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Abstract 
 

Recent mechanistic developments in the field of controlled/living radical polymerization (CRP) are 
reviewed. Particular emphasis is placed on structure–reactivity correlations and ‘‘rules’’ for catalyst 
selection in atom transfer radical polymerization (ATRP), for chain transfer agent selection in 
reversible addition-fragmentation chain transfer (RAFT) polymerization, and for the selection of 
an appropriate mediating agent in stable free radical polymerization (SFRP), including organic 
and transition metal persistent radicals. Novel methods of fine tuning initiation, activation, and 
deactivation processes for all techniques are discussed, including activators regenerated by electron 
transfer (ARGET) and initiators for continuous activator regeneration (ICAR) ATRP, whereby Cu 
catalyst concentrations in ATRP can be lowered to just 10 ppm. Progress made in each 
technique related to the synthesis of both high and low molecular weight polymers, end functional 
polymers, block copolymers, expanding the range of polymerizable monomers, synthesis of 
hybrid materials, environmental issues, and polymerization in aqueous media is thoroughly 
discussed and compared. 
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1. Introduction 

The discovery of living anionic polymerization by 
Michael Szwarc had a tremendous effect on poly- 
mer science [1,2]. His work facilitated major 
developments in both synthetic polymer chemistry 
and polymer physics as it opened an avenue to the 
production of well-defined polymers with precisely 
designed molecular architectures and nano-struc- 
tured morphologies [3–11]. His innovations are 
considered to be the foundation of modern nano- 

technology. Additionally, his quantitative descrip- 
tions of ion pairing phenomena and  electron 
transfer processes greatly benefited physical organic 
chemistry [3,12]. 

The elimination of transfer and termination 
reactions from chain growth polymerization formed 
the basis of Szwarc’s discovery. These chain break- 
ing processes were avoided with the development of 
special high vacuum techniques to minimize traces 
(o1 ppm) of moisture and air in the anionic 
polymerization of non-polar vinyl monomers [1,3]. 
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The techniques were first implemented in an 
academic setting but were quickly adapted on an 
industrial scale, which ultimately led to the mass 
production of several commercial products, most 
notably well-defined block copolymers capable of 
performing as thermoplastic elastomers [13]. 

The synthesis of such copolymers by living 
anionic polymerization demands fast initiation and 
relatively slow propagation in order that the 
distribution of block lengths be controlled. These 
requirements can be achieved with the use of alkyl 
lithium initiators in non-polar solvents via the 
formation of ion pairs or their aggregates. The ion 
pairs can essentially be considered dormant species 
as they have reactivities several orders of magnitude 
smaller than those of free ions [12]. Exchange 
processes between dormant and active species are 
fast enough in comparison with propagation to 
ensure the production of materials with low poly- 
dispersity [14]. 

Anionic polymerization was the first and only 
example of a living process for more than a decade 
after its realization, but other living techniques have 
since been discovered. In 1974, two types of active 
species were observed with spectroscopic techniques 
in the cationic ring-opening polymerization (CROP) 
of tetrahydrofuran initiated by triflate esters [15–
18]. The activities and exchange dynamics among 
free ions, ion pairs, aggregates and signifi- cantly 
less active esters were quantitatively mea- sured 
for growing oxonium cations and the ‘‘dormant’’ 
esters. Living CROP was subsequently extended to 
other heterocyclic monomers and eventually 
enabled the synthesis of many well- defined 
(co)polymers [19,20]. 

The possibility of a living cationic vinyl poly- 
merization was once considered highly improbable 
due to dominating transfer processes and bimodal 
molecular weight distributions (MWD) typically 
observed for many systems [cf. 5]. However, it was 
later realized that since the reactivities of carboca- 
tions are much higher than those of carbanions, the 
exchange reactions were too slow relative to 
propagation to achieve narrow MWD and con- 
trolled MW [6]. The discovery of several techniques 
enabling fast exchange between growing carboca- 
tions and dormant species (esters or onium ions) 
enabled the development of controlled/living carbo- 
cationic polymerization [5,6,21,22]. The activities 
and selectivities of carbocations in these polymer- 
izations are identical to those in non-living systems 
[23,24]. However, the equilibria established between 

 
growing chains and dormant species allow for a 
reduction of the overall polymerization rate, there- 
by extending the life of propagating chains from 
milliseconds to minutes or hours and providing a 
route to low MW polymers not significantly affected 
by transfer processes. 

Fast and adjustable equilibria between active and 
dormant species have enabled the development of 
many new controlled/living systems, which are 
discussed in several reviews published throughout 
this and other accompanying special issues. We now 
move our discussion from the development of ionic 
living polymerization methods to the realization of 
controlled/living radical polymerization (CRP) 
techniques. In light of the ever-increasing breadth 
of this field, our review is not intended to be 
comprehensive. Rather, we aim to highlight struc- 
ture–reactivity correlations of the catalysts and 
mediating agents among the various techniques; 
novel methods of fine tuning initiation, activation, 
and deactivation processes; and recent progress 
made towards the synthesis of materials with 
designed topology, composition, and functionality, 
expanding the range of polymerizable monomers, 
environmental issues,  and polymerization in aqu- 
eous media. 

 
2. Typical features of radical polymerization (RP) 

 
It should be mentioned that Michael Szwarc not 

only contributed to the development of anionic 
polymerization but was also involved  throughout 
the 1950s in detailed studies of radical processes 
[25–32]. Indeed, while living anionic vinyl polymer- 
ization was being discovered and developed, con- 
ventional radical polymerization was already 
flourishing. Many new products were commercia- 
lized, and a comprehensive theory of radical 
polymerization was developed [33–37], including a 
precise characterization of the active species in- 
volved, a detailed mechanistic description of all 
elementary reactions, kinetic and thermodynamic 
parameters for the relevant rate constants, and a 
structure–reactivity correlation (Q–e scheme). These 
studies included Szwarc’s quantitative evaluation of 
bond dissociation energies and his investigation of 
the dynamics of radical exchange via a so-called 
methyl transfer process [29–31]. He also studied 
carbon–halogen bond dissociation energies [25,27], 
of particular relevance to atom transfer radical 
polymerization (ATRP). There were some attempts 
during  this  time  to  control  the  overall  radical 
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polymerization rate (via retardation/inhibition) 
[34,38] and molecular weights (with transfer/telo- 
merization) [39], but free radical polymerization 
essentially could not control MW or MWD and 
could not yield block copolymers due to the very 
short lifetime of the growing chains ('""1 s). 

The active species in RP are organic (free) 
radicals. They are typically sp2 hybridized inter- 
mediates and therefore show poor stereoselectivity. 
However, polymers formed by RP do show good 
regio- and chemoselectivity, as evidenced by the 
high degree of head-to-tail structures in the chain 

Because the average life of a propagating chain is 
'""1 s, which constitutes '""1000 acts of propagation 
with a frequency '""1 ms, the life of a propagating 
chain is too short for any synthetic manipulation, 
end functionalization, or addition of a second 
monomer to make a block copolymer. The overall 
kinetics can be described by Eq. (1), where the rate 
of polymerization is a function of the efficiency of 
initiation (f) and the rate constants of radical 
initiator decomposition (kd), propagation (kp) and 
termination (kt) according to 

 

and the formation of high MW polymers, respec-   (1) 
tively. Radicals can be stabilized by resonance and 
to a lesser degree by polar effects. They can be 
electrophilic or nucleophilic and in some instances 
possess a moderate tendency to alternate during 
copolymerization. 

RP, like any chain polymerization, is comprised 
of four elementary reactions: initiation, propaga- 
tion, transfer, and termination. Under steady state 
conditions, the initiation rate is the same as the rate 

The propagation rate scales with a square root of 
the radical initiator concentration and its efficiency 
of initiation (typically in the range of 50–80%). 
Molecular   weights   depend   on   the   termination 
( = initiation) rate as well as the rate of transfer. 
When the contribution of transfer can be neglected, 
the degree of polymerization depends reciprocally 
on the square root of radical initiator concentration, 
as shown in 

of termination (i.e., ~1000 times slower than the 
propagation rate). Such a slow initiation can be 

   
  (2) 

accomplished by using radical initiators with 
appropriately long half lifetimes (e.g., ~10 h). At 
the end of a polymerization, unreacted initiator is 
often left in the reaction mixture. The chain building 
reaction of propagation occurs by radical addition 
to the less substituted C atom in a monomer 
(resulting   in   head-to-tail   polymers)   with   rate 
constants  kp~103 M-1 s-1  (kp  for  acrylates 
>104 M-1 s-1 and  for  butadiene  <102 M-1 s-1). 
In contrast to carbocationic polymerization, trans- 
fer is not the main chain breaking reaction in RP, 
and high MW polymers can be formed from most 
monomers. Transfer has a higher activation energy 
than propagation and becomes more important at 
higher temperatures. The bimolecular radical cou- 
pling/disproportionation termination reactions are 
very fast,     essentially     diffusion     controlled 
(kt>108 M-1 s-1), in contrast to ionic polymeriza- 
tion where electrostatic repulsion prevents a reac- 
tion between two cations or two anions. In order to 
grow long chains in RP, the termination rate (not 
rate constant) must be much slower than propaga- 
tion. Since termination is a 2nd-order reaction with 
respect to radical concentration while propagation 
is 1st-order, the rate of termination becomes slower 
than that of propagation at very low radical 
concentrations. Consequently, the radical concen- 
tration must be in the range of ppm or even ppb. 

Conventional RP can be carried out in bulk 
monomer, in solution, and also in dispersed media 
(suspension, emulsion, miniemulsion, microemul- 
sion and inverse emulsion). Solvents should not 
contain easily abstractable atoms or groups, unless 
low  MW  polymers  are  desired.  The  range  of 
reaction   temperatures   is   quite   large   (-100   to 
>200 1C). Monomers are sufficiently reactive when 
the generated radicals are stabilized by resonance or 
polar effects (styrenes, (meth)acrylates, (meth)acry- 
lamides, acrylonitrile, vinyl acetate, vinyl chloride 
and other halogenated alkenes). Due to its lower 
reactivity, ethylene polymerization requires high 
temperatures. However, it is accompanied by 
transfer under these conditions that leads to 
(hyper)branched polymers. Initiators are typically 
peroxides, diazenes, redox systems and high-energy 
sources  which  slowly  produce  initiating  radicals 
(kd ~10-5 s-1). 

The industrial significance of conventional RP is 
evident in the fact that it accounts for the 
production of ~50% of all commercial polymers. 
Low density polyethylene, poly(vinyl chloride), 
polystyrene and its copolymers (with acrylonitrile, 
butadiene, etc.), polyacrylates, polyacrylamides, 
poly(vinyl acetate), poly(vinyl alcohol) and fluori- 
nated  polymers  comprise  the  most  important  of 
these materials. However, no pure block copolymers 
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and essentially no polymers with controlled archi- 
tecture can be produced by conventional RP. 

 
3. New controlled/living radical polymerization (CRP) 

 
Weak intramolecular interactions among polymer 

chains can be exploited to form organized nano- 
structured materials, provided the polymers have 
uniform dimensions, topologies, compositions and 
functionalities. Following developments in anionic 
polymerization by Michael Szwarc, precise control 
over polymeric structural parameters prepared  by 
RP has given rise to a virtually unlimited number of 
new polymeric materials. The improved macro- 
scopic properties of many of these polymers are a 
direct result of comprehensive structure–property 
investigations as well as guidelines based on 
theoretical and empirical predictions, as will be 
discussed. 

 
3.1. Fundamentals of CRP 

 
Such precise macromolecular synthesis employs 

concepts of living polymerization, in which the 
contribution of chain breaking reactions is mini- 
mized and the apparent simultaneous growth of all 
chains can be achieved via nearly instantaneous 
initiation. A combination of fast initiation and an 
absence of termination seemingly conflicts with the 
fundamental principles of RP, which proceeds via 
slow initiation and in which all chains are essentially 
dead at any given instant. However, the develop- 
ment of several controlled/living radical systems 
utilizing an intermittent formation of active propa- 
gating species has recently been realized concurrent 
with  similar  developments  in  anionic,  cationic, 

 

 
 
 
 
 
 
 
 

Scheme 1. 

coordination and ring-opening polymerization sys- 
tems (cf. other reviews in this and other accom- 
panying special issues). 

The establishment of a dynamic equilibrium 
between propagating radicals and various dormant 
species is central to all CRP systems [40,41]. Radicals 
may either be reversibly trapped in a deactivation/ 
activation process according to Scheme 1, or they 
can be involved in a ‘‘reversible transfer’’, degen- 
erative exchange process (Scheme 2). 

The  former  approach  relies  on  the  persistent 
radical effect (PRE) [41–44]. The PRE is a peculiar 
kinetic feature which provides a self-regulating 
effect in certain CRP systems. Propagating radicals 
Pn* are rapidly trapped in the deactivation process 
(with a rate constant of deactivation, kdeact) by 
species X, which is typically a stable radical such as 
a nitroxide [45,46] or an organometallic species such 
as a cobalt porphyrin [47]. The dormant species are 
activated (with a rate constant kact) either sponta- 
neously/thermally, in the presence of light, or with 
an appropriate catalyst (as in ATRP) to reform the 
growing centers.  Radicals can propagate (kp) but 
also terminate (kt). However, persistent radicals (X) 
cannot terminate with each other but only (rever- 
sibly) cross-couple with the growing species (kdeact). 
Thus,  every  act   of   radical–radical   termination 
is accompanied by  the  irreversible  accumulation 
of X. Its concentration progressively increases 
with time, following a peculiar 1 power law (vide 
infra). Consequently, the concentration of radicals 
as well as the probability of termination decreases 
with time. The growing radicals then predomi- 
nantly react with X, which is present at 41000 
times higher concentration, rather than with 
themselves. 

In systems obeying the PRE, a steady state of 
growing radicals is established through the activa- 
tion–deactivation process rather than initiation– 
termination as in conventional RP. These systems 
include stable free radical polymerization (SFRP), or 
more precisely, nitroxide mediated polymerization 
(NMP) and cobalt mediated radical polymerization 
(CMRP). Such techniques require a stoichiometric 

 
 
 
 
 
 
 
 

Scheme 2. 
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amount of mediating species, as all dormant chains 
are capped by the trapping agent. ATRP also 
operates via the PRE. However, in this catalytic 
process employing atom (or group) transfer between 
growing chains and a redox active catalyst, the 
amount of transition metal catalyst can often be sub- 
stoichiometric. 

By contrast, systems employing degenerative 
transfer are not based on the PRE. Such systems 
follow typical RP kinetics with slow initiation and 
fast termination. The concentration  of  transfer 
agent is much larger than that of radical initiators. 
Thus, the transfer agent plays the role of the 
dormant species. Monomer is consumed by a very 
small concentration of radicals which can terminate 
but also degeneratively exchange with the dormant 
species. 

Fast exchange among active and dormant species 
is required for good control over molecular weight, 
polydispersity and chain architecture in all CRP 
systems. A growing species should ideally react only 
with a few monomer units (within a few millise- 
conds) before it is deactivated to the dormant state 
(where it remains for several seconds). The lifetime 
of a chain in the active state in a CRP process is 
comparable to the lifetime of a propagating chain in 
conventional RP. However, because the whole 
propagation process may take ≈ 1 d in CRP, 
there exists the opportunity to carry out various 
synthetic procedures, including chain-end  
functionalization or chain extension [48]. 

 
3.2. Similarities and differences between RP 
and  CRP 

 
CRP and RP proceed via the same radical 

mechanism, exhibit similar chemo-, regio- and 
stereo-selectivities, and can polymerize a similar 
range of monomers. However, several important 
differences between CRP and RP exist as summar- 
ized below. 

