y. Gnanou, D. Taton, M. Destarac, F. Leising,
Angew. Chem. Int. Ed. Engl. 2003, 42, 2869. doi:10.1002/
ANIE.200250770

Y. Kwak, A. Goto, K. Komatsu, Y. Sugiura, T. Fukuda, Macro-
molecules 2004, 37, 4434. doi:10.1021/MA049823P

X. L. Jiang, P. J. Schoenmakers, X. W. Lou, V. Lima,
J. L. J. van Dongen, J. Brokken-Zijp, J. Chromatog. A 2004,
1055, 123. doi:10.1016/J.CHROMA.2004.08.136

M. Chen, K. P. Ghiggino, A. W. H. Mau, E. Rizzardo,
S. H. Thang, G. J. Wilson, Chem. Commun. 2002, 2276.
doi:10.1039/B206166J

C. Barner-Kowollik, T. P. Davis, M. H. Stenzel, Polymer 2004,
45,7791. doi:10.1016/J.POLYMER.2004.09.017

H. Pasch, K. Mequanint, J. Adrian, £-Polymers 2002, 005.

D. G. Hawthorne, G. Moad, E. Rizzardo, S. H. Thang, Macro-
molecules 1999, 32, 5457. doi:10.1021/MA990316V

F. S. Du, M. Q. Zhu, H. Q. Guo, Z. C. Li, E M. Li,
M. Kamachi, A. Kajiwara, Macromolecules 2002, 35, 6739.
doi:10.1021/MA0202179

Y. Kwak, A. Goto, Y. Tsujii, Y. Murata, K. Komatsu,
T. Fukuda, Macromolecules 2002, 358, 3026. doi:10.1021/
MAO0118421

F. M. Calitz, M. P. Tonge, R. D. Sanderson, Macromol. Symp.
2003, /93, 277. doi:10.1002/MASY.200390059

F. M. Calitz, M. P. Tonge, R. D. Sanderson, Macromolecules
2003, 36, 5. doi:10.1021/MA025607+

E. Chernikova, A. Morozov, E. Leonova, E. Garina, V. Golubey,
C. O. Bui, B. Charleux, Macromolecules 2004, 37, 6329.
doi:10.1021/MA049757R

G. Moad, R. T. A. Mayadunne, E. Rizzardo, M. Skidmore,
S. Thang, ACS Symp. Ser. 2003, 854, 520.

P. Vana, T. P. Davis, C. Barner-Kowollik, Macromol. Theory
Simul. 2002, 11, 823. doi:10.1002/1521-3919(20021101)11:8
<823::AID-MATS823>3.0.CO;2-R

H. Fischer, L. Radom, Angew. Chem. Int. Ed. 2001,
40,1340.doi:10.1002/1521-3773(20010417)40:8<1340::AID-
ANIE1340>3.0.CO;2-#

M. J. Monteiro, H. de Brouwer, Macromolecules 2001, 34, 349.
doi:10.1021/MA001484M

Y. Kwak, A. Goto, T. Fukuda, Macromolecules 2004, 37, 1219.
doi:10.1021/MA030434P

J. F. Quinn, L. Barner, C. Barner-Kowollik, E. Rizzardo,
T. P. Davis, Macromolecules 2002, 35, 7620. doi:10.1021/
MA0204296

Y. Z. You, C. Y. Hong, R. K. Bai, C. Y. Pan, J. Wang,
Macromol. Chem. Phys. 2002, 203, 477. doi:10.1002/1521-
3935(20020201)203:3<477::AID-MACP477>3.3.CO;2-D

L. Barner, J. F Quinn, C. Barner-Kowollik, P. Vana,
T. P. Davis, Eur. Polym. J. 2003, 39, 449. doi:10.1016/S0014-
3057(02)00247-1

J. F. Quinn, L. Barner, T. P. Davis, S. H. Thang, E. Rizzardo,
Macromol. Rapid Commun. 2002, 23, 717. doi:10.1002/ 1521-
3927(20020801)23:12<717::AID-MARC717>3.0.CO;2-1

