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Radical polymerization is one of the most widely used processes for the commercial production of high-molecular-
weight polymers. The main factors responsible for the preeminent position of radical polymerization are the ability to
polymerize a wide array of monomers, tolerance of unprotected functionality in monomer and solvent, and compatibility
with a variety of reaction conditions. Radical polymerization is simple to implement and inexpensive in relation to compet-
itive technologies. However, conventional radical polymerization severely limits the degree of control that researchers can
assert over molecular-weight distribution, copolymer composition, and macromolecular architecture.

This Account focuses on nitroxide-mediated polymerization (NMP) and polymerization with reversible addition—fragmentation
chain transfer (RAFT), two of the more successful approaches for controlling radical polymerization. These processes illustrate two
distinct mechanisms for conferring living characteristics on radical polymerization: reversible deactivation (in NMP) and revers-
ible or degenerate chain transfer (in RAFT). We devised NMP in the early 1980s and have exploited this method extensively for
the synthesis of styrenic and acrylic polymers. The technique has undergone significant evolution since that time. New nitroxides
have led to faster polymerization rates at lower temperatures. However, NMP is only applicable to a restricted range of monomers.

RAFT was also developed at CSIRO and has proven both more robust and more versatile. It is applicable to the major-
ity of monomers subject to radical polymerization, but the success of the polymerization depends upon the selection of the
RAFT agent for the monomers and reaction conditions. We and other groups have proposed guidelines for selection, and
the polymerization of most monomers can be well-controlled to provide minimal retardation and a high fraction of living
chains by using one of just two RAFT agents. For example, a tertiary cyanoalkyl trithiocarbonate is suited to (meth)acry-
late, (meth)acrylamide, and styrenic monomers, while a cyanomethyl xanthate or dithiocarbamate works with vinyl mono-
mers, such as vinyl acetate or N-vinylpyrrolidone. With the appropriate choice of reagents and polymerization conditions,
these reactions possess most of the attributes of living polymerization. We have used these methods in the synthesis of well-
defined homo-, gradient, diblock, triblock, and star polymers and more complex architectures, including microgels and poly-
mer brushes. Applications of these polymers include novel surfactants, dispersants, coatings and adhesives, biomaterials,
membranes, drug-delivery media, electroactive materials, and other nanomaterials.

Introduction which was developed at CSIRO in the mid-

1 . . . . .
This Account focuses on two of the more success- 1980s, "and radical polymerization with reversible

ful approaches to living radical polymerization. ~ addition—fragmentation chain transfer (RAFT) also
Namely, nitroxide-mediated polymerization (NMP),  invented at CSIRO a decade later.? The Account
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will concentrate on work carried out at CSIRO and, for the
most part, will be illustrated with examples from research car-
ried out in our laboratories. It will focus on the selection and
design of reagents that control radical polymerization by con-
ferring the attributes of living polymerization.

Toward Living Radical Polymerization

Radical polymerization is one of the most widely used pro-
cesses for the commercial production of high-molecular-
weight polymers. The main factors responsible for the
preeminent position of radical polymerization are? (i) the abil-
ity to polymerize a wide variety of monomers, including
(meth)acrylates, (meth)acrylamides, acrylonitrile, styrenes,
dienes, and vinyl monomers; (ii) tolerance of unprotected func-
tionality in monomer and solvent (e.g.,, OH, NR,, COOH,
CONR,, and SO3H) (polymerizations can be carried out in
aqueous or protic media); (i) compatibility with reaction con-
ditions (e.g., bulk, solution, emulsion, mini-emulsion, and sus-
pension); and (iv) it is simple to implement and inexpensive in
relation to competitive technologies.

However, conventional radical polymerization has severe
limitations with respect to the degree of control that can be
asserted over molecular-weight distribution, copolymer com-
position, and macromolecular architecture. This situation has
been redressed with the advent of processes that provide the
attributes of living polymerization, such as NMP, atom trans-
fer radical polymerization (ATRP), and RAFT.