 
1. The lifetime of growing chains is extended 

from E1 s in RP to more than 1 h in CRP 
through the participation of dormant species 
and intermittent reversible activation. 

2. Initiation is slow and free radical initiator is often 
left unconsumed at the end of a conventional RP. 
In most CRP systems, initiation is very fast and 
near  instantaneous growth of all chains can be 
achieved, which ultimately enables control over 
chain architecture. 

3. Nearly all chains are dead in RP, whereas 
in CRP the proportion of dead chains is 
usually <10%. 

4. Polymerization in CRP is often slower than in 
RP. However, the rates may be comparable in 
certain  cases  (e.g.,  when  the  targeted  MW in 
CRP is relatively low). 

5. A steady state radical concentration  is  estab- 
lished in RP with similar rates of initiation and 
termination, whereas in CRP systems based on 
the PRE,  a  steady  radical  concentration  is 
reached by balancing the rates of activation and 
deactivation. 

6. Termination usually occurs between long chains 
and constantly generated new chains in RP. In 
CRP systems based on the PRE, all chains are 
short at the early stages of the reaction  and 
become progressively longer; thus, the termina- 
tion rate significantly decreases with time. In DT 
processes,  new  chains  are  constantly  
generated by a small amount of conventional 
initiator, and therefore termination is more 
likely throughout the reaction. 

 
 

4. CRP by stable free radical polymerization (SFRP) 
 

4.1. Basic mechanism 
 

Reports by Georges in 1993 of a controlled 
polymerization of styrene in the presence of benzoyl 
peroxide and the mediating stable free radical 
TEMPO (2,2,6,6-tetramethyl-1-piperidynyl-N-oxy) 
ushered in the dawn of modern CRP [45]. Poly- 
styrene molecular weights evolved linearly with 
conversion and polydispersities were below 1.3 in 
this reaction, conducted at 120 1C. Despite earlier 
attempts reported in the patent literature [49], this 
was the first example of a successful CRP utilizing a 
nitroxide-based system. 

Control in NMP is achieved with dynamic 
equilibration between dormant alkoxyamines and 
actively propagating radicals (Scheme 3). In order 
to effectively mediate polymerization, TEMPO (and 
other stable free radicals) should neither react with 
itself nor with monomer to initiate the growth of 
new chains, and it should not participate in side 
reactions such as the abstraction of β-H atoms. 
These persistent radicals should also be relatively 
stable, although their slow decomposition may in 
some cases help maintain appropriate polymeriza- 
tion rates. 
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Scheme 3. 
 
 

TEMPO and its derivatives form a relatively 
strong covalent bond in alkoxyamines. The SFRP 
equilibrium constant (ratio of dissociation (kd) to 
cross-coupling/association (kc) rate constant) is 
generally    very    small,    i.e.,    kd/kc = Keq≈1.5 x 
10-11 M at 120 1C for styrene [41]. The values of 
Keq are often so low that in the presence of excess 
TEMPO, the equilibrium becomes very strongly 
shifted towards the dormant species and signifi- 
cantly reduces the polymerization rate. While 
original TEMPO-based systems were successful at 
controlling the polymerization of styrene and some 
of its copolymers, they failed to mediate polymer- 
ization of acrylates and several other monomers for 
this reason. 

Polymerization could in principle be accelerated 
(i.e., the concentration of growing radicals could be 
increased) if the concentration of TEMPO were 
reduced. This might be accomplished by the slow 
self-destruction of nitroxide by a reaction with 
additives or initiating radicals [50–52]. This occurs 
spontaneously in the polymerization of styrene due 
to thermal self-initiation at elevated temperatures. 

 
 

4.2. Mediating  species/initiation  systems 
 

4.2.1. Nitroxides as persistent radicals 
As indicated, TEMPO efficiently mediates styrene 

polymerization under the appropriate conditions 
but fails to mediate polymerization of other mono- 
mers with lower equilibrium constants. Other 
nitroxides were thus synthesized in an effort to 
provide more labile C–O bonds. Three exemplary 
nitroxide structures are illustrated in Fig. 1. 
Numerous derivatives of these structures have been 
successfully employed in NMP [46]. DEPN [52,53] 
(also known as SG-1) and TIPNO [54] contain H- 
atoms at the a-C. Such nitroxides were originally 
predicted to be very unstable and assumed to 
quickly decompose. However, they can both suffi- 
ciently mediate polymerization of styrene, as well as 
various  other  monomers.  Bulkier  nitroxides  can 

 
 
 
 
 
 
 
 
 
 

Fig. 1. Structures of three exemplary nitroxides commonly 
employed in NMP. 

 
 

decrease the bond dissociation energy of C–O bonds 
formed during polymerization, which consequently 
increases the proportion of radicals during a 
polymerization and enables lower polymerization 
temperatures. 

Significant   steric   bulk   was   introduced   to   a 
TEMPO derivative at the 2,2,6,6- substituents with 
trans-2,6-diethyl-2,6-bis(1-trimethylsilanoxyethyl)-1- 
(1-phenylethoxy)piperidine-N-oxyl (TEMPO-TMS) 
[55,56]. The steric effects of this bulk so effectively 
decrease the bond dissociation energy of the 
alkoxyamine that polymerization of butyl acrylate 
can be successfully mediated at temperatures as low 
as 70 ℃ . However, further increasing steric hin- 
drance by substituting the methyl group a to the 
TMSO unit with an isopropyl group actually 
significantly reduces control, likely by slowing the 
rate of association too much [55]. 

Steric effects actually prevent the successful 
control of methacrylate polymerization  mediated 
by nitroxides. Reactive nitroxides prefer to abstract 
b-H atoms rather than form alkoxyamines. Less 
reactive nitroxides do not cross-couple rapidly 
enough with growing chains to efficiently control 
methyl methacrylate (MMA) polymerization 
[57,58]. One solution to this problem involves 
copolymerizing a small amount of styrene with 
MMA. Just 10 mol% styrene has been sufficient to 
control such copolymerizations [59]. However, 
further development of nitroxides stabilized by 
resonance  and  polar  effects  will  be  needed  to 
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achieve  control  in  homopolymerizations  of  pure 
methacrylates. 

 
4.2.2. Alkoxyamine unimolecular initiators 

SFRP systems can be initiated in two different 
ways. Conventional radical initiators can be used in 
the presence of persistent radicals, as discussed above. 
Alternatively, dormant species can be prepared in 
advance and used as initiators (so-called unimolecular 
initiators) [60,61] or macroinitiators for block copo- 
lymerization. The structure of these species is based 
on the alkoxyamine functionality generated at the 
chain end during NMP. The thermally unstable C–O 
bond decomposes upon heating to give the initiating 
species. These well-defined unimolecular initiators 
permit much better control over polymer molecular 
weight and architecture than the aforementioned 
nitroxide persistent radicals used in conjunction with 
free radical initiators [62]. 

The exploitation of alkoxyamines was originally 
limited by a lack of efficient synthetic procedures for 
their preparation, procedures which often resulted 
in low yields and a wide range of byproducts [46,60]. 
However,  several  versatile  techniques  have  since 

been developed that involve the controlled genera- 
tion and trapping of carbon centered radicals, 
including single electron transfer reactions asso- 
ciated with ester enolates [63] and enolate anions 
[64]. Another simple method involves halogen 
abstraction from alkyl halides by a Cu catalyst via 
atom transfer radical addition, and subsequent 
trapping of the alkyl radical by an excess of 
nitroxide persistent radical (Scheme 4) [65]. 

 
4.2.3. Other organic mediators 

Additional organic compounds that have been 
used to successfully mediate SFRP of several vinyl 
monomers include derivatives of triazolinyl, [66] 
(arylazo)oxy [67], borinate [68], and verdazyl [69] 
radicals as well as thermolabile bulky organic 
alkanes [70,71] and photolabile alkyl dithiocarba- 
mates (Fig. 2) [72]. 

Alkyl dithiocarbamates, originally used by Otsu, 
can be homolytically cleaved when irradiated by UV 
light [73]. Unfortunately, dithiocarbamyl radicals 
not only cross-couple but also dimerize and initiate 
extra chains in addition to mediating SFRP. 
However, dithiocarbamates were recently used as 

 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 

Scheme 4. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2. A selection of organic compounds previously employed in SFRP. 
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successful moderators of vinyl acetate polymeriza- 
tion, although the mechanism of control is not 
based on the SFRP principle but rather follows a 
degenerative transfer mechanism (cf. below) [73–76]. 

 
4.2.4. Metal mediated polymerization 

Transition metal compounds that can mediate 
radical polymerization include those based on Co 
[47],  Mo  [77],  Os  [78],  and  Fe  [79].  Controlled 

cross-coupling (deactivation) of the transient radical 
R with persistent radical Y (kc), and termination of 
two transient radicals to form product P (kt). 

In  this  case,  the  rates  of  formation  of  the 
persistent radical and of loss of the transient radical 
are given by the expressions in Eq. (3) (where the 
term 2kt is used because a single termination step 
consumes two radicals) 

 

polymerization of methyl acrylate with Co porphyr-  d Y     (3) 
ins is one of the most successful SFRP systems, 
having produced well-defined high molecular weight 
polyacrylates. Recently, Co(acac)2 derivatives were 
used to control the polymerization of vinyl acetate 
and  N-vinylpyrrolidone  (Fig.  3a)  [80–83].  Co- 
porphyrin and glyoxime derivatives do not control 

 
 

The two coupled differential equations were 
solved analytically by Fischer  and  independently 
by Fukuda. Both proposed that the increase in 
concentration of deactivator (Y) should be propor- 

the SFRP of methacrylates but rather lead to very  

efficient catalytic chain transfer processes (Figs. 3b 
and c) [84].  

 
 

4.3. Re-evaluation of the persistent radical effect 

 

SFRP and ATRP systems are characterized by 
unusual non-linear semilogarithmic kinetic plots that 
obey a peculiar power law. These kinetics were first 

The dependence for the persistent radical Y 
should be valid in the  time  interval  defined  by 
Eq. (5), and Eq. (6) should be fulfilled 

elegantly explained by Fischer [42], who introduced 
the concept of the persistent radical effect in both 

 
 

organic reactions and macromolecular systems. As 
               

mentioned above, stable persistent radicals do not 
0     

 

terminate, and hence their concentration progres- 
sively increases with the reaction time, shifting the 
equilibrium in Scheme 3 towards the dormant 
species. Fischer, and later Fukuda, derived precise 
kinetic equations to correlate the amount of evolved 
persistent radical with the overall equilibrium and 
termination rate constants [41,42]. 

The essence of the PRE can be more clearly 
explained for systems not complicated by propaga- 
tion (kp). Such a system, shown in Scheme 5, is 
simplified into three elementary reactions: dissocia- 
tion  (activation)  of  the  alkoxyamine  R–Y  (kd), 

 (6) 
 
 
 
 
 
 
 
 
 
 
 
 

Scheme 5. 

 

a b c 
 
 
 

C 
 
 
 
 
 

Fig. 3. Cobalt complexes employed in metal-mediated SFRP. 
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The dependences described in Eq. (3), derived 

independently by Fischer and Fukuda, used initial 
concentration of the initiator (I0) rather than the 
actual one, I. However, initiator concentration 
constantly decreases with the progress of the 
reaction in all radical systems. It is therefore more 
accurate to use the actual concentration of the 
initiator to derive the kinetic equations for transient 
and persistent radicals, especially when reactions 
proceed to higher conversion. A new equation for 
the evolution of persistent radical during the quasi- 
equilibrium stage was therefore derived [44]. The 
derivation is based on the stoichiometric requirement 
that the amount of persistent radical is equivalent to 
the number of dead chains, i.e., I0-I = Y, and 
the   assumption   that   change   in   the   persistent 
radical concentration is much higher  than  that 
for the propagating radicals (dY/dt >>-dR/dt) 
after quasi-equilibrium is established. 

Using variable I, the integration of Eq. (3) leads 
to the following expression: 

 
 
 
 
 

 
 
 
 
 
 
 
 

Fig. 4. Evolution of concentrations of all species (solid lines) and 
concentrations of persistent radical predicted from the new 
derivations   (&), 
 

 

 
 
 

 

 
 

  
 (7) 

where the persistent radical concentration (Y) is the 
only variable on the left-hand side of the equation. 
In a new function F(Y), the only variable is Y 

 
 
 

  (8) 

  
 

A plot of F(Y) vs. t provides a straight line with a 
slope 2ktK2 . The equilibrium constants for SFRP 
could then be calculated as Keq = (slope/2kt)1/2. 

The new equations were compared with Fischer’s 
original equations. Calculated values of Y using 
both equations are plotted vs. time alongside 
simulated values in Fig. 4. They correspond to 
alkoxyamine based on styrene and DEPN (1- 
phenylethyl-DEPN) at 120 1C [58]. The data calcu- 
lated from the new equation matches perfectly the 
simulation once the system reaches quasi-equili- 
brium, while the plot from Fischer’s equation 
deviates from simulated values. The apparent 
deviation (>30%) at long reaction times is better 
illustrated on a linear time scale (Fig. 5). 

As shown in Fig. 4, Fischer’s equation is valid 
only for a short time period. This period (40–400 s) 
is much shorter than the time range proposed by 
Fischer (5.9 s~1.0 x 103) [42]. The new equation 
does not have an ‘‘upper time limit’’ and is valid 
from the moment the system reaches quasi-equili- 
brium, till essentially infinite time. 

 

 
 
 
 
 
 

Fig. 5. Simulated and calculated concentrations of persistent 
radical derived from the new equation and Fischer’s equation;   

 
concentration [85]. 

 
 

4.4. Additional considerations 
 

Many stable free radical polymerizations are 
conducted in bulk or homogeneous solutions, but 
heterogeneous systems can also be successful. Both 
miniemulsion and emulsion polymerizations were 
well controlled with TEMPO and SG-1 [86]. While 
lower temperature SFRP processes have been 
reported (e.g., methyl acrylate can be initiated using 
the azo-initiator V-70 and mediated by Co-porphyr- 
ins at <60 1C), elevated temperatures are generally 
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required for TEMPO mediated emulsion polymer- 
izations (above 100 ℃). As this exceeds the boiling 
point of water, pressurized equipment is required 
for such systems. 

A noteworthy side reaction that occurs in NMP 
of styrene involves reduction of the mediating 
radical to give the corresponding  hydroxylamine 
via hydrogen transfer from the chain end [87]. This 
reaction can affect the molecular weight distribution 
of the product and results in unsaturated dead 
polymer chains [88]. This side reaction can be 
minimized with the use of nitroxides such as TIPNO 
that do not require the long reaction times and high 
temperatures that TEMPO does. 

 
5. Principles of atom transfer radical polymerization 
(ATRP) 

 
5.1. Mechanism and components 

 
The efficient ATRP catalyst consists of a transi- 

tion metal species (Mtn) which can expand its 
coordination sphere and increase its oxidation 
number, a complexing ligand (L), and a counterion 
which can form a covalent or ionic bond with the 
metal center. The transition metal complex (Mtn/L) 
is responsible for the homolytic cleavage of an alkyl 
halogen bond RX which generates the correspond- 
ing higher oxidation state metal halide complex 
Mtn+1X/L (with a rate constant kact) and an organic 
radical   R  (Scheme   6)   [89,90].   R can   then 
propagate with vinyl monomer (kp), terminate as 
in conventional free radical polymerization by either 
coupling or disproportionation (kt), or be reversibly 
deactivated (kdeact) in this equilibrium by Mtn+1X/L 
to form a halide-capped dormant polymer chain. 
Radical termination is diminished in ATRP as a 
result of the PRE [42,43], and the ATRP equili- 
brium     (KATRP = kact/kdeact)     becomes     strongly 

shifted towards the dormant species (rate constant 
of activationoorate constant of deactivation). 
Values illustrated in Scheme 6 refer to a styrene 
polymerization at 110 1C [91,92]. 