R. K. Bai, Y. Z. You, P. Zhong, C. Y. Pan, Macro-
mol. Chem. Phys. 2001, 202, 1970. doi:10.1002/1521-
3935(20010601)202:9<1970::AID-MACP1970>3.0.CO;2-Q
R.K.Bai,Y.Z.You, C.Y. Pan, Macromol. Rapid Commun. 2001,
22, 315. doi:10.1002/1521-3927(20010301)22:5<315::AID-
MARC315>3.0.CO;2-O

C. Y. Hong, Y. Z. You, R. K. Bai, C. Y. Pan, G. Borjihan,
J. Polym. Sci., Part A: Polym. Chem. 2001, 39, 3934.
doi:10.1002/POLA.10042



Living Radical Polymerization by RAFT

[149]

[150]

[151]

[152]

[153]
[154]
[155]
[156]

[157]

[158]

[159]

[160]

[161]
[162]
[163]
[164]
[165]
[166]
[167]
[168]

[169]

[170]

[171]
[172]
[173]
[174]

[175]

[176]

[177]

[178]

Y. Z. You, R. K. Bai, C.Y. Pan, Macromol. Chem. Phys. 2001,
202, 1980. doi:10.1002/1521-3935(20010601)202:9<1980::
AID-MACP1980>3.0.C0O;2-O

G. Chen, X. Zhu, J. Zhu, Z. Cheng, Macromol. Rapid Commun.
2004, 25, 818. doi:10.1002/MARC.200300266

T. Otsu, J. Polym. Sci., Part A: Polym. Chem. 2000, 38, 2121.
doi:10.1002/(SICI)1099-0518(20000615)38:12<2121::AID-
POLA10>3.0.CO;2-X

G. Moad, F. Ercole, C. H. Johnson, J. Krstina, C. L. Moad,
E. Rizzardo, T. H. Spurling, S. H. Thang, A. G. Anderson, ACS
Symp. Ser. 1998, 685, 332.

M. Zhang, W. H. Ray, Ind. Eng. Chem. Res. 2001, 40, 4336.
doi:10.1021/TE0009482

A.R.Wang, S. P. Zhu, J. Polym. Sci., PartA: Polym. Chem. 2003,
41, 1553. doi:10.1002/POLA.10701

A. R. Wang, S. Zhu, Macromol. Theory Simul. 2003, 12, 196.
doi:10.1002/MATS.200390015

D. A. Shipp, K. Matyjaszewski, Macromolecules 1999, 32,
2948. doi:10.1021/MA9819135

M. Wulkow, M. Busch, T. P. Davis, C. Barner-Kowollik,
J. Polym. Sci., Part A: Polym. Chem. 2004, 42, 1441.
doi:10.1002/POLA.11089

A. D. Peklak, A. Butte, G. Storti, M. Morbidelli, Macromol.
Symp. 2004, 206, 481. doi:10.1002/MASY.200450237

A. R. Wang, S. P. Zhu, Y. W. Kwak, A. Goto, T. Fukuda,
M. S. Monteiro, J. Polym. Sci., Part A: Polym. Chem. 2003,
41,2833. doi:10.1002/POLA.10853

C. Barner-Kowollik, M. L. Coote, T. P. Davis, L. Radom,
P. Vana, J. Polym. Sci., Part A: Polym. Chem. 2003, 41, 2828.
doi:10.1002/POLA.10854