Conventional radical polymerization is a chain reaction.?
Chains are initiated by radicals formed from an initiator add-
ing to monomer. Chain propagation then involves sequential
addition of monomer units to form propagating radicals. Chain
termination occurs when these propagating radicals self-re-
act by combination or disproportionation.

The steady-state concentration of propagating species is
only ~1 07 M, and the lifetime of individual chains is ~5—10
s. The ultimate length of chains formed during the early stages
of polymerization is high and, notwithstanding the gel or
Trommsdorf effect, should reduce with conversion because of
monomer depletion. The breadth of the molecular-weight dis-
tribution and polydispersity is governed by statistical factors,
and the ratio of weight/number average molecular weights
(M,/M,) is typically >2.0, if termination is by disproportion-
ation or chain transfer, or >1.5, if termination is by
combination.

In marked contrast, in an ideal living polymerization, all
chains are initiated at the beginning of the process, grow at a
similar rate, and survive the polymerization (there is no irre-
versible chain transfer or termination). If initiation is rapid with
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FIGURE 1. RAFT polymerization schematic. Initiator fragments =
(dead chains + active chains). The number of chains of each type is
not in proportion to that expected for a well-designed experiment.
Ideally, the fraction of dormant chains is much greater than that
shown. On average, all living chains grow simultaneously (have
equal chain length) because equilibration of dormant and active
chain ends is rapid with respect to propagation.

respect to propagation, the molecular-weight distribution is
very narrow, approaching a Poisson distribution, and chains
can be extended by the provision of further monomer.

In a radical polymerization, the propensity of radicals to
undergo self-termination means that all chains cannot be
simultaneously active. Living attributes are only displayed in
the presence of reagents that are capable of reversibly deac-
tivating propagating radicals (P,e), such that the majority of liv-
ing chains are maintained in a dormant form (P,,—X), and
reaction conditions that support a rapid equilibrium between
the active and dormant chains (Figure 1).

The rate of termination scales as the square of the total
radical concentration [P,e]?, while the rate of propagation is
directly proportional to [P.e]. Thus, a first strategy for suppress-
ing termination is to lower the steady-state radical concentra-
tion. Application of this strategy necessarily also results in a
lowered rate of polymerization.

It is possible to achieve a high fraction of living chains
while maintaining an average concentration of active propa-
gating species similar to or higher than that in a conventional
radical polymerization. This requires that the total number of
living chains (=P,e + P,—X) is much higher than would be
obtained in a conventional polymerization with a similar rate
of initiation and that the molecular weight of the chains
formed is correspondingly lower.

A third strategy for simultaneously achieving high rates of
polymerization and a high degree of livingness is to make use
of compartmentalization phenomena, as exist in some forms
of heterogeneous polymerization, to effectively isolate indi-
vidual propagating radicals.

Whichever strategy is employed, rapid equilibration of the
active and dormant forms of the propagating species is essen-
tial to ensure that all chains possess an equal chance for
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FIGURE 2. Typical molecular-weight distributions for a
conventional and RAFT polymerization of styrene under similar
experimental conditions. Data shown are for polystyrene prepared
by thermal polymerization of styrene at 110 °C for 16 h (M,, =
324 000; M,,/M,, = 1.74; 72% conversion) and a similar
polymerization with added cumyl dithiobenzoate (0.029 M) (M,, =
14 400; M,,/M,, = 1.04; 55% conversion).*
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growth and that all chains will grow, albeit intermittently.
Under these conditions, molecular weights can increase lin-
early with conversion, molecular-weight distributions can be
very narrow (Figure 2), and the polymerization product should
comprise overwhelmingly dormant chains that can be
extended by the provision of further monomer and the reac-
tion conditions that support chain growth.*