ATRP originates from a widely used reaction in 
organic synthesis known as atom transfer radical 
addition (ATRA) [93,94]. In this technique, atom 
transfer from an organic halide to a transition metal 
complex occurs to ‘‘activate’’ organic radicals, 
which are then quickly ‘‘deactivated’’ by back- 
transfer of the atom from the transition metal to the 
organic radical species. It has been debated whether 
the intermediate radicals are truly free radicals, in a 
solvent cage, or somehow under the influence of the 
metal center [95,96], all of which could have 
profound implications on structure–reactivity rela- 
tionships in ATRP (vide infra). However, abundant 
support has confirmed that the dominant inter- 
mediates in these processes are indeed free radicals. 
This support includes: (1) similar reactivity ratios in 
conventional free radical and atom transfer radical 
copolymerization [97–101]; (2) the effects (or lack 
thereof) of added reagents such as protic solvents, 
radical scavengers, and transfer reagents [102]; (3) 
the atacticity of the polymers generated in ATRP 
[103–105]; (4) the concurrent formation of the 
higher oxidation state metal species during the 
reaction [106,107]; (5) similar rates of racemization, 
exchange, and trapping reactions in RP and ATRP 
[108,109]; (6) the direct ESR observation of radicals 
during ATRP gelation experiments [110]; and (7) 
indistinguishable 13C kinetic isotope effects between 
RP and ATRP [111]. 

ATRP has been successfully mediated  by  a 
variety of metals, including those  from  Groups  4 
(Ti [112]), 6 (Mo [77,113,114]), 7 (Re [115]), 8 (Fe, 
[116–119] Ru, [120,121] Os [78]), 9 (Rh, [122] Co 
[123]),  10  (Ni,  [124,125]  Pd  [126]),  and  11  (Cu 
[89,127]). Complexes of Cu have been found to be 

 
 
 

 
 

Scheme 6. 
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the most efficient catalysts in the ATRP of a broad 
range of monomers in diverse media. One advan- 
tage of ATRP over other CRP processes is the 
commercial availability of all necessary ATRP 
reagents (alkyl halides, ligands and transition 
metals). Additionally, the dynamic equilibrium 
between dormant species and propagating radicals 
can be easily and appropriately adjusted for a given 
system by modifying the complexing ligand of the 
catalyst [89]. Commonly employed nitrogen-based 
ligands used in conjunction with Cu ATRP catalysts 
include derivatives of bidentate bipyridine (bpy) 
[127,128] and pyridine imine [129,130], tridentate 

Polydispersities become smaller with increasing 
monomer conversion, increasing deactivator con- 
centration, and decreasing kp/kdeact ratio according 
to Eq. (10). Catalysts with sufficiently high values of 
kdeact can therefore be used in lower concentrations 
and still provide control over PDI. However, the 
absolute amount of metal species in ATRP cannot 
be decreased indefinitely. The Mtn+1X/L deactiva- 
tor accumulates as a persistent radical [140] due to 
unavoidable termination events, and the amount of 
Mtn/L activator lost to termination reactions is 
equal to the amount of terminated chains according 
to 

diethylenetriamine (DETA) [131], and tetradentate 
tris[2-aminoethyl]amine (TREN) [132] and tetraa- 
zacyclotetradecane (CYCLAM) [133], among many 

  
 

 
 

 

other multidentate ligands [134,135]. The counter-  

ion is very often a halide ion, but pseudohalides, 
carboxylates and non-coordinating triflate and 
hexafluorophosphate anions have also been used 
successfully [136–138]. 

A very important difference between SFRP and 
ATRP is that in the latter case, kinetics and control 
depend not only on the persistent radical (Mtn+1 

X/L) but also on the activator (Mtn/L). Molecular 
weights are defined by the ratio D[M]/[RX]0 and are 
not affected by the concentration of transition 
metal. The polymerization rate increases with 
initiator concentration and actually depends  on 
the ratio of activator to deactivator concentration 
according to 

 

 
 

 
One of the perceived limitations of metal 

mediated SFRP is that a stoichiometric amount of 
metal species is required per polymer chain. Eq. (9) 
suggests the absolute amount of metal catalyst in 
ATRP can be decreased without affecting  the 
rate of polymerization, which is governed by a ratio 
of the concentrations of Mtn/L–Mtn+1X/L. How- 
ever, the synthesis of polymers with low polydis- 
persities and predetermined molecular weights 
require a sufficient concentration of deactivator 
according to [139] 

 

If the total amount of transition metal activator 
does not exceed the concentration of those chains 
which terminate, polymerization will halt at low 
conversion because all of the catalyst will be present 
as a persistent radical. 

 
 

5.2. Structure– reactivity relationships 
 

5.2.1. Understanding the ATRP equilibrium 
Understanding why some monomers such as 

acrylonitrile are very active in ATRP and others 
such as vinyl acetate are virtually inactive requires 
an in depth knowledge of the factors and conditions 
which affect KATRP. 

Quantifying  KATRP:  Critical  evaluation  of  the 
catalytic  activity  of  a  given  complex  in  ATRP 
generally requires that the KATRP value be deter- 
mined experimentally. This can accurately be 
accomplished for a wide range of  KATRP  values 
now that precise equations describing the PRE have 
been derived (vide supra) that take into account the 
fact that concentrations of the activator and the 
initiator  do  not   remain   constant   throughout 
the reaction. A simple method for determining 
KATRP involves reacting an alkyl halide with the 
transition metal activator and monitoring the 
increase of deactivator concentration that accumu- 
lates  as  a  persistent  radical  with  time  (e.g.,  by 

n+1 

 
spectrophotometry).  A  plot  of  F([Mt X/L])  vs 

. 
 

 
(

 
 
                                         

 
 

 
    

     

 

 
time should yield a straight line once equilibrium is 
reached, and KATRP  can be determined from [43] 
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CuBr 

 
EBriB 9.65 x 10-6 

 
[43] 

CuBr PEBr 4.58 x 10-6  
CuCl PECl 8.60 x 10-7  
 

Values of KATRP measured with various alkyl 
halide initiators and CuX/L complexes commonly 
employed in ATRP are provided in Table 1. 

 
Table 1 
Values of KATRP  measured in MeCN at 22 ℃ 

 
Ligand Salt Initiator KATRP Ref. 

Sub-equilibria:  KATRP    can  be  expressed  as  a    
combination of four reversible reactions: oxidation    

CuBr  EBriB 3.93 x 10-9 [43] 

of the metal complex, or electron transfer (KET), 
reduction of a halogen to a halide ion, or electron 
affinity (KEA), alkyl halide bond homolysis (KBH), 
and  association  of  the  halide  ion  to  the  metal 

N N 
bpy 

N 

N 

N 

 
CuBr EBriB 6.2 x 10-

 

 
8 [141] 

complex, or ‘‘halogenophilicity’’ (KX) (Scheme 7) 
[143]. In a general effort to understand catalyst 
structure–reactivity relationships, many recent stu- 
dies have focused on correlating these individual 

 
BPMPrA 

 
N 

N N 
PMDETA 

 
CuBr  EBriB 7.46 x 10-8 [43] 

 
 

-6 

reactions   with   KATRP     and   understanding   side 
reactions that may affect such correlations. 

These equilibrium constants, especially KEA  and 

N N 
CuBr EBriB 2.0 x 10 

N N 

N N 

[141] 

KX   (and  in  turn,  KATRP   [144]),  are  very  solvent 
dependent. The values of KEA  are expected to be 
relatively high in protic solvents as halide anions are 
stabilized through solvation in such media [145]. KX 

TPEDA 

 
N 

 
N 

N
 

 
 
 
 

CuBr  BzBr 6.78 x 

 
 
 
 
10-7 

will likewise be affected with changes in solvent 
polarity.   Quantification   of   Br-    coordination   to 

N 
TPMA 

CuBr MBrP 3.25 x 10-7 

CuCl MClP 4.28 x 10-8
 

CuII/L complexes with bpy, PMDETA, and Me6T- CuBr EBriB 1.54 x 10-4 [43] 
REN has revealed that KX  for these complexes is N 

N 
approximately five orders of magnitude greater in N N 

CuCl MClAc 3.3 x 10-6 [142] 

organic  CH3CN  than  in  aqueous  solvents  where 
ions are more efficiently solvated [146]. This has 

Me6TREN 
 

N N 

 

CuCl MClAc 9.9 x 10-5 [142] 

direct implications on the degree of control attain- N N 

able  in  aqueous  media  as  the  majority  of  the 
halogen will be dissociated from the Cu deactivating 
species in water. Additional studies have correlated 
KX measured in mixed protic solvents with poly- 
merization rates and attainable control over mole- 
cular weights and molecular weight distributions in 
aqueous ATRP [147]. 

Catalyst activity (in terms of KATRP) is also 
intrinsically dependent upon the redox potential of 
the complex. A linear correlation between KATRP 

and E1/2 for a series of CuI complexes clearly 
demonstrates  this facet  of  the  ATRP  equilibrium 
[148,149]. Recent efforts have also been made to 
correlate the redox potentials of Fe [118] and Ru 
[150,151] complexes with their ATRP catalytic 
activity. It should be noted that different transition 
metals are expected to have very different halogen- 
ophilicities, and thus redox potentials alone are not 
sufficient to compare KATRP among different metals 
[143]. Additionally, such values should be very 
solvent dependent. However, these studies still 
provide a useful means for screening appropriate 
catalysts for a given system. Knowledge of the E1/2 

of a metal catalyst and an organic radical should 

 
DMCBCy 

 
EBriB, ethyl 2-bromoisobutyrate; PEBr, 1-(bromoethyl)benzene; 
PECl, 1-(chloroethyl)benzene; BzBr, benzyl bromide; MBrP, 
methyl 2-bromopropionate; MClP, methyl 2-chloropropionate; 
MClAc, methyl chloroacetate. 

 
 
 
 
 
 
 
 
 
 

 
 

Scheme 7. Sub-equilibria in KATRP  [143]. 

 
also allow one to predict whether outer sphere 
electron transfer can occur as a side reaction to 
generate carbocations or carbanions during poly- 
merization (vide infra) [102,152]. 

KATRP  should only depend upon the energetics of 
alkyl halide bond homolysis (KBH) among systems 
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k 

 
 

employing the same catalyst/conditions but different 
monomers/initiators (where values of KET, KEA, and 
KX remain essentially constant). Indeed,  when the 
alkyl halide bond dissociation energies (BDE) were 
recently calculated for a series of ATRP monomers/ 
initiators Fig. 6, they were found to correlate well 
with measured values of KATRP [153]. It was proposed 
that such calculations could also be used to predict 
equilibrium constants for less reactive monomers, and 
in turn, polymerization rates. For example, if the 
ATRP of methyl acrylate would reach 90% conver- 
sion in 1 h with a given catalyst, the ATRP of styrene 
with the same catalyst would be expected (based on 
its BDE) to need 11 h and vinyl acetate 15 y to reach 
90% conversion [153]. This calculation illustrates the 
necessity of appropriately matching a given catalyst 

CuI complex should be very reducing and catalyti- 
cally active in ATRP [158]. Additionally, an ATRP 
catalyst characterized by large values of both bm+1 

and bm will likely not participate in extensive ligand 
substitution reactions with monomer, polymer, or 
solvent, even in dilute solutions with respect to the 
catalyst. An exceptionally stable Cu complex with 
4,11-dimethyl-1,4,8,11-tetraazabicyclo[6.6.2]hexade- 
cane [159,160] (or dimethyl cross-bridged cyclam, 
DMCBCy, see Fig. 7) was recently developed. 
Analysis of the redox properties of this complex 
revealed that the CuI species was exceptionally 
reducing [161]. This complex is currently the most 
active Cu-based ATRP catalyst known to date 
[142]. 

with a specific monomer.  (13A) 
Relative  ligand  binding  constants:  The  redox 

potential (E1/2) of a transition metal catalyst, which 
 

 
 
 
  

can be correlated with its catalytic activity in ATRP   

reactions [148,149], also depends upon the ratio of 
the stability constants of the complex in its two 
oxidation states (i.e., bm+1/bm, see Eq. (13)) [154–
156]. Most ligands affect the redox potential 

 
 

  
  

of Cu complexes through stabilization or destabili- 
zation of the CuII oxidation state [157]. Therefore, if 
a ligand forms a very stable CuII complex such that 
the ratio of bII/bI  is very large, the corresponding 

5.2.2. Activation/deactivation structure– reactivity 
correlations 

It is not possible to determine from KATRP  alone 
whether a polymerization will be well controlled or 

 
 
 
 
 
 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 6. Free energy change (DGo
 
 
) and relative values of K 

 
for homolytic bond cleavage of alkyl bromides deduced from DFT 

298 ATRP 

calculations at 25 1C relative to methyl 2-bromopropionate (KATRP  ¼ 1) [153]. 
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not; fast activation and more importantly fast 
deactivation are required to achieve good control 
over polymer molecular weights and molecular 
weight distributions. The correlation of such reac- 
tion parameters in ATRP with catalyst, alkyl halide, 
and monomer structure should ultimately  lead to 
the rational development of more efficient catalysts. 
These studies also serve as an excellent resource 
when considering appropriate ligands and condi- 
tions for a polymerization. 

Quantifying kact and kdeact: The determination of 
kact is typically made by following the decay of R– X 
concentration (by GC, NMR, or UV–Vis spectro- 
photometry) when an alkyl radical Re  formed by 
activation of an R–X bond is scavenged by a 
chemical agent, typically a nitroxide radical present 
in large excess [92]. Stopped-flow techniques can 
also be used to measure very fast activation rate 
constants otherwise unattainable by ‘‘traditional’’ 
methods [162]. The rate constants of deactivation 
have been much less studied, owing to the lack of 
efficient techniques for measuring the relatively fast 
process  (~107 M-1 s-1).  However,  kdeact   can  be 
directly measured when radicals are trapped simul- 
taneously by nitroxide radicals and a transition 
metal deactivator in a type of clock reaction [163]. 
Additionally, KATRP can be measured and kdeact 

determined knowing independently the value of kact 

[109]. 
Effect of ligand structure on activation: In a recent 

thorough study of a wide variety of Cu complexes 
with nitrogen-based ligands, values of kact were 
observed to span more than six orders of magnitude 
under comparable conditions (representative li- 
gands are illustrated in Fig. 7) [164]. Several ‘‘rules’’ 

pertaining to catalyst activity were derived from this 
study: (1) activity depends very strongly on the 
linking unit between the N atoms (C4<< C3<C2) 
and/or the coordination angle; (2) the topology of 
the ligand (cyclic~linear<branched) affects activ- 
ity; (3) activity depends upon the nature of the N-
ligand (aryl amine<aryl imine<alkyl imine<alkyl 
amine~pyridine); and (4) steric bulk  around the 
metal center can affect the rate of activation/ 
deactivation   (e.g.,   the   Me6TREN   complex   is 
~1000  times  more  active  than  Et6TREN;  [165] 
6,6’-diMe-2,2’ -bpy is inactive in ATRP, in contrast 
to 2,2’-bpy and 4,4’-disubstituted 2,2’-bpy) [135]. 