T. Arita, M. Buback, O. Janssen, P. Vana, Macromol. Rapid
Commun. 2004, 25, 1376. doi:10.1002/MARC.200400204

J. Rzayev, J. Penelle, Angew. Chem. Int. Ed. 2004, 43, 1691.
doi:10.1002/ANIE.200353025

M. J. Monteiro, R. Bussels, S. Beuermann, M. Buback, Aust. J.
Chem. 2002, 55, 433. doi:10.1071/CH02079

C. L. McCormick, A. B. Lowe, Acc. Chem. Res. 2004, 37, 312.
doi:10.1021/AR0302484

A. B. Lowe, C. L. McCormick, Aust. J. Chem. 2002, 55, 367.
doi:10.1071/CH02053

S. Perrier, T. P. Davis, A. J. Carmichael, D. M. Haddleton, Chem.
Commun. 2002, 2226. doi:10.1039/B206534G

T. Arita, S. Beuermann, M. Buback, P. Vana, E-Polymers 2004,
003.

J. E. Lutz, W. Jakubowski, K. Matyjaszewski, Macromol. Rapid
Commun. 2004, 25, 486. doi:10.1002/MARC.200300165

B. Ray, Y. Isobe, K. Morioka, S. Habaue, Y. Okamoto,
M. Kamigaito, M. Sawamoto, Macromolecules 2003, 36, 543.
doi:10.1021/MA0257595

B. Y. K. Chong, G. Moad, E. Rizzardo, M. A. Skidmore,
S. H. Thang, 27th Australian Polymer Symposium 2004, C1/3
(RACI Polymer Division: Adelaide).

J.-F. Lutz, D. Neugebauer, K. Matyjaszewski, J. Am. Chem. Soc.
2003, 125, 6986. doi:10.1021/JA029517W

B. Kirci, J. F. Lutz, K. Matyjaszewski, Macromolecules 2002,
35,2448. doi:10.1021/MAO011986F

J.-F. Lutz, B. Kirci, K. Matyjaszewski, Macromolecules 2003,
36, 3136. doi:10.1021/MA021649M

Y. Isobe, T. Nakano, Y. Okamoto, J. Polym. Sci., Part A: Polym.
Chem. 2001, 39, 1463. doi:10.1002/POLA.1123

I. Uzulina, S. Kanagasabapathy, J. Claverie, Macromol. Symp.
2000, /50, 33. doi:10.1002/1521-3900(200002)150:1<33::
AID-MASY33>3.0.CO;2-C

M. J. Monteiro, J. de Barbeyrac, Macromolecules 2001, 34,
4416. doi:10.1021/MA0013298

M. J. Monteiro, M. Hodgson, H. De Brouwer, J. Polym. Sci.,
Part A: Polym. Chem. 2000, 38, 3864. doi:10.1002/1099-
0518(20001101)38:21<3864::AID-POLA30>3.0.CO;2-3

M. J. Monteiro, M. Sjoberg, J. van der Vlist,
C. M. Gottgens, J. Polym. Sci., Part A: Polym. Chem. 2000, 38,

[179]
[180]

[181]

[182]
[183]

[184]

[185]
[186]
[187]
[188]
[189]
[190]

[191]

[192]
[193]
[194]
[195]

[196]

[197]
[198]

[199]

[200]

[201]
[202]
[203]
[204]
[205]
[206]
[207]
[208]

[209]

409

4206. doi:10.1002/1099-0518(20001201)38:23 <4206::AID-
POLA60>3.0.CO;2-E

W. Smulders, R. G. Gilbert, M. J. Monteiro, Macromolecules
2003, 36, 4309. doi:10.1021/MA026020Y

S. W. Prescott, M. J. Ballard, E. Rizzardo, R. G. Gilbert, Aust. J.
Chem. 2002, 55, 415. doi:10.1071/CH02073

C. H. Such, E. Rizzardo, A. K. Serelis, B. S. Hawkett,
R. G. Gilbert, C. J. Ferguson, R. J. Hughes, /nt. Pat. 03055919
[Chem. Abstr. 2003, 139, 101540v].

A. Butte, G. Storti, M. Morbidelli, DECHEMA Monograph
2001, 137, 273.

S. Nozari, K. Tauer, Polymer 2005, 46, 1033. doi:10.1016/
JPOLYMER.2004.11.039

G. Moad, C. L. Moad, J. Krstina, E. Rizzardo, C. T. Berge,
T. R. Darling, Int. Pat. 9615157 [Chem. Abstr. 1996, 125,
115512k].