Terminology. Currently, there is some controversy over
the use of the terms “living” and “controlled” in the context of
describing radical polymerizations.® The International Union of
Pure and Applied Chemistry (IUPAC) recommendation, that a
living polymerization is “a chain polymerization from which
irreversible chain transfer and irreversible chain termination
(deactivation) are absent”, generally precludes use of “living”
in referring to these processes.® The use of “controlled” by
itself is also contrary to IUPAC recommendations. It is incor-
rect to use “controlled” in an exclusive sense to mean a par-
ticular form of polymerization because the word has an
established, much broader, usage. The adjectives “controlled
living”, “controlled/living”, “pseudo-living”, and “quasi-living”
are also discouraged. An IUPAC task group has recommended
the term (controlled) reversible deactivation radical polymer-
ization (RDRP) to describe those polymerizations (such as NMP
or RAFT) that entail equilibria between active and dormant
chains. This term is not intended to have any connotations to
the fraction of living chains that might be present in a partic-
ular polymerization process.

We have used the term living radical polymerization in the
title of this Account. It relates to approaches to living radical
polymerization, a hypothetical process in which termination is
indeed absent. We do not imply that termination is absent

Toward Living Radical Polymerization Moad et al.

SCHEME 1. Reversible Coupling—Dissociation Mechanism for NMP
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SCHEME 2. Mechanism for Addition—Fragmentation Chain
Transfer
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9 R is a homolytic leaving group. Re must also be able to re-initiate polymeri-
zation. For reversible chain transfer (RAFT), groups A and X should be the same.

from any polymerizations described herein. Many systems do
display the observable characteristics normally associated with
living polymerization, and in a few cases, termination, while
undeniably present, is undetectable.

Techniques. The techniques for imparting living behav-
ior to polymerization through reversible deactivation include
the iniferter method first described by Otsu,” NMP, ATRP,
RAFT, and other degenerative chain-transfer methods.?°

NMP was devised at CSIRO in the early 1980s' and has
been exploited extensively for the synthesis of styrenic and
acrylic polymers.'®~'2 A generic mechanism for chain activa-
tion/deactivation in NMP is shown in Scheme 1.

ATRP is substantially more versatile and is currently the
most widely applied method for controlling radical
polymerization.'®>'* The mechanism of chain activation/de-
activation is analogous to that for NMP but requires a bimo-
lecular activation step.

RAFT polymerization®'* is arguably the most convenient
and versatile in allowing the use of reaction conditions more
typical of the conventional process.'®~'® The mechanism of
chain activation/deactivation is shown in Scheme 2. Cobalt-
mediated polymerization is also believed to involve a form of
addition—fragmentation chain transfer. Other degenerative
transfer techniques, such as iodine transfer polymerization
(ITP) and tellurium-mediated radical polymerization (TERP),
involve atom or group transfer by reversible homolytic
substitution.®?

Nitroxide-Mediated Polymerization (NMP)

The development of NMP at CSIRO had its origin in studies of
initiation mechanisms. Prior to the development of NMP,
nitroxides were well-known as radical scavengers, and vari-
ous derivatives were widely used in polymer stabilization.
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These applications were based on the property of nitroxides
to efficiently trap carbon-centered radicals by combining them
at near diffusion-controlled rates to form alkoxyamines.

In the period 1979—1990, a large number of studies of the
reactions of initiator-derived radicals with monomers were car-
ried out, in which a nitroxide (e.g., 4 and 5) was used as a rad-
ical trap.'®2° In the course of that work, it was observed that
under some conditions the trapping of propagating radicals by
the nitroxide was reversible, an observation that ultimately
lead to the development of NMP. The exploitation of
alkoxyamines as polymerization initiators and the use of NMP
for producing block and end-functional polymers were first
described in a CSIRO patent application in 1985." In this
patent, NMP was described as a method of living radical
polymerization. In 1990, Johnson et al.?" described what is
now known as the persistent radical effect*? and showed the-
oretically that NMP could provide narrow polydispersity poly-
mers. The early work focused on polymerization of
(meth)acrylates with nitroxides, such as 6—8, being preferred
control agents.” However, NMP only received significant atten-
tion in the wider literature following the demonstration by
Georges et al.>® in 1993 that NMP with 4 as the control agent
allowed for preparation of polystyrene with a relatively nar-
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Two strategies have been applied to initiate NMP. In the
first, the initiator is an alkoxyamine. This approach was used
in the original CSIRO work." Hawker and co-workers** also
exploited this method and coined the term “unimer” to
describe these initiators. In the second approach, the
alkoxyamine is formed in situ from the nitroxide and radi-
cals generated using a conventional initiator. Dibenzoyl per-
oxide was used in the work of Georges et al.>3