Effect of initiator/monomer structure on activa- 
tion: The broad  availability of initiators provides 
ATRP with a significant advantage over other CRP 
techniques. In fact, many alkoxyamines and RAFT 
reagents are actually prepared from alkyl halides 
[65,166]. Most compounds with halogen atoms that 
are activated by a-carbonyl, phenyl, vinyl or cyano 
groups make efficient ATRP initiators. The reactiv- 
ity of these initiators depends reciprocally on the 
alkyl halide BDE [153]. Several rules pertaining to 
initiator structure that govern activation rate con- 
stants have also emerged from recent studies [167] of 
initiators illustrated in Fig. 8: (1) activity depends 
on the degree of initiator substitution (primary< 
secondary<tertiary), (2) on the leaving atom/group 
(for  methyl  2-halopropionates:  Cl<Br<I),  and  (3) 
on  the  radical  stabilizing  groups  (-Ph~-C(O) 
OR<<–CN). 

The penultimate monomer unit can also have a 
strong effect on kact [168], as evidenced in mea- 
surements  of  kact  for  dimeric  alkyl   halides. 
This   realization   is   of   particular   relevance   in 

 
 
 

N N 
 

N N 
N 

N N DMCBCy 
N N 

N N Me6TREN 
N N 

710 

        N N TPMA 450 

 
      N  N 

PMDETA 62 
N    N dNBpy 

N   N 2.7 

N N Bpy 0.6 

N[2,3,2] 

1.2x10-3 

0.066 

Fig. 7.  ATRP rate constants of activation (in M-1 s-1) for various ligands with ethyl-2-bromoisobutyrate in the presence of CuIBr in 
MeCN at 35 1C [164]. 
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O not vice versa) [174,175]. However, this order can be 

altered in ATRP with a method known as halogen 
O O exchange. In this technique, a macromolecular alkyl 

Br bromide is extended with a more reactive monomer 
O in  the  presence  of  a  CuCl  catalyst  [176–178]. 

O 
 

Br 
O 

 
MBrAc 

 
0.030 

 
 
 

O 

O 

Cl 
MClP 

 
0.015 

 
Br 

MBrP 
 

0.33 
 
 
 

O 

O 

Br 
MBrP 

 
0.33 

MBriB 
 

2.6 
 
 
 

O 

O 
I 

MIP 
 

0.53 

Because the value of the ATRP equilibrium 
constant for alkyl  chloride-type  (macro)initiators 
is 1–2 orders of magnitude lower than the alkyl 
bromides with the same structure, the C–Cl bonds 
formed upon deactivation of the growing chain are 
reactivated more slowly. The rate of propagation 
with respect to re-initiation is thus decreased, which 
effectively leads to increased initiation efficiency and 
lower polydispersity. In this way, block copolymers 
have been successfully prepared from poly(n-butyl 
acrylate) and chain-extended with polyacrylonitrile 
or poly(methyl methacrylate) (Fig. 9) [179,180]. 

Deactivation: Determination of kdeact is impor- 
tant, as the degree of control over molecular weight 
distribution in a controlled radical polymerization is 
limited by the rate of  deactivation  according  to 
Eq. (10) above [173,181,182]. However, few structure– 
reactivity relationships  have  been  studied  for  the 

O Br CN 
Br 

O BrPN 
Br 

deactivation  process  in  ATRP.  The  CuII–halide 
bond length would be the simplest structural 
parameter that could be correlated with the 
deactivation rate. However, an analysis of this bond 

 
 

PEBr 
 

0.17 

MBrP  23 

0.33 

in complexes of CuII  with dNbpy, tNtpy, PMDE- 
TA, Me4Cyclam, and Me6TREN found no direct 
correlation between CuII–Br bond length and values 
of kdeact for these complexes [183]. It has been 
proposed that the rate of structural reorganization 
of the CuII  complex upon bromine abstraction by a 

Fig. 8. Values of kact (in M-1 s-1) in ATRP for various initiators 
with CuX/PMDETA in MeCN at 35 1C [167]. 

 
 

copolymerization. Numerous other investigations 
have studied how kact is affected by solvent, counter- 
ion, temperature, ligand/catalyst ratio, presence of 
monomer, effect of [CuII], etc. [130,169–173]. 

Interestingly, the order of the equilibrium con- 
stants for a series of common monomers in ATRP 
differs from SFRP and  RAFT where steric 
effects are very important. In  ATRP,  that  or- 
der is acrylonitrile4methacrylates 4 styrene ~ 
acrylates4acrylamides44vinyl chloride4vinyl 
acetate. The efficient preparation of block copoly- 
mers requires this order be obeyed in the synthesis 
of each block to ensure near simultaneous growth 
from each macroinitiator (i.e., polyacrylonitrile 
should  be  chain  extended  with  polyacrylate  and 

radical in ATRP may be a determining factor 
affecting the observed rate of deactivation of the 
complex. However, further studies in this field will 
be needed to better understand these processes. 
Values of kdeact for the reaction between the 1-
phenylethyl radical and CuX2 with some com- 
monly employed ATRP ligands are provided in 
Table 2. 

 
5.3. Initiation systems 

 
The realization of ATRP and the extraordinary 

control it can provide over polymer topology, 
composition, microstructure, and functionality has 
led to explosive developments in materials science 
over the last decade. However, despite the potential 
commercial application of many of the materials 
created with this technique, their production on an 
industrial scale has been rather limited for several 
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a 

CuBr / dNbpy  + P-Br 
 
 
 
 

42% conv 
 
 
 
 

10% conv 
 

103 104 105 

MW, g/mol 
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CuCl / dNbpy + P-Br 
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Fig. 9.   The above illustrations and GPC traces show chain extension of a polySty-Br macroinitiator with MMA using: (a) CuBr/dNbpy, 
and (b) CuCl/dNbpy as the catalyst. [MMA]:[polySt-Br]:[CuX]:[dNbpy] ¼ 500:1:1:2; 75 1C [180]. 

 

Table 2 
kdeact  of 1-phenylethyl radicals in ATRP [41] 
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reasons: (i) special handling procedures are often 
required to remove all oxygen and oxidants from 
systems employing highly active (i.e., very reducing) 
ATRP catalysts; (ii) catalyst concentrations re- 
quired by ATRP can approach 0.1 M in bulk 
monomer, and extensive post-polymerization pur- 
ification of the product is often necessary and 
expensive; [184] and (iii) many  of the transition 
metal species employed in this technique (i.e., Cu 
complexes) are generally considered mildly toxic, 
meaning the removal/disposal of large quantities of 
these catalysts can have environmental repercus- 
sions [185]. The following section details the 
development of several ATRP initiation systems 
designed to address these aforementioned limita- 
tions, including a simultaneous reverse and normal 
initiation procedure used to simplify the handling of 
catalyst precursors, hybrid and bimetallic systems 
designed to maximize control with economically 
attractive and environmentally friendly (but other- 
wise inefficient) catalysts, and systems employing 
organic reducing agents to dramatically lower the 
amount of required catalyst. 

 
 

5.3.1. Normal/reverse/simultaneous reverse and 
normal  initiation 

A normal ATRP initiating system, consisting of 
an alkyl halide initiator and transition  metal 
catalyst in the lower  oxidation  state,  works  well 
on an academic scale with systems that are relatively 
insensitive to air. However, as more and more 
reducing catalysts are developed in a dual effort to 
polymerize less reactive monomers and to employ 
smaller total amounts of catalyst, the systems 
become inherently less oxidatively stable 
[132,142,186,187]. Additionally, polymerization sys- 
tems in large vessels and in aqueous media can be 
difficult to deoxygenate, which can lead to irrever- 
sible oxidation and loss of the ATRP activator. 

Reverse ATRP is a convenient method for 
circumventing such oxidation problems. The ATRP 
initiator and lower oxidation state transition metal 
activator (i.e., CuI) are generated in situ from 
conventional radical initiators and the higher 
oxidation state deactivator (CuII) [188–190]. The 
initial polymerization components are thus less 
sensitive to oxygen in reverse ATRP and can 
therefore be easily prepared, stored,  and  shipped 
for commercial use. Additionally, this technique can 
be employed in the development of new catalysts to 
help verify the ATRP mechanism is operating, as it 

 
 

 
 
 

 
 
 
 
 
 
 
 

 
 

Scheme 8. 
 
 

allows the ATRP equilibrium to be established from 
another direction. 

However, because the transferable halogen atom 
or group is added as a part of the copper salt in 
reverse ATRP, the catalyst concentration must be 
comparable to the concentration of initiator and 
cannot be independently lowered. Additionally, 
block copolymers cannot be formed with this 
technique. Such is not the case with a dual initiation 
system comprised of both standard free radical 
initiators (e.g., AIBN) as well as initiators with a 
transferable atom or group. In this technique, 
simply known as simultaneous reverse and normal 
initiation (SR&NI), radicals generated by AIBN are 
subsequently deactivated by an oxidatively stable 
CuII salt forming CuI and some halogenated chains 
(Scheme 8) [191]. CuI can then reactivate alkyl 
halide (macro)initiator and concurrently mediate 
normal ATRP. In addition to bulk and solution 
systems, this technique can be successfully employed 
in emulsion and miniemulsions [192–194], where 
addition of the catalyst precursor as an oxidatively 
stable salt prior to sonication could greatly simplify 
commercial procedures. 

 
5.3.2. Activators  generated  by  electron  transfer 
(AGET) 

The limitation of both simultaneous reverse and 
normal initiation in ATRP is evident in the inability 
of these techniques to produce clean block copoly- 
mers. In AGET ATRP, reducing agents that are 
unable to initiate new chains (rather than organic 
radicals) are used to reduce the higher oxidation 
state transition metal complex (Scheme 8). No 
homopolymers are produced during block copoly- 
merization with this technique. Many reducing 
agents could theoretically be used. Following early 
reports  that  zero  valent  Cu  could  be  used  as  a 
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reducing agent to react with CuII and enhance the 
rate of polymerization in ATRP [187,195], the 
AGET principle was demonstrated using tinII 2-
ethylhexanoate [196], ascorbic acid [197], or 
triethylamine [198] as the reducing agents, which 
reacted with the CuII complex to generate the CuI 

ATRP activator. Normal ATRP then proceeds in 
the presence of alkyl halide initiators or macro- 
monomers. The technique has proven particularly 
useful in aqueous and miniemulsion systems [199–
201]. 

 
5.3.3. Hybrid and bimetallic catalytic 

systems 
Immobilized-supported catalysts were originally 

developed in ATRP to aid in catalyst separation 
during post-polymerization purification [184,202–
206]. However, ATRP conducted under these 
conditions is typically not well-controlled in terms 
of molecular weight and molecular weight 
distribution, a likely result of diffusion limitations 
of the propagating chain [163]. Controlled poly- 
merization can be achieved with immobilized CuI 

catalysts when a small amount of soluble efficient 
CuII  deactivator ([CuI]:[CuII] = 1: 0.03) is employed 
[207,208]. The soluble CuII  species in this hybrid 
system accelerates deactivation of the growing 
radical chain in solution and can quickly  diffuse 
to the supported catalyst. It is reconverted to CuII 

through a redox reaction with the immobilized Cu 
species. The majority of the catalyst can thus be 
easily removed from the product by simple filtra- 
tion, leaving only residual soluble catalyst in the 
product [209]. 

This concept was also employed to improve 
control in ATRP catalyzed by Fe complexes with 
linear amines and halogen free neutral CuI catalysts. 
These economically and environmentally attractive 
complexes were found to efficiently activate alkyl 
halides but unfortunately were very poor deactiva- 
tors of propagating chains [210]. Control over 
molecular weights and molecular weight distribu- 
tions in the homopolymerization of styrene and 
(meth)acrylates could be dramatically improved 
with the addition of 3–5 mol% of an efficient CuII 

deactivator (relative to the CuI  or FeII activator). 
The proposed mechanism is similar to that of the 
hybrid systems; the more reducing Cu species 
deactivates the majority of chains (Scheme 9) in 
these bimetallic or dual catalytic systems. Similar 
bimetallic systems have been developed to improve 
control over polymerizations employing Ni, Co, and 
Mn catalysts [211]. 

 

 
 
 
 

Scheme 9. 
 
 
 
 

5.3.4. Initiators for continuous activator regeneration 
(ICAR) 

As discussed, radical termination reactions lead 
to the irreversible accumulation of persistent radical 
deactivators under typical ATRP conditions. If the 
initial catalyst concentration employed is too low, 
all of the activator will eventually be consumed as a 
persistent radical and polymerization will only reach 
limited conversion. Because relatively high catalyst 
concentrations are thus required in ATRP, much 
research has been devoted to maximizing the 
efficiency of catalyst removal or recycling through 
the use of ion exchange resins [212,213], biphasic 
systems [214–216], and immobilized catalysts (as 
mentioned). However, a new technique known as 
initiators for continuous activator regeneration 
(ICAR) [217] in ATRP can be used to both scavenge 
oxidants and decrease the amount  of  catalyst 
needed to the point (ppm levels) where its removal 
or recycling would be unwarranted for many 
industrial applications. 

In ICAR ATRP, free radicals are slowly and 
continuously generated  by conventional radical 
initiators (e.g., AIBN) throughout a polymerization 
to constantly reduce and regenerate Cu that 
accumulates as a persistent radical (Scheme 10). A 
special case of ICAR occurs in the polymerization 
of styrene; thermal initiation generates a sufficient 
concentration of radicals for this purpose without 
the addition of extra free radical initiator. The 
development of this technique has profound in- 
dustrial implications as it lowers the amount of 
necessary Cu catalyst from several thousand ppm 
under normal conditions to o50 ppm while still 
allowing for excellent control over molecular 
weights and molecular weight distribution. ICAR 
ATRP is distinguished from SR&NI procedures by 
the fact that a large excess of free radical reducing 
agent to catalyst is employed, and the radicals are 
slowly generated over the course of the reaction. 
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Method M/R-X/CuIX/CuIIX L RA AIBN 
Normal ATRP 200/1/1/— 1 — — 
Reverse ATRP 200/—/—/1 1 — 0.5 
SR&NI ATRP 200/1/—/0.2 0.2 — 0.1 
AGET ATRP 200/1/—/0.2 0.2 0.18 — 
ARGET ATRP 200/1/—/o0.01 0.1 o0.1 — 
ICAR ATRP 200/1/—/o0.01 0.01 — o0.1 
RAFT 200/1 dithioester/—/— — — 0.1 
 

 
Table 3 
Typical ratios used in ATRP methods and RAFT 

 
 
 
 
 
 
 

 
 

Scheme 10. 

 
Recent mechanistic studies [217] suggest that the 
kinetics of ICAR very closely resemble RAFT, 
where a chain transfer agent is employed to 
reversibly transfer a labile dithioester end group 
among propagating radical chains (vide infra) [218]. 
The rate of polymerization in ICAR (as in RAFT) 
has been shown to depend on the rate of free radical 
generation, and once these initiators are consumed, 
ICAR (and RAFT) stop very quickly. 

 
5.3.5. Activators regenerated by electron transfer 
(ARGET) 

Perhaps the most recent industrially relevant 
development for the  production of block copoly- 
mers was the realization that the relative concentra- 
tion of catalyst to  initiator could be  significantly 
decreased when the reducing agent is present in 
excess relative to the catalyst. CuII that accumulates 
as a persistent radical is continuously reduced to CuI 

in ARGET ATRP, provided a large enough excess 
of reducing agent to Cu is supplied (Scheme 10) 
[219]. Good control over acrylate  polymerization 
has been established with ARGET using 50 ppm of 
Cu and for styrene  polymerization  using  only 
10 ppm of Cu catalyst [220]. Reducing agents used 
in AGET ATRP can in principle be used for 
ARGET, including organic derivatives of hydrazine, 
phenol, sugar, or ascorbic acid, and inorganic 
species such as SnII or Cu0. The rational selection 
of conditions, the catalyst complexing ligand, and 
the reducing agent was recently discussed [217]. 
Well-defined block copolymers have also been 
synthesized employing only 50 ppm of Cu catalyst. 
Additionally, the catalyst and excess reducing agent 
can effectively work to scavenge and remove 
dissolved oxygen from the polymerization system. 