A. Butte, G. Storti, M. Morbidelli, Macromolecules 2001, 34,
5885. doi:10.1021/MA002130Y

J. G. Tsavalas, F. J. Schork, H. de Brouwer, M. J. Monteiro,
Macromolecules 2001, 34, 3938. doi:10.1021/MAO001888E

Q. F. Xiong, P. H. Ni, F. Zhang, Z. Q. Yu, Polym. Bull. 2004, 53,
1. doi:10.1007/S00289-004-0308-7

Y. W. Luo, X. Z. Liu, J. Polym. Sci., Part A: Polym. Chem. 2004,
42,6248. doi:10.1002/POLA.20478

S. E. Shim, H. Lee, S. Choe, Macromolecules 2004, 37, 5565.
doi:10.1021/MA049930J

J. P. Russum, C. W. Jones, E J. Schork, Macromol. Rapid
Commun. 2004, 25, 1064. doi:10.1002/MARC.200400086

J. B. McLeary, M. P. Tonge, D. D. Roos, R. D. Sanderson,
B. Klumperman, J. Polym. Sci., Part A: Polym. Chem. 2004,
42, 960. doi:10.1002/POLA.11042

1. Uzulina, N. Gaillard, A. Guyot, K. Claverie, Compt. Rend.
Chim. 2003, 6, 1375. doi:10.1016/J.CRCI.2003.10.004

J. J. Vosloo, D. De Wet-Roos, M. P. Tonge, R. D. Sanderson,
Macromolecules 2002, 35, 4894. doi:10.1021/MAO011617J

B. Charleux, Macromolecules 2000, 33, 5358. do0i:10.1021/
MA0002904

R. Bussels, C. Bergman-Gottgens, J. Meuldijk, C. Koning,
Macromolecules 2004, 37, 9299. doi:10.1021/MA0485787

S. Kulkarni, C. Schilli, A. H. E. Muller, A. S. Hoffman,
P. S. Stayton, Bioconjug. Chem. 2004, 15, 747. doi:10.1021/
BC034215K

E. A. Castro, Chem. Rev. 1999, 99, 3505. doi:10.1021/
CR990001D

R. T. A. Mayadunne, J. Jeffery, G. Moad, E. Rizzardo, Macro-
molecules 2003, 36, 1505. doi:10.1021/MA021219W

Z. M. Wang, J. P. He, Y. F Tao, L. Yang, H. J. Jiang,
Y. L. Yang, Macromolecules 2003, 36, 7446. doi:10.1021/
MAO025673B

B. S. Sumerlin, A. B. Lowe, P. A. Stroud, P. Zhang,
M. W. Urban, C. L. McCormick, Langmuir 2003, 19, 5559.
doi:10.1021/LA034459T

M. Chen, K. P. Ghiggino, T. A. Smith, S. H. Thang, G. J. Wilson,
Aust. J. Chem. 2004, 57, 1175. doi:10.1071/CH04087

M. Chen, K. P. Ghiggino, S. H. Thang, J. White, G. J. Wilson,
J. Org. Chem. 2005, 70, 1844. doi:10.1021/J0047899D

M. N. Galbraith, G. Moad, D. H. Solomon, T. H. Spurling,
Macromolecules 1987, 20, 675. doi:10.1021/MA00169A035
S. Perrier, P. Takolpuckdee, J. Westwood, D. M. Lewis, Macro-
molecules 2004, 37, 2709. doi:10.1021/MA035468B

L. J. Shi, T. M. Chapman, E. J. Beckman, Macromolecules 2003,
36, 2563. doi:10.1021/MA025670Z

C.Y. Hong, Y. Z. You, C. Y. Pan, J. Polym. Sci., Part A: Polym.
Chem. 2004, 42, 4873. doi:10.1002/POLA.20248

Z. Ma, P Lacroix-Desmazes, Polymer 2004, 45, 6789.
doi:10.1016/JPOLYMER.2004.07.065

M. Hales, C. Barner-Kowollik, T. P. Davis, M. H. Stenzel,
Langmuir 2004, 20, 10809. doi:10.1021/LA0484016

Y. Z. You, C. Y. Hong, W. P. Wang, W. Q. Lu, C. Y. Pan,
Macromolecules 2004, 37,9761. doi:10.1021/MA048444T



410

[210]

[211]
[212]

[213]

[214]

[215]

[216]

[217]

[218]