A wide range of nitroxide and derived alkoxyamines has
now been exploited in NMP. Experimental work and theoret-
ical studies have related nitroxide/alkoxyamine structure to
polymerization outcome and provided further understanding
of the kinetics and mechanism. Important parameters are the
activation—deactivation equilibrium constant K and the val-
ues of kg and Kyeact (SCheme 1).2° However, the success of

g SG1
10 11

NMP also depends upon the significance of side reactions.
Thus, the combination/disproportionation ratio for the reac-
tion of the nitroxide with the propagating radical and the
intrinsic stability of the nitroxide under the polymerization
conditions are also important. This leads to two strategies to
improve the rate of polymerization in NMP: (1) One is to
decrease the incidence of side reactions. Imidazolinone-de-
rived nitroxides (e.g., 9) provide substantially better control
than TEMPO, particularly for polymerizations of (meth)acry-
lates.2® This is attributed to the higher combination/dispro-
portionation ratio with the five-membered ring nitroxides.
With methyl methacrylate (MMA), limiting conversion behav-
ior is, nonetheless, observed with the final product being the
macromonomer formed by disproportionation.2®27 Even
though these polymerizations yield “dead” polymer, very close
correspondence of found and calculated molecular
weights2®2” demonstrates that the polymer is formed by NMP
and that there is little chain transfer or other initiation mech-
anisms. (2) The second strategy is to use nitroxides that are
sufficiently unstable that an excess of nitroxide does not build
up during polymerization. The open-chain nitroxides (10)*®
and SG1 (11)?° provide good examples of this approach.
These nitroxides are also very effective at relatively low
temperatures.

Radical Polymerization with Reversible
Addition—Fragmentation Chain Transfer
(RAFT)
The first reports of radical addition—fragmentation processes
appeared in the organic chemistry literature in the early
1970s. However, the direct use of addition—fragmentation
transfer agents to control molecular weight and end group
functionality in polymers was not reported until the mid-
1980s.2° The RAFT process using thiocarbonylthio com-
pounds, including dithioesters and trithiocarbonates, was
reported by CSIRO in early 1998.% Researchers from France
reported a process with an analogous mechanism but using
xanthate RAFT agents (MADIX) in late 1998.3" A CSIRO patent
claiming the use of xanthate and dithiocarbamate RAFT agents
appeared in early 1999.32 The historical development of the
process is described in a recent review.'®

Unsaturated compounds of general structure 1 can act as
transfer agents by a two-step addition—fragmentation mech-
anism. Such transfer agents possess a C=X double bond that
is reactive toward radical addition, groups A and X that are
most often CH,, or S, a substituent Z that is chosen to give the
transfer agent an appropriate reactivity toward propagating
radicals and convey appropriate stability to the intermediate
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radicals 2, and a group R that is a homolytic leaving group
and such that Re is capable of efficiently re-initiating polym-
erization. Reversible chain transfer requires that both 1 and 3
are active transfer agents under the polymerization conditions.
This means that the groups A and X should be the same (both
CH, or both S) and R must have similar or better homolytic
leaving group ability than the propagating radical.

In addition—fragmentation chain transfer, the rate constant
for chain transfer (k) is defined in terms of the rate constant
for addition (k.4 to the transfer agent and a partition coeffi-
cient (¢) defined as follows:>3

_ B _
ke = kaddm = Kaga®

kf
e~
—add T K3

The transfer constant is then defined in terms of k,, and the
propagation rate constant (k,) in the usual way (G, = ky/Kp).