 
5.3.6. Inherent differences/advantages  of  each 
system 

SR&NI and AGET ATRP are used to quickly 
generate the CuI  activator from oxidatively stable 

 
 
 

CuII catalyst precursors with nearly stoichiometric 
amounts of organic radicals and non-radical gen- 
erating reducing agents, respectively. ICAR and 
ARGET differ from these techniques primarily in 
the ratio of catalyst to reducing agent employed and 
in the fact that they continuously regenerate the CuI 

species throughout the reaction. They have the 
advantage that only small amounts of catalyst are 
needed to mediate polymerization. Interestingly, 
some side reactions between the catalyst and chain 
end (such as outer sphere electron transfer or b-
hydrogen elimination) that can affect polymer 
molecular weights and chain end functionality are 
minimized in ICAR and ARGET ATRP [221], 
while other side reactions that can affect catalyst 
performance (such as complex dissociation at low 
concentrations, monomer coordination to the cat- 
alyst, Lewis and protic acid evolution, etc.) create 
new challenges in ICAR and ARGET ATRP that 
were previously not an issue. ICAR has several 
advantages over ARGET ATRP, including a 
broader choice of ligand (the reductive properties 
of the catalyst are less important in ICAR whose 
kinetics are determined by thermal decomposition 
of the organic free radical initiator) and the fact that 
ligands can be used in lower concentrations (they do 
not compete for complexation with excess reducing 
agents and are not needed to trap acid). However, 
the reducing agents in ARGET do not generate new 
chains, making ARGET more applicable in the 
production of block copolymers. A summary of 
typical ratios of all reagents employed in these 
techniques can be found in Table 3. 

 
5.4. Optimization of ATRP with respect to side 
reactions 

 
The polymer scientist should be aware of methods 

which  minimize  a  number  of  undesirable  side 
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Scheme 11. 
 
 

reactions that can occur in ATRP and can affect 
catalyst performance as well as polymer molecular 
weights and chain end functionality (Scheme 11). 
The appropriate selection of catalyst/monomer 
combinations and polymerization conditions  is 
often sufficient for  this  purpose.  The  application 
of ICAR and ARGET ATRP can also minimize 
undesirable reactions between the catalyst and 
polymer chain end. Additionally, several efforts 
have been made to exploit these ‘‘side reactions’’ as 
a route to novel polymeric materials that are 
otherwise unattainable. 

 
 
 

5.4.1. Avoiding side reactions 
Outer sphere electron transfer (OSET): In addi- 

tion to the atom transfer redox process (which is 
also known as inner sphere electron transfer), OSET 
may occur between organic radicals and transition 
metal complexes whereby growing radicals are 
oxidized to carbocations by CuII or reduced to 
carbanions by CuI (Scheme 11) [222]. The extent of 
OSET is dictated by the relative redox potentials of 
the species involved. Indeed, cationic processes have 
been proposed or identified in attempted homo- 
polymerizations of styrene derivatives [223–225] 
catalyzed by relatively oxidizing CuII complexes. 

More active (i.e., reducing) catalysts have been 
observed to reduce electrophilic radicals to their 
corresponding anions, including malonate and 
trichloromethyl radicals [222]. This side reaction is 
responsible for limiting the attainable MW of 
polyacrylonitrile prepared by ATRP [175,226,227]. 
It has also been suggested that OSET may be 
responsible for limited conversions reached in the 
ATRP of electrophilic acrylates with highly active/ 
reducing Cu catalysts [142]. These observations 
further suggest that attention to OSET reactions 
should be considered as more powerful Cu ATRP 
catalysts are developed, and the reducing power of 
the catalysts should be appropriately matched with 
a given monomer. Interestingly, the application of 
ICAR ATRP may minimize OSET between electro- 
philic radicals such as acrylates and acrylonitrile 
and extremely reducing Cu catalysts. The majority 
of the Cu catalyst is present as the higher oxidation 
state persistent radical in ICAR, in contrast to 
normal ATRP where the majority is in the lower 
oxidation state. Very little CuI would be available in 
such a system to reduce these radicals. 

Halide chain end functionality can also be lost 
during the ATRP of styrene type monomers due to 
electron transfer reactions catalyzed by the CuII 

deactivator. HBr is evolved from propagating 
radicals and CuIIBr2 to give unsaturated chain ends 
and CuIBr [228–230]. The effect of this reaction on 
chain end functionality becomes particularly pro- 
nounced at high conversions as the absolute time 
between monomer propagation events becomes 
longer with decreasing monomer concentration; 
thus, stopping a reaction at lower conversion is a 
simple yet effective technique for retaining high 
chain end functionality. However, this side reaction 
thwarts the production of well-defined high mole- 
cular weight polystyrene in ATRP, with upper limits 
between 30 and 50,000 g/mol. 

The development of ARGET and ICAR ATRP 
which minimize Cu concentrations allowed high 
molecular weight styrene (co)polymers (200,000 g/mol) 
with narrow molecular weight distributions 
(PDIo1.2) to be synthesized with just 10 ppm of 
Cu catalyst [221,231]. This achievement can be 
attributed to the fact that side reactions between the 
chain end and the catalyst are minimized when the 
catalyst concentration is dramatically lowered. 

Monomer coordination: Several model ATRP CuI
 

catalysts of the  form [CuI(PMDETA)(p-M)]+ 

(where M ¼ vinyl monomer) have been isolated 
with   p-coordinated   monomers   methyl   acrylate 
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(Fig. 10a), methyl methacrylate, styrene (Fig. 10b), much slower with alkyl chloride chain ends [235]. 
and 1-octene with bulky BPh4 as  the  counterion Such studies have proven critical in preserving chain 
[232]. Recent studies suggest that under typical 
ATRP conditions ([M]/[Cu]=100/1, bulk), as 
much as 10% of methyl acrylate could displace 
Br-  and coordinate to CuI(PMDETA)+   at room 
temperature. It was ultimately concluded that 
monomer reactivity was not significantly affected 
in radical copolymerization by p-coordination to 
CuI with the  tridentate  ligand PMDETA,  and 
furthermore, that this coordination plays no sig- 
nificant role in the chain extension step of ATRP 
[233]. However, under ICAR and ARGET condi- 
tions where [M]/[Cu]=20,000/1, the degree of 
monomer coordination to the CuI/PMDETA acti- 
vator will be more significant. Detailed studies 
concerning how monomer coordination to Cu 
stabilizes the lower oxidation state and affects the 
redox properties of the catalyst have not yet been 
completed. Monomer coordination to Cu can be 
minimized by employing tetradentate ligands with 
very high Cu/L stability constants. 

While vinyl monomers do not coordinate sig- 
nificantly to CuII (a hard Lewis acid) through the 
alkene double bond, nitrogen containing monomers 
can  displace  halogen  from  the  CuII   deactivator, 

end functionality in the ATRP of these monomers. 
Disproportionation: Conducting ATRP in aqu- 

eous media would allow the controlled polymeriza- 
tion of many hydrophilic and ionic monomers that 
cannot otherwise be polymerized in organic media 
[147]. Additionally, replacing organic solvents with 
aqueous media has both economic and environ- 
mental advantages. Unfortunately, the equilibrium 
constant for disproportionation of two CuI centers 
into  CuII  and  Cu0  is  very  large   in   water 
(Kdisp=106), and loss of the activator to this side 
reaction prevents the use of many Cu catalysts that 
are otherwise attractive for their activity or for 
economic reasons. 

However, with knowledge of the overall stability 
constants of Cu/L complexes for the CuI and CuII 

oxidation states (bI
i and bII

j), disproportionation 
can be suppressed with the choice of appropriate 
ligands [236]. The equilibrium constant of dispro- 
portionation can be changed with such ligands to a 
conditional value, K*disp, which is related to the 
concentration of ligand and the overall stability 
according to 

 
 

which  can  result  in  a  loss  of  control  in  the 
polymerization. The addition of halide salt to the 

 
 

 

   
reaction   medium   may   help   suppress   this   side m   

reaction. Additional side reactions peculiar to 
nitrogen containing monomers such as 4-vinylpyr- 
idine involve reactions of the alkyl bromide polymer 
chain end with pyridine units in the monomer and 
polymer (or pyridinolysis). This can lead to the 
formation of branched polymeric structures. Recent 
studies  have  demonstrated  the  reaction  evolves 

 
 

 
As the activity of a catalyst with ligands forming 

1:1 complexes with copper ions is proportional to 
bII/bI, and the tendency of the CuI complex to 
disproportionate depends on the ratio bII/((bI)2[L]), 
knowledge of these stability constants in aqueous 

 
 

a b 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 10. Molecular structure of model ATRP CuI catalysts of the form [CuI(PMDETA)(p-M)]+, where M ¼ (a) methyl acrylate and 
(b) styrene. Hydrogen atoms have been removed for clarity [234]. 
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media can be used to select catalysts with appro- 
priately high activity in ATRP but will also be stable 
towards disproportionation [185]. Knowing the 
appropriate binding constants of CuI and CuII 

complexes of Bpy [237], PMDETA [236], and 
TPMA [238] from literature, it can be determined 
that CuI complexes with Bpy are stable towards 
disproportionation, but are not sufficiently active 
for many monomers in ATRP; CuI/PMDETA is 
significantly more active, but is not stable towards 
disproportionation; and CuI/TPMA is both active 
and stable towards disproportionation. 

The successful ATRP of several ionic monomers, 
which otherwise stabilized CuII relative to CuI in 
pure water, was also demonstrated using pyridine as 
a co-solvent, which significantly suppressed K*disp 
of CuI [239]. 

Dissociation/solvent coordination: Hydrolysis of 
CuII–halide complexes occurs to a significant extent 
in aqueous media, as confirmed by a recent EXAFS 
study of typical ATRP deactivators in aqueous 
media [240]. Solvation of ions and, hence, dissocia- 
tion of the halide anion from the metal complex will 
be much more significant in aqueous than in organic 
media. Indeed, the equilibrium constant of dissocia- 
tion for CuIIBr is approximately five orders of 
magnitude smaller in CH3CN than in H2O [146]. 
Dissociation of the halide is presumably followed by 
coordination of water to CuII, and this ultimately 
lowers the available deactivator concentration dur- 
ing ATRP and results in faster and less controlled 
polymerization in aqueous and protic media. How- 
ever, it has been demonstrated that control can be 
achieved with the addition of extra halide salts to 
the reaction, which suppress deactivator solvolysis 
[147]. 

 
5.4.2. Exploiting ‘‘side reactions’’ 

Atom transfer radical coupling (ATRC): While 
every effort is often made to suppress bimolecular 
termination events in order to achieve near ‘‘living’’ 
conditions, these reactions have recently been 
exploited in a technique known as ATRC to provide 
an efficient route to telechelic polystyrene [241]. 
Macroradicals are generated in situ through the 
ATRP equilibrium, and the presence of a reducing 
agent is employed to minimize the high oxidation 
state transition metal deactivator. This in turn 
maximizes radical–radical chain coupling. While 
this technique is less efficient for methacrylates 
(where growing radicals predominantly dispropor- 
tionate rather than couple) and for acrylates (where 

the ATRP equilibrium constant is very low), the 
addition of a few styrene units at the acrylate chain 
end is sufficient to ultimately generate poly(meth)a- 
crylate telechelics [242]. The ATRC of difunctional 
chains can lead to very high MW polymers in a step- 
growth type process. 

Radical coordination: One electron oxidative 
addition processes that involve alkyl radical co- 
ordination to a transition metal complex have been 
exploited in organic synthesis [243]. However, the 
formation of such an organometallic species during 
ATRP might be considered a side reaction as it 
could inhibit  polymerization or greatly reduce 
initiation efficiency. The role of a transition metal 
complex in controlling a radical polymerization will 
ultimately be dictated by the relative BDEs of the 
Mt–R, Mt–X, and R–X bonds, which in turn 
determine whether a particular system will be 
controlled by SFRP only, by ATRP only, by SFRP 
and ATRP simultaneously, or whether polymeriza- 
tion can even occur or be controlled [152]. 

There is currently no experimental evidence to 
date which suggests there is any contribution from 
the formation of an organometallic CuII–R species 
during Cu mediated ATRP [244]. However, several 
recent elegant studies have detailed  the interplay 
between ATRP and SFRP control mechanisms for 
various Mo complexes and how they relate to a one- 
electron oxidative addition process (Scheme 12) 
[77,245]. As more non-Cu based ATRP catalysts are 
developed, such studies will become increasingly 
important, and catalysts that were originally in- 
tended for ATRP might be optimized to make 
efficient SFRP spin traps. 

b-H abstraction: The formation of a metal- 
hydride species  during  polymerization  through b-
H abstraction from the growing chain can inhibit 
the production of high molecular weight polymer. 
However, oligomers made by such a process are 
important industrial products used as  building 
blocks in addition fragmentation processes [246]. 
In addition to an ATRP catalyst or an SFRP spin 
trap, a transition metal complex may also efficiently 
catalyze chain transfer to generate such oligomers 
through   b-H   abstraction   and   the   intermittent 

 
 
 
 
 
 
 

Scheme 12. 
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formation of a metal-hydride species [84]. While the 
contribution of SFRP and CCT pathways depend 
strongly on monomer (e.g., under similar condi- 
tions, polymerization of methacrylates is dominated 
by CCT whereas that of acrylates by SFRP [247]), 
the structure of the transition metal complex is very 
important. Indeed, subtle changes in the ligands of 
ATRP Mo-based catalysts worked to promote 
efficient CCT polymerization [77]. Slight modifica- 
tion of the substituents of a diimine complexing 
ligand can dramatically affect the role of an Fe 
catalyst in styrene polymerization by converting the 
catalyst from a successful FeII ATRP spin trap to an 
efficient CCT catalyst. The observed CCT phenom- 
enon is supposedly caused by b-H elimination from 
a postulated FeIII-R intermediate (Scheme 13) 
[152,248]. 

Lewis acid complexing agents: While agents that 
interfere with the ATRP catalyst through com- 
plexation with the metal or reaction with the ligand 
can decrease attainable control during the polymer- 
ization, complexing agents are often exploited in 
CRP processes. For example, certain aluminum 
additives (e.g., aluminum isopropoxide) have been 
known to increase the polymerization rate in ATRP 
and in some cases even decrease Mw/Mn [249]. 
Recent studies suggest the nature of the catalytic 
effect of this additive in ATRP is the result of a 
more favorable Lewis acid–base interaction with the 
oxidized metal complex vs. the halide capped 
polymer chain that shifts the ATRP equilibrium 
more towards the active state [250]. 

While free RP is not stereoselective, the propor- 
tion of syndiotactic or isotactic triads in a polymer 

 
 

R'    N N   
R'

 
Fe 

prepared by RP can be significantly increased in the 
presence of some complexing agents that strongly 
interact with the pendent groups of the polymer 
chain end and/or the monomer. This has been 
demonstrated for the polymerization of acrylamides 
in the presence of catalytic amounts of Yb(OTf)3 or 
Y(OTf)3 [251]  and also in the polymerization of 
vinyl esters in fluoroalcohols [252] CRP offers the 
special advantage that atactic segments formed in 
the absence of complexing agent can be extended 
with regular blocks formed in the presence of such 
agents. Stereoblock poly(atactic-dimethylacryla- 
mide)-block-poly(isotactic-dimethylacrylamide) was 
formed in such a way [103,253,254]. 