[219]

[220]

[221]

[222]

[223]

[224]

[225]

[226]

[227]

[228]

M. S. Donovan, A. B. Lowe, T. A. Sanford, C. L. McCormick,
J. Polym. Sci., Part A: Polym. Chem. 2003, 41, 1262.
doi:10.1002/POLA.10658

A. Dureault, D. Taton, M. Destarac, F. Leising, Y. Gnanou,
Macromolecules 2004, 37, 5513. doi:10.1021/MA030420J

M. H. Stenzel, T. P. Davis, J. Polym. Sci., Part A: Polym. Chem.
2002, 40, 4498. doi:10.1002/POLA.10532

M. Stenzel-Rosenbaum, T. P. Davis, V. Chen, A. G. Fane,
J. Polym. Sci., Part A: Polym. Chem. 2001, 39, 2777.
doi:10.1002/POLA.1256

M. H. Stenzel, T. P. Davis, C. Barner-Kowollik, Chem. Commun.
2004, 1546. doi:10.1039/B404763J

M. Chen, K. P. Ghiggino, A. Launikonis, A. W. H. Mau,
E. Rizzardo, W. H. F. Sasse, S. H. Thang, G. J. Wilson, J. Mater.
Chem. 2003, 13, 2696. doi:10.1039/B303576J

V. Darcos, A. Dureault, D. Taton, Y. Gnanou, P. Marchand,
A. M. Caminade, J. P. Majoral, M. Destarac, F. Leising, Chem.
Commun. 2004, 2110. doi:10.1039/B407508K

X. J. Hao, C. Nilsson, M. Jesberger, M. H. Stenzel,
E. Malmstrom, T. P. Davis, E. Ostmark, C. Barner-Kowollik,
J. Polym. Sci., Part A: Polym. Chem. 2004, 42, 5877.
doi:10.1002/POLA.20434

Y. Z.You, C.Y. Hong, C.Y. Pan, P. H. Wang, Adv. Mater. 2004,
16, 1953. doi:10.1002/ADMA.200400362

M. Jesberger, L. Barner, M. H. Stenzel, E. Malmstrom,
T. P. Davis, C. Barner-Kowollik, J. Polym. Sci., Part A: Polym.
Chem. 2003, 41, 3847. doi:10.1002/POLA.10976

P. Takolpuckdee, Aust. J. Chem. 2005, 58, 66. doi:10.1071/
CHO04240

S. Abrol, P. A. Kambouris, M. G. Looney, D. H. Solomon,
Macromol. Rapid Commun. 1997, 18,755. doi:10.1002/MARC.
1997.030180901

S. Abrol, M. J. Caulfield, G. G. Qiao, D. H. Solomon, Polymer
2001, 42, 5987. doi:10.1016/S0032-3861(01)00023-4

C. T. Berge, M. Fryd, J. W. Johnson, G. Moad, E. Rizzardo,
C. Scopazzi, S. H. Thang, Int. Pat. 2000002939 [Chem. Abstr.
2000, /32,93843;].

H. T. Lord, J. F. Quinn, S. D. Angus, M. R. Whittaker,
M. H. Stenzel, T. P. Davis, J Mater. Chem. 2003, 13, 2819.
doi:10.1039/B304208C

K. L. Wooley, J. Polym. Sci., Part A: Polym. Chem. 2000, 38,
1397.  doi:10.1002/(SICI)1099-0518(20000501)38:9<1397::
AID-POLA1>3.0.CO;2-N

C.T. Berge, J. Chiefari, J. W. Johnson, A. Mau, R. Mayadunne,
C. L. Moad, G. Moad, E. Rizzardo, G. Swiegers, S. Thang,
G. Wilson, Int. Pat. 0177198 [Chem. Abstr. 2001, 135, 304605].
F. M. Li, M. Q. Zhu, X. Zhang, L. H. Wei, E. S. Du, Z. C. Lj,
ACS Symp. Ser. 2003, 854, 342.