Efficient transfer requires that the radical intermediates
formed by addition undergo facile s-scission. The driving force
for fragmentation of the intermediate radical is provided by
cleavage of a weak A—R bond. If both addition and fragmen-
tation are rapid and irreversible with respect to propagation,
the polymerization kinetics should differ little from those seen
in polymerization with conventional chain transfer. If the over-
all rate of p-scission is slow relative to propagation, then retar-
dation is a likely result. If fragmentation is slow, the adducts
2 also have a greater potential to undergo side reactions, such
as radical—radical termination. In designing transfer agents
and choosing a R group, a balance must also be achieved
between the leaving group ability of R and re-initiation effi-
ciency of Re because, as with conventional chain transfer, the
rate constant for re-initiation by Re (k;) should be >k,,. If frag-
mentation leads preferentially back to starting materials, the
transfer constants are lowered.

RAFT polymerization shows the same wide tolerance of
reaction conditions as the conventional process. This makes
RAFT polymerization particularly suited to aqueous solution®*
and emulsion polymerization,> and this has led to the rapid
development of these areas.

RAFT Agent Design

The mechanism of RAFT polymerization comprises a sequence
of addition—fragmentation equilibria shown in Scheme 3."°
Initiation and radical—radical termination occur as in conven-
tional radical polymerization. In the early stages of the polym-
erization, the addition of a propagating radical (P,e) to the

Toward Living Radical Polymerization Moad et al.

SCHEME 3. Mechanism of RAFT Polymerization
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initial RAFT agent 12 and fragmentation of the intermediate
formed provides a polymeric RAFT agent 14 and a new rad-
ical (Re). Re-initiation by Re forms a new propagating radical
(Prme). Rapid equilibrium between the active propagating rad-
icals (Pe and P,e) and the corresponding dormant species 14
provides equal probability for all chains to grow and allows for
the production of narrow polydispersity polymers. When the
polymerization is complete (or stopped), the vast majority of
chains will retain the thiocarbonylthio end group. The reac-
tions associated with RAFT equilibria shown in Scheme 3 are
in addition to those (i.e., initiation, propagation, and termina-
tion) that occur during conventional radical polymerization. In
an ideal RAFT process, the RAFT agent should behave as an
ideal transfer agent. Thus, as with radical polymerization with
conventional chain transfer, the Kkinetics of polymerization
should not be directly influenced beyond those affects attrib-
utable to the differing molecular weights of the reacting spe-
cies. Radical—radical termination is not directly suppressed by
the RAFT process.

A summary of RAFT agents (ZC(=S)SR, 12) and the factors
that should influence choice of the RAFT agent for a particu-
lar polymerization can be found in recent reviews,'6~ 183436
The effectiveness of RAFT agents is determined by the sub-
stituents R and Z. A guide to the suitability of RAFT agents for
controlling polymerization of particular monomers is provided
in Figure 3.'518

Monomers are broadly divided into two categories: (1)
“More-activated” monomers include vinyl aromatics (styrene
and vinylpyridine), methacrylics, e.g., MMA, methacrylic acid,
and methacrylamide (MAM), and acrylics, e.g., methyl acry-
late (MA), acrylic acid, acrylamide (AM), and acrylonitrile (AN).
(2) “Less-activated” monomers include vinyl esters, e.g., vinyl
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FIGURE 3. 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. A dashed line indicates partial control.

acetate (VAQ), and vinyl amides, e.g., N-vinylpyrrolidone (NVP)
and N-vinylcarbazole (NVQ).