It was recently determined that monomer reac- 
tivity in a radical polymerization remains unaffected 
by p-coordination to certain transition metal species 
[233]. However, following calculations that the gas 
phase activation energy of methyl radical addition 
to ethylene could be substantially lowered though 
coordination with a naked alkali metal ion 
[255,256], it was demonstrated for the first time 
that the radical polymerization of ethylene could be 
induced at ambient temperatures and pressures via 
complexation to a Li+ salt of a highly alkylated 
derivative of a monocarbadodecaborate anion [257]. 

 
6. Degenerative transfer processes 

 
Processes based on degenerative transfer (DT) 

operate under very different principles than either 
SFRP or ATRP: the latter two CRP techniques 
obey the PRE, as propagating radicals are reversibly 
trapped by persistent radicals that accumulate with 
time; homolytic cleavage of a dormant species 
occurs either spontaneously or is catalyzed by a 
transition metal complex; and the equilibria in both 
SFRP and ATRP are very strongly shifted towards 
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R 
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Fe 
R Cl 

the dormant species, preserving a concentration of 
growing radicals on the order of ppm. 

CRP  processes  based  on  DT  do  not  obey  the 
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PRE. A steady state concentration of radicals is 
established via initiation and termination processes 
as in conventional RP. These processes rely on a 
thermodynamically neutral transfer reaction. In 
contrast to systems obeying the PRE, the formal 
equilibrium constant should be unity. A minute 
amount of growing radicals undergo degenerative 
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R' R' Fe exchange with dormant species via a bimolecular 
Cl   Cl 

 
Scheme 13. 

Cl transfer process. The exchange can proceed by atom 
Cl 

(e.g., I) or group transfer (R–Te, R2–Sb, etc.) or by 
addition–fragmentation chemistry with unsaturated 
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methacrylate oligomers or dithioesters. The ex- 
change process usually proceeds via a short lived 
intermediate that in some cases can be considered a 
transition state (iodine transfer, Scheme 14). How- 
ever, in some addition–fragmentation systems, the 
lifetime of the intermediate may actually be long 
enough to either retard polymerization or partici- 
pate in side reactions such as the trapping of 
growing radicals or initiating of new chains. 

Conventional free radical initiators such as 
peroxides and diazenes are used in DT at tempera- 
tures typical for RP. The overall kinetics and 
polymerization rate resemble conventional RP, as 
the rate is proportional to the square root of the 
concentration of radical initiator and does not 
depend on the concentration of the transfer agent. 
Control over molecular weights and polydispersity 
is provided by transfer agents (RX), which exchange 
a group/atom X among all growing chains. Good 
control requires that exchange is fast compared to 
propagation (kex>kp). The ratio of concentration of 
consumed monomer to the sum of the concentra- 
tions of consumed transfer agent and decomposed 
initiator defines the degree of polymerization 

DPn ¼ D½M ]=ð½RX ] þ f e D½I ]Þ. (15) 

Polydispersities   depend  on   the   ratio   of   the   rate 
constants of propagation to exchange (Eq. (16)). 
Good control can be obtained if transfer is fast and 
the concentration of the new chains formed by 
decomposed  initiator  is  much  smaller  than  that 

originating from the transfer agent. Additionally, 
polydispersity can be lowered if monomer is slowly 
fed into the reaction mixture 

 
M w=Mn ¼ 1 þ ðkp=kexÞð2=ðp - 1ÞÞ.                      (16) 

 
 
 

6.1. Degenerative transfer by atom or group transfer 
 

A simple example of DT occurs in the presence of 
conventional RP initiators and alkyl iodides 
(Scheme 15) [258,259]. Unfortunately, the rate 
constants of exchange in these systems are typically 
o3 times larger than rate constants of propagation 
for most monomers. This results in polymers with 
polydispersities 41.3 (cf. Eq. (16)). Exchange is 
faster in other DT processes employing derivatives 
of Te, As, Sb, and Bi [260–264]; consequently, better 
control can be obtained in these systems. 

Interestingly, ICAR ATRP [217] kinetically 
resembles a DT process as  polymerization  rates 
are proportional to the square root of the concen- 
tration of radical initiator  and do not depend on 
concentration of copper species, in contrast to 
typical ATRP. It should be noted that when ATRP 
is initiated by alkyl iodides, degenerative exchange 
among polymer chains occurs in addition to the 
ATRP process [265]. Degenerative exchange has 
also been proposed to occur in some SFRP systems 
initiated by Co porphyrins [266] and in some light 
initiated dithiocarbamates systems [73]. 
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6.2. DT via addition– fragmentation with 
unsaturated  polymethacrylates 

 
Addition–fragmentation chemistry was originally 

applied to the polymerization of unsaturated 
methacrylate esters prepared by CCT [267]. The 
transfer reaction proceeds through an intermediate 
species formed by the addition of an unsaturated 
chain to a propagating radical. The  intermediate 
can then either fragment back (ka) and regenerate 
the original chains or fragment (kf) to allow 
propagation from the previously unsaturated chain 
end. By definition, the value of equilibrium constant 
in these polymerizations (illustrated in Scheme 16) is 
unity. However, a different value may be associated 
between oligomers of different lengths or among 
chains with different substituents at the methacry- 
late group. 

The overall exchange rate can be defined accord- 
ing to Eq. (17). The rate of exchange depends on the 
probability of the fragmentation of the resulting 
intermediate radical. In a truly degenerative process, 
the  probability  of  fragmenting  ‘‘backward’’  and 
‘‘forward’’  should  be  the  same  (i.e.,  kex = ka/2). 
However,  during  the  actual  initiation  process  or 
during crosspropagation, the rate constants of 
forward and backward fragmentations might be 
dramatically different. This can affect the efficiency 
of transfer, and transfer agents must therefore be 
carefully selected (cf. below) 

kex ¼ ðka e kf Þ=ðk-a þ kf Þ. (17) 

In  DT  with  unsaturated  methacrylates,  addition 
rate constants are much smaller than propagation 

rate constants, leading to polymers with high 
polydispersities. However, polymers with low poly- 
dispersities can be prepared by slowly feeding/ 
adjusting the monomer concentration [268]. The 
exchange rate is not affected by this slow feeding, 
but the propagation rate can be greatly reduced, 
which ultimately leads to better control. 

 
 

6.3. DT with dithioesters and related compounds 
 

6.3.1. Basic mechanism 
Reversible addition–fragmentation chain transfer, 

or RAFT, is among the most successful CRP 
processes due in large to its applicability to a wide 
range of monomers. Exchange reactions in this 
technique are also very fast, which lead to well 
controlled systems. Successful application of the 
RAFT process requires the appropriate selection of 
a RAFT reagent for a particular monomer. Various 
dithioesters, dithiocarbamates,  trithiocarbonates 
and xanthates have been effectively used as transfer 
agents to control molecular weights, molecular 
weight distributions, and even molecular architec- 
ture [269–271]. 

After propagating macroradicals add to the 
carbon sulfur-double bond of a RAFT reagent 
(with a rate constant of addition ka, see Scheme 17), 
the radical adduct that is formed undergoes b-
scission and either yields back the reactants (k-a) 
or releases another initiating (macro)radical (with a 
rate constant of fragmentation kf). In this way, 
an equilibrium between dormant and active 
species is established. However, it should be noted 

 
 

 
 
 
 
 
 

 
 
 
 

Scheme 16. 
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Fig. 11.  Order of R group leaving ability in RAFT. 
 
 

that the differences in the rate of addition/fragmen- 
tation of a propagating radical with the initial 
RAFT reagent and later with the polymeric RAFT 
reagent will impact the kinetics of the early and later 
phases of the RAFT polymerization. The values of 
these rate constants have been well studied in the 
initialization period, or the asymmetric ‘‘pre-equili- 
brium’’ involving an attacking macroradical and a 
chemically distinct leaving group radical, and can be 
considered independent of the ‘‘main equilibrium’’, 
where the attacking and leaving groups are more or 
less symmetrical macroradicals [272]. A substantial 
body of work using quantum chemical calculations 
to assess the equilibrium constants in RAFT 
polymerization indicates that these equilibrium 
constants are large (exceeding 106) and increase 
with increasing chain length [273–275]. 

 
6.3.2. Structure– reactivity relationships 

The principles of RAFT are closely related to 
those of the aforementioned addition–fragmenta- 
tion process with unsaturated polymethacrylates. 
However, the structural diversity of RAFT reagents 

is considerably larger, which ultimately allows for 
greater control over a wider range of monomers 
[276]. Both the R and Z groups of a RAFT agent 
should be carefully selected to provide appropriate 
control [277]. Generally, R* should be more stable 
than Pn* in order to efficiently fragment and initiate 
polymerization. The selection of the R group should 
take into account the stability of the dormant 
species and rate of addition of R* to a given 
monomer. 

The order of R group leaving ability (illustrated in 
Fig. 11) reflects the importance of both steric and 
electronic effects. Steric effects in RAFT are much 
more important than in ATRP. For example, the 
reactivity    of    secondary     2-bromopropionitrile 
in ATRP is higher than that of the tertiary 2-
bromoisobutyrate. However, the  opposite  trend in 
reactivity is observed in RAFT. Similarly, t-butyl 
halides are inactive in ATRP but are more active 
than benzyl derivatives in RAFT. Additionally, 
acrylate derivatives are not very active in RAFT, in 
contrast to ATRP. In the RAFT polymerization of 
MMA   with   dithiobenzoates   (SQC(Ph)SR),   the 
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leaving group effectiveness decreased in the order 
C(Alkyl)2CN ~ C(Alkyl)2Ph  >  C(Alkyl)2COOEt 
>C(CH3)2C(QO)NH(Alkyl) > C(CH3)2CH2C 
(CH3)3   ~  CH(CH3)Ph  > C(CH3)3   ~  CH2Ph  > 
CH(CH3)COOEt. In fact, only RAFT reagents with 
the first two groups were successful in preparing 
well-defined PMMA [278,279]. 

The structure of the Z group is equally important. 
Stabilizing Z groups such as –Ph are efficient in 
styrene and methacrylate polymerization, but they 
retard polymerization of acrylates and inhibit 
polymerization of vinyl esters. On the other hand, 
very weakly stabilizing groups, such as –NR2 in 
dithiocarbamates or –OR in xanthates, are good for 
vinyl esters but inefficient for styrene. Pyrrole and 
lactam derivatives occupy an intermediate position. 
Additional fine tuning is possible with electron 
withdrawing or donating substituents. For example, 
dithio-4-methoxybenzoate is less efficient than 
dithio-2,5-bis(trifluoromethyl)benzoate. A combi- 
nation of resonance stabilization and polar effects 
contribute to the delocalization of charge and spin 
and stability of the intermediate. Chain transfer 
constants in a styrene polymerization were found to 

decrease in the series where Z is aryl (Ph)>> 
alkyl (CH3) ~  alkylthio (SCH2Ph, SCH3) ~  N-
pyrrolo >>N-lactam  > aryloxy  (OC6H5) > 
alkoxy>>dialkylamino (Fig. 12) [280]. 

Understanding such structure–reactivity relation- 
ships has been important in the development of 
efficient multifunctional RAFT  reagents. These 
reagents, often prepared from multifunctional 
activated alkyl bromides, can be designed in such 
a fashion that the leaving group following fragmen- 
tation is either bound (Scheme 18a) or detached 
(Scheme 18b) from the star core. The latter case 
results in propagation of linear chains, which can 
reduce cross-linking for multifunctional systems 
[281]. 

 
6.3.3. Retardation and termination in RAFT 

The extent to which the side reactions of 
retardation and termination occur in RAFT de- 
pends in part upon the selection of transfer agent/ 
monomer combinations and of the reaction condi- 
tions. One of the most extensively debated side 
reactions is retardation. This side reaction becomes 
particularly  important  at  high  concentrations  of 

 
 

O 
 

Z: Ph >> CH3 ~ SCH3 ~ N >>   N > OPh > OEt >> N(Et)2 

 
Fig. 12.  Rates of addition decrease and fragmentation increase from left to right for RAFT agents with these Z groups. 
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RAFT agent. While retardation may be related to 
impurities (e.g., poor deoxygenation) or high 
viscosity, the full extent of its origin has been the 
subject of much study and debate. 

Retardation may be related to the stabilization of 
the intermediate radical, as a highly stable inter- 
mediate radical adduct could result in slow frag- 
mentation that would delay the establishment of a 
steady state of propagating radicals [282–284]. 
However, no further retardation would be induced 
by this mechanism once steady state conditions were 
reached. Additionally, an increased stability of the 
intermediate radicals could lead to an increase in 
their concentration, which may ultimately result in 
more irreversible radical–radical termination [285–
287]. Other alternative  models that account for 
retardation have been proposed that involve a 
reversible termination mechanism, which can help 
explain experimental observations of long lived 
intermediates [288]. 

Regardless of the model, rate retardation would 
be enhanced for an intermediate radical with 
enhanced stability. Indeed, significant retardation 
occurs in the polymerization of acrylate esters in the 
presence of dithiobenzoate esters, although it does 
not occur with dithioacetates and other alkyl 
dithioesters [279,289,290]. This has been attributed 
to the stabilization of the intermediate radical 
through delocalization in the aromatic group. 

Termination processes can in principle lead to the 
formation of branched (star-like) structures. Due to 
delocalization of spin on the aromatic ring, the 
growing radicals can attack the intermediate radical 

at several positions, as shown in Scheme 19. Such 
three-arm stars have been isolated in model systems 
[291]. Intermediate radicals can also in principle 
couple to form four-arm stars [292]. 

 
6.4. Additional considerations 

 
The dithioester group, which is responsible for 

color and odor if leached from the polymer chain, 
can be effectively removed from the product with 
the addition of a large excess of AIBN [271,293]. In 
some cases, dithioesters decompose in the presence 
of primary amines. Alkyl iodides may react with 
strong nucleophiles like amines in DMAEMA. The 
choice of transfer reagents is thus dictated by the 
monomer (according to the rules discussed above) 
as well as the particular synthetic target. Additional 
selection rules also dictate the order of monomers in 
a block copolymerization. For example, isobutyrate 
derivatives are good initiators for acrylates, but 
propionates are not efficient initiators for the 
polymerization of methacrylates in RAFT because 
methacrylates make much better leaving groups 
than acrylates. Thus, a polymethacrylate block must 
precede a polyacrylate segment in order to achieve 
controlled growth of the second block. 

DT has been successfully carried out in dispersed 
media. Both alkyl iodide and RAFT were efficient 
in miniemulsions [294,295]. Some problems have 
been encountered using emulsion polymerization 
that were related to the transportation of mediating 
reagents through the aqueous phase. This conse- 
quently affected colloidal stability of the latexes, but 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Scheme 19. 
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are lower when exchange is faster, i.e., less monomer 3 370 0.31    0.03 0.7 
units are added during each activation step. 4 379 0.2 0.07 1.43 

Systems based on the PRE (ATRP and SFRP) 5 385 0.18 0.09 1 
have kinetic features distinct from DT systems. In 6 406.3 0.15 0.15 0.8 
the latter  case,  rates  depend on  the  continuously 7 362.6 0.22 0.14 1.2 
supplied initiating radicals which also continuously 8 375.8 0.19    0.17 0.79 
generate new chains. End group functionalization in 9 396 3 0 16   0 2  0 58 
     SFRP  and  RAFT  generally  involves  radical  dis- 10 354 0.46 0.03 0.86 
 

 
it is a common problem in all CRP systems. By 
using reactive macro-chain transfer agents that also 
can serve as surfactants, stable latexes have been 
prepared [296]. 