S. Edmondson, V. L. Osborne, W. T. S. Huck, Chem. Soc. Rev.
2004, 33, 14. doi:10.1039/B210143M

[229]
[230]

[231]

[232]
[233]

[234]

[235]
[236]
[237]

[238]

[239]

[240]
[241]
[242]

[243]

G. Moad, E. Rizzardo and S. H. Thang

Y. Tsujii, M. Ejaz, K. Sato, A. Goto, T. Fukuda, Macromolecules
2001, 34, 8872. doi:10.1021/MA010733]

M. Baum, W. J. Brittain, Macromolecules 2002, 35, 610.
doi:10.1021/MA0112467

S. G. Boyes, A. M. Granville, M. Baum, B. Akgun,
B. K. Mirous, W. J. Brittain, Surf. Sci. 2004, 570, 1.
doi:10.1016/J.SUSC.2004.06.193

W. H. Yu, E. T. Kang, K. G. Neoh, Langmuir 2005, 21, 450.
doi:10.1021/LA0485531

W. H. Yu, E. T. Kang, K. G. Neoh, Ind. Eng. Chem. Res. 2004,
43,5194. doi:10.1021/TE049687C

G. Q. Zhai, W. H. Yu, E. T Kang, K. G. Neoh,
C. C. Huang, D. J. Liaw, Ind. Eng. Chem. Res. 2004, 43, 1673.
doi:10.1021/IE034274H

G. D. Fu, B. Y. Zong, E. T. Kang, K. G. Neoh, /nd. Eng. Chem.
Res. 2004, 43, 6723. doi:10.1021/TE0498807

H. Skaff, T. Emrick, Angew. Chem. Int. Ed. 2004, 43, 5383.
doi:10.1002/ANIE.200453822

P. Takolpuckdee, J. Westwood, D. M. Lewis, S. Perrier, Macro-
mol. Symp. 2004, 216, 23. doi:10.1002/MASY.200451204

H. Shinoda, K. Matyjaszewski, Macromol. Rapid Com-
mun. 2001, 22, 1176. doi:10.1002/1521-3927(20011001)22:14
<1176::AID-MARC1176>3.0.CO;2-J

H. Shinoda, K. Matyjaszewski, L. Okrasa, M. Mierzwa,
T. Pakula, Macromolecules 2003, 36, 4772. doi:10.1021/
MAO034064G

A.Zhang, L. H. Wei, A. D. Schluter, Macromol. Rapid Commun.
2004, 25, 799. doi:10.1002/MARC.200300283

J. Shan, M. Nuopponen, H. Jiang, E. Kauppinen, H. Tenhu,
Macromolecules 2003, 36, 4526. doi:10.1021/MA034265K

K. Matsumoto, R. Tsuji, Y. Yonemushi, T. Yoshida, Chem. Lett.
(Jpn.) 2004, 33, 1256. doi:10.1246/CL.2004.1256

D. B. Thomas, A. J. Convertine, R. Hester, A. B. Lowe,
C.L.McCormick, Macromolecules 2004,37,1735.doi:10.1021/
MAO035572T

[244] Y. Mitsukami, M. S. Donovan, A. B. Lowe, C. L. McCormick,

[245]

[246]

[247]

[248]

Macromolecules 2001, 34, 2248. doi:10.1021/MA0018087

B. S. Sumerlin, M. S. Donovan, Y. Mitsukami, A. B. Lowe,
C.L.McCormick, Macromolecules 2001, 34,6561.doi:10.1021/
MAO011288V

M. S. Donovan, B. S. Sumerlin, A. B. Lowe, C. L. McCormick,
Macromolecules 2002, 35, 8663. doi:10.1021/MA0209996

B. S. Sumerlin, A. B. Lowe, D. B. Thomas, A. J. Convertine,
M. S. Donovan, C. L. McCormick, J. Polym. Sci. Part A: Polym.
Chem. 2004, 42, 1724. doi:10.1002/POLA.11069

A. B. Lowe, B. S. Sumerlin, M. S. Donovan, C. L. McCormick,
J. Am. Chem. Soc. 2002, 124, 11562. doi:10.1021/JA020556H

i Aust. J. Chem.

http://www.publish.csiro.au/journals/ajc