A key feature of RAFT polymerization is that the thiocar-
bonylthio groups are retained in the polymeric product. This
is responsible for the living character of RAFT polymerization
and renders the process suitable for synthesizing block copol-
ymers and end functional polymers. However, the presence of
the thiocarbonylthio groups is detrimental to some applica-
tions. Removal or transformation of the thiocarbonylthio group
therefore forms a integral part of many polymer
syntheses 3”42

RAFT Polymerization of “More-Activated”
Monomers

The “more-activated” class may be further divided into those
that generate tertiary propagating radicals (i.e., 1,1-disubsti-
tuted olefins) and secondary propagating radicals (i.e., mono-
substituted olefins). To understand retardation or inhibition,
phenomena sometimes associated with RAFT polymerization
of activated monomers that have high (k, > 1000 M~!

e.g., acrylates and acrylamides) and low propagation rate con-
stants (k, < 1000 M~' s™'; e.g,, vinyl aromatics and meth-
acrylics) should also be distinguished.

The order of activity as a function of “Z” shown in Figure 3
is predicted by orbital calculations (Figure 4).** The apparent
transfer constant correlates with the calculated heat of reac-
tion, the lowest unoccupied molecular orbital (LUMO) energy,
and the partial charge on sulfur. Even though values predicted
by semi-empirical calculations were substantially in error, the
trend in values was similar to those predicted by ab initio
methods using various basis sets.

Dithiobenzoates and other aromatic dithioesters (Z = aryl,
e.g. 16 and 17) are among the most active RAFT agents and
have general utility in the polymerization of the “more-acti-
vated” monomers class.'®'” However, reasonable control over
polymerization is also observed with trithiocarbonates (Z =
S-alkyl), aromatic dithiocarbamates (e.g., Z = pyrrole), and
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FIGURE 4. Plot of the logarithm of the apparent transfer coefficient
for ZC(=S)S—CH,Ph in styrene polymerization versus calculated
LUMO energy for ZC(=S)S—CH,. Values from AM1 (Q) or ab initio
calculations with Gaussian 98 and 3/21G* (0), 6/31G* (a), MP2/D95
(v), and B3LYP/6-31G* (m) basis sets.*3

dithioesters (e.g., Z = alkyl or aralkyl). The latter RAFT agents,
while slightly less active than the aromatics dithioesters, are
also less sensitive to hydrolysis and decomposition induced by
Lewis acids.***>

R must efficiently re-initiate polymerization and must be a
good homolytic leaving group with respect to the propagat-
ing radical.*® The choice of “R” is critical in the case of meth-
acrylates (Figure 6). In the most effective RAFT agents, R is
tertiary cyanoalkyl (e.g., 17) or cumyl (16). That only poor con-
trol is seen with 18, where “R” is a monomeric model for the
propagating radical, and indicates that the penultimate unit
effects are important.*® The apparent transfer constant for 18
is lower that that for 22 by almost 2 orders of magnitude.
RAFT agents with R = tertiary alkyl (e.g., —C(Me),CH,C(Me);,
19) offer essentially no control. Agents with R =
—CHPh(CO,Me),*” —CHPh(CO,H),"” or —CHPh(CN)**® also
have some utility in controlling RAFT polymerization of meth-
acrylates. However, an inhibition period is observed, which is
attributed to slow re-initiation by Re.
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FIGURE 5. Evolution of the molecular weight (open symbols) and
polydispersity (closed symbols) with conversion for polymerization
of methyl methacrylate (7.02 M in benzene) at 60 °C with AIBN
initiator (0.0070 M) in the presence of dithiobenzoate esters
ZC(=S)SC(Me),CN (0.0010 M), where Z = Ph (17; ®, — — —), Z = SMe
(20; o, ——), and Z = N-pyrrolo (21; W, - --). Calculated molecular
weight (—-—).%°

Electron-withdrawing groups can enhance the activity of
dithiobenzoate RAFT agents. For ring-substituted cyanoisopro-
pyl dithiobenzoate RAFT agents in MMA polymerization elec-
tron-withdrawing groups, which render the thiocarbonyl sulfur
more electrophilic, enhance the rate of addition to the C=S
double bond and provide narrower polydispersities from the
early stages of polymerization.'®4°