 
7. Summary and comparison of SFRP, ATRP and 
DT processes 

 
The unifying element of all CRP systems is the 

dynamic equilibrium between propagating radicals 
and various types of dormant species. Radicals 
propagate and exchange with dormant species but 
can also terminate and participate in any number of 
other reactions typical of organic radicals (transfer, 
rearrangements, fragmentation, etc.). Chemoselec- 
tivity, regioselectivity and stereoselectivity in CRP 
and conventional RP are similar. The ability of 
CRP techniques to control molecular weights and 
polydispersities and to provide access to well- 
defined molecular architectures originates both in 
fast initiation and in limitation of the chain growth 
to a level where the contribution of chain breaking 
reactions is negligible. 

There are two general approaches to establishing 
such an  equilibrium between dormant and  active 
species. The first relies on reversible ‘‘termination’’ 
(deactivation) whereas the second approach relies 
on reversible ‘‘transfer’’ (degenerative exchange). In 
both cases, the intermittent activation occurs when 
a  radical  propagates  a  few  times  before  it  is 

complexes that may need to be removed after the 
polymerization is completed. 

The   order   of   reactivity   of   dormant   species 
dictates the order of segments to be built in block 
copolymer synthesis. This order generally scales 
with the stabilities of the resulting radicals, i.e., 
methacrylates4styrene4acrylates. However, this 
order also depends on the structure of the capping 
agent and is particular to each CRP mechanism. 
The relative rate constants of activation, the 
equilibrium constants between active and dormant 
species, and the (cross)propagation rate constants 
depend on three major factors: radical stability 
(sRS), polar effects (su), and steric effects (v). These 
parameters are available in literature and are listed 
in Table 4 together with C–H bond dissociation 
energy values for the corresponding hydrocarbons 
[297–299]. 

A comprehensive study of the effect of these three 
parameters on dissociation rate constants of alkox- 
yamines with various substituents with either 
TEMPO or DEPN moieties has been published 
[297].  The  correction  parameters  for  the  radical 
stabilization  of  primary  (-9.6 kJ/mol),  secondary 

 
 

Table 4 
Values of bond dissociation energy for R–H and radical 
resonance stabilization, polar and  steric effects  for various R 
radicals [297–299] 

1      sRS su v 
converted to a dormant state. Polydispersity de- 
pends upon the efficiency of initiation, the con- 
tribution of chain breaking reactions, and the 
dynamics of the exchange process. Polydispersities 

No.   Structure BDE (C–H) kJ mol-
 

 
1 352.8 0.36    0.05 1.28 

2 357 0.34    0.07 0.86 

 
 
 
 
 
 
 
 
 

placement/addition chemistry. In ATRP and iodine 
transfer radical polymerization, nucleophilic sub- 
stitution and electrophilic addition are also possible. 
In all systems, essentially every (dormant) chain is 
capped with a protecting group. Dormant species 
are metastable in SFRP and may be light sensitive in 
RAFT. The most readily available, stable, and 
inexpensive groups forming dormant species are 
alkyl halides employed in ATRP. However, ATRP 
also requires catalytic amounts of transition metal 

 
11 368.8 0.43    0.02 0.69 
12 321.9 0.54    0.07 1.5 

 
13 364.5 0.25    0.12 0.72 
14 385.8 0.28    0.09 0.82 

 

15 422.6 0.07    -0.01    0.73 
16 399.6 0.1 0 0.87 

 
17 404 0.12    -0.01    1.24 

18 eCH3 438.5 0 -0.01    0.52 
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13.55σRS + 13.42σU + 6.76v  
 7.1.  SFRP 
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k d
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) 

 
(-14.2 kJ/mol) and tertiary (-18.0 kJ/mol) radicals 
were used to normalize values of sRS. The overall 
rate constant can be defined by the three parameters 
according to 

logðkdÞ ¼ aðsRS þ bsu þ cvÞ þ d . (18) 
In this equation, parameters b and c illustrate the 

influence of polar (su) and steric effects (v) relative 
to standardized radical stabilization (sRS). Para- 
meters a and d describe the overall values of rate 
and equilibrium constants, and their sensitivity to 
structural effects. 

 
Table 5 
Parameters a, b, c, and d showing influence of polar and steric 
effects, relative to stabilization of radicals R for dissociation rate 
constants of alkoxyamines and equilibrium constants for alkyl 
halides and alkyl dithioacetates 

 
Constant  a b c d N a    R2 b  

 

 
TEMPO (NMP) kd 13.55 0.99 0.50  -14.94 13 0.94 
SG1 (NMP) kd 14.96 1.31 0.45  -14.02 17 0.91 
Bromide Keq 23.18 2.19 0.13  -50.22 10 0.91 
Chloride Keq 24.75 2.23 0.16  -58.04 10 0.93 
Dithioacetate Keq 27.98 1.21 0.48  -47.06 10 0.96 

 a 

Fig. 13 illustrates the effect of su, v, and sRS on 
dissociation constants of TEMPO derived alkox- 
yamines. The three parameters equation shows 
good  overall  fit  for  13  different  species  with 

Number of points. 
bCoefficient of determination. 

 
 

 
R2 =0.94. A similar equation has been derived for 
DEPN-based alkoxyamines. 

  

 
Dissociation  constants  for  various  alkyl  bro- 

mides, chlorides, iodides and dithioesters have 
previously been computed using DFT [153,300]. It 
is tempting to correlate values of the dissociation 
equilibrium constants with the  aforementioned 
three parameters and compare them with dissocia- 
tion rate constants for alkoxyamines. All para- 
meters are included in Table 5. 

Parameters a and d for all equilibrium constants 
are obviously very different from those measured 
for the rate constants. However, parameters b and c 
allow comparison of the relative contribution of 
polar and steric effects, respectively. It appears that  

 

 
TEMPO 

mediate position (b ¼ 1.21). By contrast, ATRP 
shows the smallest  sensitivity  to  steric  effects 
(c ¼ 0.1470.02), while both alkoxyamines and 
dithioacetate show much larger sensitivity to steric 
effects, c ¼ 0.50 for TEMPO, 0.45 for DEPN and 
0.48 for dithioacetate. A more comprehensive 
computational study is currently being conducted 
that will compare equilibrium constants for all 
processes, study the effect of stabilizing phenyl 
group in dithiobenzoate and other polar groups in 
various RAFT reagents, and expand the database 
for a large number of alkyl radicals. 

As discussed in Sections 5.2.2 and 6.3.2, the order 
of segments in block copolymerization as well as 
efficiency of R groups in initiator/transfer agents 

8 log(k )=13.55( σRS + 0.99σU + 0.50v) - 14.94 may  depend  on  the  particular  mechanism.  For 

6 SD=0.855, R2=0.94 

4 12 

2 
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example, since RAFT and NMP are more acceler- 
ated by steric effects, a poly(methyl methacrylate) 
block can be extended with polyacrylonitrile. The 
opposite is true for ATRP. Similarly, tert-butyl 
dithioesters can efficiently control polymerization of 
acrylates, but tert-butyl halides are very inefficient 

 
-6 

-8 
-10 

-12 

3 17 
 

16 6 

in ATRP. 
Each CRP system has some comparative advan- 

tages over as well as limitations with respect to the 
other techniques. The discussion now focuses on 
recent  advances  that  have  reduced  many  such 

2 4 6 8 10 12 14 16 18 20 limitations. 
 
 

Fig. 13. Values of log kd at 120 1C for bond homolysis in 
TEMPO-based alkoxyamines vs. linear combination of the 
radical stabilization constant (sRS), universal electrical Hammett 
constant (su), and the steric constant (v) (based on data from 
Ref. [297]). 

 
 

Radicals are reversibly trapped to form a 
dormant species in SFRP that returns sponta- 
neously (i.e. thermally) to the active state after a 
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period of inactivity. The most successful traps 
include nitroxides (NMP) and metalloradicals 
(usually paramagnetic CoII species involved in 
SFRP). However, the trap does not have to be a 
radical but can also be a non-paramagnetic metal or 
an organic species such as thioketone [301] or 
phosphite [302]. The activation process is typically 
thermal but can be also induced by light (dithio- 
carbamates). There are two types of initiating 
systems  for  SFRP.  The  first  employs  preformed 
dormant species (e.g., alkoxyamines, or so-called 
unimolecular initiators). Alternatively, a binary 
system can be used consisting of  a  radical  trap 
and any source of radicals (peroxides, diazo 
compound, g-rays, etc.). The latter approach is 
useful in the synthesis of homopolymers  but not 
block copolymers. 

The advantages of SFRP over ATRP include that 
purely organic systems can be employed (NMP) and 
that the technique is applicable to many monomers 
(including acidic monomers). The limitations in- 
clude that relatively expensive moderators are often 
used and are always required in stoichiometric 
amounts relative to the number of polymer chains; 
this large amount of species includes potentially 
toxic transition metal compounds; it is very difficult 
to control the polymerization of disubstituted 
alkenes such as methacrylates; it is difficult to 
introduce end functionality to the polymer; and 
relatively high temperatures are generally required. 

 
 

7.2. ATRP 
 

Both ATRP and SFRP obey the persistent radical 
effect. However, because activation in ATRP is a 
bimolecular process, the dormant species in ATRP 
are inherently stable and are activated only in the 
presence of a transition metal catalyst. Reaction 
rates are defined by the ATRP equilibrium constant 
and a ratio of concentrations of Mtn/L and X-
Mtn+1/L species. Rules for catalyst selection have 
been developed to appropriately match a catalyst 
with a given monomer or polymerization system 
for optimal control. Termination coefficients in 
SFRP and ATRP progressively decrease with 
conversion and chain length, as only long chains 
exist after an initial period that terminate much 
slower  than  short  chains  and  initiating  radicals. 

straction reactions or the formation of organome- 
tallic species. 

The  initiation  systems  include  normal  ATRP, 
which starts from an appropriate alkyl halide and a 
transition metal complex in its lower oxidation 
state. Reverse ATRP employs a transition metal 
complex initially in its higher oxidation state 
together with a radical initiator. While originally 
less sensitive to oxidation by residual air or 
contaminants, the latter technique (like the binary 
SFRP systems) cannot be applied to the synthesis of 
block copolymers. Simultaneous normal and reverse 
initiation (SR&NI) can be used to produce block 
copolymers, although some homopolymer will al- 
ways be formed. Pure block copolymers can be 
formed if the activators are generated by electron 
transfer  (AGET).  In  reverse  ATRP,  SR&NI  and 
AGET systems, X-Mtn+1/L species are reduced at 
an early stage of polymerization and conventional 
ATRP subsequently occurs and obeys PRE kinetics. 
When activators are re-generated by electron 
transfer (ARGET),  transition  metal  compounds 
can be used in truly catalytic amounts (ppm) in 
conjunction with benign reducing agents that 
compensate for any loss of activators due to 
biradical termination. In a similar technique, radical 
initiators can be used for continuous activator 
regeneration (ICAR), where the kinetics of this 
ATRP system obey that of degenerative transfer or 
conventional RP. 

Advantages of the ATRP technique are numer- 
ous: catalytic amounts of transition metal com- 
plexes are used; many initiators are commercially 
available, including multifunctional and hybrid 
systems; a large range of monomers can be 
polymerized (with the exception of unprotected 
acids); end-functionalization is very simple; there is 
no Trommsdorf effect; a large range of tempera- 
tures can be employed; block copolymerization can 
be achieved in any order (with halogen exchange), 
which is not possible for other CRP methods. The 
limitations of ATRP include that the transition 
metal complex must often be removed from the 
product, and acidic monomers require protection. 

 
7.3. RAFT and other DT processes 

 
DT approaches provide the smallest perturbation 

to conventional RP systems. Polymerization rates 
1/2 

Catalysts should operate via single electron transfer usually depend on [I]0 . The degree of polymeriza- 
(inner   sphere)   process   and   ideally   should   not 
extensively  participate  in  b-H  elimination  or  ab- 

tion  is  defined  by  the  ratio  of  concentrations  of 
consumed  monomer  to  that  of  the  introduced 
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transfer agent (assuming the concentration of 
transfer agent is much higher than that of the 
decomposed initiator). DT systems employ either 
atom/group transfer or addition–fragmentation 
chemistry. In the latter case, intermediate radicals 
may participate in some side reactions, such as 
cross-termination. The choice of the appropriate 
transfer agent for a particular monomer is very 
critical. Weak transfer agents, such as dithiocarba- 
mates, are efficient for vinyl acetate but fail to 
control RAFT of styrene or MMA. Strong transfer 
agents such as dithiobenzoates are efficient for 
MMA but can retard RAFT of styrene  and 
acrylates and inhibit RAFT of vinyl acetate. 
Equally important is the structure of the leaving 
group (R), which strongly affects initiation effi- 
ciency and is responsible for potential inhibition 
periods. Some functional groups in monomers or 
initiators are not compatible with some DT 
reagents. For example, dialkylamino groups are 
converted to ammonium in iodide transfer radical 
polymerization (ITRP), and primary amino groups 
decompose dithio compounds. 

Initiation systems for DT all consist of a transfer 
agent and a radical initiator. In some cases, it is 
possible to use a precursor to a transfer agent, such 
as iodine (for reverse iodine transfer radical poly- 
merization, RITRP) [303], or dialkyl ditelluride (for 
tellurium mediated radical polymerization, TERP) 
[264,304]. DT processes require a continuous supply 
of new initiating radicals, which generate new 
polymer chains. Thus, it is not possible to prepare 
pure block copolymers in DT systems. Also, in 
contrast to SFRP and ATRP, growing long polymer 
chains cross-terminate faster with newly generated 
short chains (or initiating radicals) than with other 
long chains. Polydispersities in DT systems are not 
affected by the concentration of transfer agent but 
by a simple ratio of the rate constants of exchange 
to propagation; however, they can be reduced by 
slow feeding of the monomer to a polymerization 
mixture. 

It is not clear the extent to which the Trommsdorf 
effect occurs in DT systems. Since termination 
coefficients decrease with conversion, polymerization 
may accelerate, increase reaction temperature and 
induce faster radical dissociation, as in conventional 
RP. However, since the amount of radical initiator is 
small, the magnitude of the Trommsdorf effect 
should be smaller. In systems based on DT, a steady 
state radical concentration is established through 
initiation/termination, as opposed to systems obey- 

ing the PRE (SFRP, ATRP), where it is established 
through activation/deactivation equilibria. 

A very large range of monomers can be used in 
DT systems, there are minimal perturbations to RP 
kinetics in these techniques, and the systems are 
quite often mediated by purely organic reagents, 
which are important advantages of DT systems. 
However, limitations include the lack of commercial 
availability and stability of many transfer agents, 
the removal of dithioester and some other end 
groups required due to their color, toxicity, and 
potential odor, and the difficultly associated with 
end-functionalization. 

 
7.4. Recent progress in SFRP, ATRP and DT 

 
It is not possible to provide an absolute evalua- 

tion of these three techniques and state which one is 
overall most efficient. From an economic-stand- 
point, the differences are not substantial, and on the 
appropriate scale, production costs among the three 
techniques is predominantly affected by costs 
associated with the particular monomer. However, 
one may compare the three systems from the point 
of view of targeted structures and particular 
processes. Such a comparison was attempted in 
2002 and is shown in the left side of Fig. 14 [305]. 
The figure attempts to compare NMP, ATRP and 
RAFT in the areas related to the synthesis of high 
molecular weight polymers (HMW), low molecular 
weight polymers (LMW), end functional polymers 
(End Funct), block copolymers (Blocks), range of 
polymerizable monomers (Mon Range), synthesis of 
various hybrid materials (Hybrids), environmental 
issues (Env) and polymerization in aqueous media 
(Water). The right side of the figure shows an 
updated situation as of 2006. All three techniques 
have advanced in all areas, largely a result of a more 
thorough mechanistic understanding of the relevant 
phenomena. 