However, the use of dithiobenzoates can retard polymeri-
zation particularly when they are used in high concentrations
to provide lower molecular-weight polymers. This is particu-
larly noticeable with cumyl dithiobenzoate. An IUPAC task
group Toward a Holistic Mechanistic Model for RAFT Polymer-
izations: Dithiobenzoates as Mediating Agents was formed in
2005. The first output of that working party has recently been
published. This is a dilemma paper that summarizes the cur-
rent situation with respect to the polymerization kinetics, pos-
sible side reactions, and mechanisms for retardation.>®

Retardation observed during polymerization of methacry-
lates and styrene is strongly dependent upon the RAFT agent
concentration and can be directly correlated with consump-
tion of the initial RAFT agent. Retardation is most pronounced
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FIGURE 6. Evolution of the molecular weight (open symbols) and
polydispersity (closed symbols) with conversion for methyl
methacrylate polymerization (7.02 M in benzene) at 60 °C with
azobisisobutyronitrile initiator (0.0061 M) in the presence of
dithiobenzoate esters PhC(=S)SR (0.0116 M), where R = —C(Me),Ph
(16; W), R = —C(Me),CgH,Cl (@), R = —C(Me),CN (17; ¥v), R =
—C(Me),CO.Et (18; ), and R = —C(Me),CH,C(Me); (19; a).*®
Calculated molecular weight assuming no initiator-derived chains
(---) or including initiator-derived chains (- — —).
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FIGURE 7. Pseudo-first-order rate plot for methyl acrylate
polymerization (4.45 M in benzene) at 60 °C with ~3.3 x 107 M
azobisisobutyronitrile in the absence (M, - - -) or presence of
0.00306 M MeC(=S)CH,Ph (O, ———), 0.0306 M MeC(=S)SCH,Ph (4,
—-—), 0.00366 M PhC(=S)SCH,Ph (red J, red ---), or 0.00366 M
PhC(=S)SC(Me),CN (®, — — —) (data points for the latter two RAFT
agents are almost coincident).*®

with cumyl dithiobenzoate.>'>? Dithioesters with different R
and/or Z substituents (e.g., cyanoisopropyl dithiobenzoate) and
aliphatic dithioesters (e.g., cumyl dithiophenylacetate) display
less retardation.>?

Retardation tends to be more pronounced with high k,
monomers (acrylates and acrylamides). For the case of acry-
lates, retardation with dithiobenzoate RAFT agent is not
directly related to consumption of the initial RAFT agent, which
is rapid, with the initial dithiobenzoate being completely con-
sumed at very low monomer conversion. Use of aliphatic
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TABLE 1. RAFT Polymerization of Vinyl Acetate®®

initiator? (M x 103)

monomer (M) RAFT agent (M x 10?) conditions conversion (%) M, (g mol~") M,/M,,
10.86 25 (9.96) ACHN (8.7) 66 7000 1.18
100°C4 h
10.86 27 (4.98) AIBN (6.1) 96 22700 1.24
60°C16 h

“ AIBN, 2,2'-azobis(isobutyronitrile); ACHN, 1,1'-azobis(cyclohexanecarbonitrile).
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FIGURE 8. Plot of the logarithm of the monomer concentration
versus time to 2.5 h for polymerization of N-vinylpyrrolidone
[~50% (v/v) NVP/toluene] in the presence of 26 at 60 °C with
[NVP|/[RAFT] = 71 (O, ---), 92 (O, ———), and 151 (a, — — —);
[azobisisobutyronitrile] = 1.28 x 1072, 4.42 x 1073, 8.82 x 107*
M, respectively.*°
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FIGURE 9. Evolution of the number average molecular weight m,,
polystyrene equivalents, O, — — —) and polydispersity (M,,/M,, O,

---) with conversion during polymerization of N-vinylpyrrolidone
[~50% (v/v) NVP/toluene] in the presence of 26 [NVP]/[RAFT] = 71
and azobisisobutyronitrile (1.28 x 1072 M) at 60 °C. The solid line
is the calculated molecular weight based on RAFT agent
consumed.*®

dithioesters or trithiocarbonates provides substantially less
retardation.**#®>275> Quinn et al.>* observed that 1-phenyl-
ethyl dithiophenylacetate enabled RAFT polymerization of MA
at ambient temperature, whereas 1-phenylethyl dithioben-
zoate strongly retarded polymerization under the same
conditions.

The form of retardation is illustrated in Figure 7.4 The rate
of polymerization in the presence of dithiobenzoate deriva-
tives does not depend upon R and is strongly retarded with

respect to that observed in the absence of the RAFT
agent.*#*>2 While the dithioacetate also retards polymeriza-
tion, the extent is substantially less than that observed with
the dithiobenzoates even with a 10-fold higher RAFT agent
concentration. All polymerizations ultimately gave high con-
versions and narrow (yet bimodal) molecular-weight distribu-
tions. These retardation issues do not, by themselves, prevent
the formation of low polydispersity or block polymers.

RAFT Polymerization of “Less-Activated
Monomers”

Controlled radical polymerization of the less-activated mono-
mers (e.g., VA¢, NVP, and NV() are often problematic; ATRP
and NMP are not generally effective with this monomer class.
The more active RAFT agents (dithioesters and trithiocarbon-
ates) also strongly inhibit polymerization, such that even after
extended reaction times little polymerization may be
observed. This inhibition is attributed to the propagating rad-
icals generated from these monomers being poor homolytic
leaving groups and the consequent stability and side reac-
tions undergone by the intermediate formed by addition to
the RAFT agent.®

The less active RAFT agents, such as xanthates and dithio-
carbamates, provide control over molecular weight and poly-
dispersities for VAc, NVP, and NVC. Examples of VAc
polymerizations are shown in Table 1. Polymerization of VAc
is complicated by transfer to the monomer and polymer. The
incidence of these processes is not directly influenced by the
RAFT process. A frequently observed trend for an increase in
polydispersity at high monomer conversion can be largely
attributed to this. An example of NVP polymerization with 26
is shown in Figures 8 and 9.%° Good control is achieved, and
no inhibition period is evident.

The choice of R group is critical because most monomers
in the class have a high k, (> 1 03). The rate constants for ben-
zyl, cyanoisopropyl, and cyanomethyl adding to VAc are
reported as 46, 79, and 1 x 10* M~' s, respectively (298
K).>” Thus, inhibition periods because of slow re-initiation are
expected for RAFT agents, such as 23 and 24.
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Conclusions

Nitroxide-mediated polymerization (NMP) and polymerization
with reversible addition—fragmentation chain transfer (RAFT)
have emerged as two of the most important methods for con-
trolling radical polymerization.

RAFT has been shown to be robust and versatile and appli-
cable to the majority of monomers subject to radical polym-
erization. However, selection of the RAFT agent for the
monomers and choice of reaction conditions is crucial for suc-
cess. Most polymerizations can be controlled using one of just
two RAFT agents: one suited to (meth)acrylate, (meth)acryla-
mide, and styrenic monomers, for example, a tertiary
cyanoalkyl trithiocarbonate, and another suited to vinyl mono-
mers, such as VAc, for example, a cyanomethyl xanthate or
dithocarbamate. Requirements for specific end-functionality or
architecture may dictate the use of other RAFT agents.3”>%

NMP and RAFT (and ATRP) are being used in the synthe-
sis of well-defined homo-, gradient, diblock, triblock, and star
polymers and other architectures, including microgels and
polymer brushes. New materials that have the potential of rev-
olutionizing a large part of the polymer industry are begin-
ning to appear. Much research has been redirected from
fundamental understanding to applications. Our first NMP'
and RAFT patents® are among the most cited in the field of
chemistry and related science.>® Many reviews'®~'834 and a
book3® describe the RAFT process. Notwithstanding these
comments, there remains significant scope for process
improvement. Many features of the kinetics and mechanism
remain to be unraveled, and a significant part of current
research remains directed to this end.
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