High molecular weight polymers. While linear 
HMW polymers can be achieved under normal 
ATRP conditions for a few monomers (i.e., 
(dimethylamino)ethyl methacrylate [306]), with the 
majority of monomers HMW polymers are difficult 
to access with ATRP due to outer sphere electron 
transfer processes, involving oxidation or reduction 
of radicals, as well as b-H elimination reactions. 
However, using low concentrations of Cu catalyst 
in ARGET and ICAR ATRP, linear polymers 
with MW exceeding 200,000 g/mol were prepared 
[221]. Additionally, the application of difunctional 
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Fig. 14.  Comparison of NMP, ATRP and RAFT in the areas related to the synthesis of high molecular weight polymers (HMW), low 
molecular weight polymers (LMW), end functional polymers (End Funct), block copolymers (Blocks), range of polymerizable monomers 
(Mon Range), synthesis of various hybrid materials (Hybrids), environmental issues (Env) and polymerization in aqueous media (Water). 

 
 
 

initiators in NMP and ATRP can preserve func- 
tionality and increased MW by radical  coupling. 
The synthesis of brushes from backbones with 
multiple initiating sites is an efficient route to 
HMW polymers [307]. In fact, MW exceeding 
10,000,000 g/mol have been prepared by ATRP 
using multifunctional initiators [308,309]. 

Low molecular weight polymers: LMW polymers 
were once difficult to prepare with RAFT due to 
strong retardation reactions. However, the appro- 
priate selection of RAFT reagents has greatly 
alleviated this problem. The cost of the end group 
now remains the main issue in the synthesis of 
LMW polymers for all CRP techniques. 

Polymer   endgroup   functionality:   Several   novel 
approaches were used to facilitate the  introduc- 
tion of functional groups into NMP and RAFT 
systems. These include the displacement of dithioe- 
sters (Scheme 20a) and reactions involving reduced 
thiols in RAFT [270,271,293]. The controlled 
monoaddition of maleic anhydride and maleimide 
derivatives in NMP to the alkoxyamine  chain 
end ultimately allowed for the introduction of a 
wide variety of functional groups (Scheme 20b) 
[310]. 

Block copolymers: Block copolymerization in 
NMP was greatly improved with the addition of a 
small amount of comonomer. Halogen exchange in 
ATRP is now better understood, although it 
inherently cannot be applied to new ARGET and 
ICAR systems, which do not use ‘‘enough’’ Cu 
catalyst. 

Range of polymerizable monomers: The range of 
monomers has been significantly extended in all 
CRP techniques. In NMP, MMA can now be 
controlled in the presence of small amounts of 
styrene [59]. In ATRP, vinyl chloride, [311] vinyl 
acetate [265] and some acidic monomers [312] can 
also now be controlled. New ligands have also 
enabled the (co)polymerization of vinyl ketones, 
dienes, and even maleic anhydride. 

Hybrid materials: In the last five years, there has 
been an explosion of research in both organic– 
inorganic hybrids [313,314] as well as in the bio- 
hybrids area [315,316]. In many cases, ATRP is the 
method of choice due to a very facile functionaliza- 
tion of surfaces with activated alkyl halides. 
However, more inorganic substrates and biomole- 
cules are progressively being functionalized with 
alkoxyamines and dithioesters, which is opening 
pathways to new hybrids via NMP and RAFT, 
respectively. Densely grafted chains form molecular 
brushes on inorganic surfaces. They can prevent 
corrosion, they  have novel lubrication properties, 
and they cannot be compressed in the same way as 
less densely grafted polymers [317]. Novel bio- 
conjugates prepared by all CRP techniques can be 
used as efficient drug carriers and components of 
tissue and bone engineering. 

Environmental issues: For ATRP, a very strong 
reduction of the required catalyst level with the use 
of new ARGET and ICAR initiation systems has 
obvious environmental benefits. It is possible to 
remove  dithioesters  and  xanthates  from  products 
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generated in RAFT/MADIX systems. However, the 
cleanest systems may still be those based on 
nitroxides using alkoxyamines as potential poly- 
meric stabilizers.  

However,  environmental  issues  are  not  only 
related to how environmentally benign a particular 
process  is  but  also  whether  the  preparation  of 
materials  can  have  any  positive  impact  on  the 
environment. ATRP has been successfully used to 
prepare  self-plasticizing  PVC  [318,319]  that  can 
eliminate  the  need  of  using  toxic  phthalates  as 
plasticizers. ATRP has been also used to prepare 
surfactants   that   can   efficiently   transport   iron 
nanoparticles  through  ground  waters  to  haloge- 
nated  liquids  (e.g.  trichloroethylene)  that   have 
accumulated  underground  and  are  contaminating 
drinking water sources [320,321]. This system is 
based on a concept similar to targeted drug delivery. 
All CRP techniques have been used to prepare non- 
ionic surfactants and dispersants for pigments that 
increase the efficiency of these materials [322–325]. 

Polymerization in aqueous media: Polymerization 
in water has been successful under homogeneous as 
well as heterogeneous conditions [86,326]. Origin- 
ally, only dispersion and miniemulsion processes 
were efficient, and true emulsions failed due to 
problems associated  with transportation of the 
mediating species through the aqueous  phase 
[327]. However, by using reactive surfactants in 
RAFT [296], NMP [328–330] and microemulsion 
[331,332] as a seed for the emulsion process, this 

problem has been alleviated. Additionally, inverse 
emulsion has been successfully carried out for water 
soluble monomers in the continuous organic phase 
[200,201]. It has been applied to prepare reversible 
nanogels with potential use for drug delivery and 
carriers for biomolecules. 

 
8. Selected examples of controlled polymer 
architectures by CRP 

 
CRP can be used to prepare well-defined poly- 

mers with predetermined molecular weights, low 
polydispersities, and precisely controlled architec- 
tures. In comparison with other controlled/living 
systems, CRP has some limitations in that termina- 
tion cannot be totally eliminated. However, CRP 
techniques also  have many  advantages, including 
relative insensitivity to transfer and protic impu- 
rities and a very large range of (co)polymerizable 
monomers. The basic strategies for producing 
polymeric structures by CRP techniques with 
controlled topologies, compositions, and function- 
alities (illustrated in Fig. 15) are summarized below. 

 
8.1. Topology 

 
CRP is very well suited for the preparation of 

(co)polymers with controlled topologies, including 
star- and comb-like polymers as well as branched, 
hyperbranched, dendritic, network, and cyclic type 
structures. 
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Fig. 15.  Illustration of polymers with controlled topology, composition, and functionality. 
 

Star-like polymers have been prepared using four 
different approaches [333]. (1) A core first approach 
employs multifunctional initiators from which 
several arms are grown simultaneously. ATRP is 
particularly useful with this technique due to 
availability of many polyols that can be subse- 
quently converted to an initiating core with 3, 4, 6, 
12 or more initiating sites [334–336]. (2) An arm first 
approach involves attachment of chains to a 
functional core. RAFT offers a unique possibility 
here as certain RAFT reagents can be attached to a 
core via the Z group [281]. ‘‘Click’’ chemistry can 
also be employed between azide functionalized 
chains and an acetylene functionalized core 
[337,338]. (3) Arms can be crosslinked in the 
presence of divinyl compounds (although the 
number of arms in the resulting stars is not precisely 
controlled with this technique) [339–341]. (4) Arms 
that are cross-linked in the presence of divinyl 
compounds (]3) still contain active/dormant species 
at the core from which a second generation of arms 
can be grown to generate mikto-arms of different 
lengths or different monomers [341]. 

Comb-like polymers can be prepared by 3 
different techniques corresponding to grafting from, 
onto and through. (1) Grafting from is similar to a 
core-first approach for stars as chains  are  grown 
(via CRP) from a polymer backbone prepared by 
RP or another method [318,342–346]. (2) Click 
chemistry can be used to efficiently attach side 
chains to a backbone in grafting onto, which is 
similar to an arm first approach for stars [347]. (3) 
In grafting through, vinyl terminated macromono- 
mers are utilized as comonomers together with a 

low MW monomer [348–354]. Variations in grafting 
density enable the production of combs of different 
shapes, as well as gradient brushes and tadpole or 
dumbbell structures [355]. An interesting combina- 
tion of a star–brush system is shown in an AFM 
image (Fig. 16) of a four arm star molecular brush 
with a degree of polymerization for each poly- 
methacrylate arm DPn =300 and each poly(n-butyl 
acrylate) side chain DPn =37. The inset shows the 
magnification at higher resolution in which indivi- 
dual side chains are resolved on mica surface by 
tapping mode AFM [356]. 

Similar to RP, branching occurs in polymers 
made by CRP as a result of transfer to polymer. 
CRP can be also used to prepare hyperbranched 
polymers with monomers that also serve as initia- 
tors (so-called inimers) of new branches [357–359]. 
Hyperbranched structures can also be obtained 
when divinyl monomers are used in small relative 
concentrations or are copolymerized to relatively 
low conversion [360]. While these hyperbranched 
systems are irregular, regular dendritic structures 
were prepared by CRP where the degree of 
branching is controlled by the degree of polymer- 
ization [361,362]. 

CRP processes can be used to significantly 
improve network uniformity over structures pre- 
pared by free RP [363]. Well-defined polymers with 
crosslinkable pendant moieties can be prepared to 
form microgel networks. Degradable gels can be 
prepared with disulfide linkages [364]. Additionally, 
it is possible to use crosslinkers which can be 
reversibly cleaved that subsequently lead to the 
formation of reversible gels [201]. 
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Fig. 16. AFM image of four armed star brushes prepared by ATRP [356]. 
 

Anionic and/or cationic polymerizations are 
much better suited to make cyclic polymers than 
CRP processes by using complimentary reagents at 
very low concentrations. However, cyclization has 
been reported when click chemistry was used in a 
reaction of azido- and acetylene-terminated chains 
[365]. This process was recently optimized to 
provide an efficient route to polystyrene macro- 
cycles [366]. 

 
8.2. Composition 

 
The tolerance that CRP processes show toward 

functional groups allows for the prolific production 
of a vast array of statistical, segmented (blocks and 
graft), periodic (mostly alternating), and gradient 
copolymers. In addition  to materials prepared by 
one specific CRP technique, many are prepared by a 
combination of radical polymerization and other 
techniques. 

Block copolymerization has been conducted with 
a combination of methods through site transforma- 
tion of the polymer end  groups. ATRP initiators 
have been successfully converted to RAFT and 
NMP initiators [367] and vice versa. Polymer end 
groups originally prepared by cationic [368], anionic 
[369,370], ionic ring opening [371,372], ring opening 
metathesis [373], coordination [342,353,374], and 
step-growth polymerization [375–377] have all been 
converted to CRP initiating sites. Multi-segmented 
block copolymers are typically prepared by poly- 
condensation processes. However, ATRP has been 

used to make ABC or ABCBA segments using 
sequential polymerization techniques. ATRP 
macroinitiators can also be used to create difunc- 
tional a-alkyne-o-azido-terminated  blocks. Click 
coupling in a step growth process then affords an 
efficient route to multisegmented block copolymers 
[365]. 

Graft copolymers have been synthesized with 
techniques similar to those applied in the prepara- 
tion of comb polymers (grafting from, onto and 
through) in addition to methods known for block 
copolymerization such as site transformation. The 
density of the grafts can be varied along the length 
of the chain to generate gradients (Scheme 21) 
[378,379], and various types of block graft-copoly- 
mers have also been created, including core-shell 
cylinders as well as heterografted [380] and double 
grafted [351] structures, etc. 

When comonomers have a similar reactivity, 
statistical copolymers are formed. Different como- 
nomer reactivity ratios result in copolymers with a 
spontaneous gradient [381,382]. When monomers 
with strong electron donor groups are copolymer- 
ized with those that have strong electron acceptors, 
polymerization occurs in alternating fashion to 
generate periodic copolymers [383]. Other examples 
of alternating copolymerizations occur with kineti- 
cally reactive but thermodynamically non-homo- 
polymerizable monomers (e.g., maleic anhydride) 
[384] and when less reactive monomers are used in 
large excess to reactive monomers (e.g., olefins with 
acrylates) [385]. The addition of Lewis acids can 
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also affect monomer sequences [386] and polymer 
tacticity [103–105]. 

Molecular hybrids can be generated by covalently 
attaching synthetic polymers to inorganic materials 
and natural products [313]. Functional groups (NH2 

or OH) in natural products can be converted to 
ATRP initiators (bromoamides and bromoester) 
and polymerization subsequently conducted. Chains 
prepared by CRP containing functionalities  (NH2 

or OH) can be used to grow polypeptide or DNA 
[387]. Biotin-avidin and click chemistry can also be 
used to fuse functionalized natural products to- 
gether with organic polymers [316,388–392]. 

 
8.3. Functionality 

 
Propagating radicals are tolerant to many func- 

tionalities, which allow incorporation of functional 
monomers and initiators into a (co)polymer via 
most CRP processes. Additionally, functionality 
can be introduced to specific parts of a macro- 
molecule. This includes incorporation of side func- 
tional groups directly to a polymer backbone [326] 
or in a protected form [393]. End groups can be 
incorporated by using either functional initiators or 
by converting a chain end to another functional 
group  [394].  For  example,  dithioesters  in  RAFT 

have been converted to thiols, alkoxyamines in 
NMP to alkyl chlorides, and the alkyl halides in 
ATRP to allyl, hydroxy, amino, azido and ammo- 
nium or phosphonium groups in excellent yields 
(Scheme 22). The conversion of dormant species in 
linear chains growing in two directions leads to 
telechelics and in stars to multifunctional polymers. 
Functionalities can be also introduced to  specific 
parts of macromolecules. This includes the func- 
tional core of stars, the centers of two-directionally 
grown chains, and in between periodically repeated 
segments prepared by ATRP or click coupling. 

 
9. Material 

applications 
 

Although  the  CRP  processes  of  SFRP,  ATRP 
and RAFT were realized  in just  the last decade, 
these techniques are already finding application in 
the commercial production of many new materials. 
A  few  examples  of  such  materials  already  in 
production are highlighted hereafter, although it is 
anticipated that many more specialty products will 
become available in the relatively near future [395]. 

Block copolymers based on acrylates and other 
polar  monomers  may  find  applications  as  polar 
thermoplastic elastomers [177] similar to those for 
Kraton, a landmark material whose production was 
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enabled by Michael Szwarc’s discovery of living 
anionic polymerization 50 years ago. Such materials 
can be used as adhesives and sealants, in many 
compounding applications, including automotive, 
wire and cable, footwear, medical, soft touch 
overmolding, cushions, squeezables, and even toys. 
They can be used as thermoplastic vulcanizates, in 
flexographic printing, road marking, lubricants, 
gels, and coatings. However, they can also be used 
for much more sophisticated applications such as 
specialized chromatographic packing [396] or con- 
trolled drug-release in cardiovascular stents [397]. 
They can also replace silicone and flexible PVC in 
several applications. These thermoplastic elastomers 
also have two major advantages over Kraton; they 
have higher UV and thermal stability and they do 
not swell in the presence of hydrocarbons. 

Amphiphilic block copolymers with water soluble 
segments have been successfully used as very 
efficient surfactants [398] and have also been used 
for higher end applications including pigment 
dispersants, various additives, and components of 
health and beauty products [322,323]. Segmented 
copolymers with nanostructured morphologies are 
promising as microelectronic devices [399–402]. 
Graft copolymers have been used as compatibilizers 
for polymer blends and may be used in many 
applications described for block copolymers 
[9,342,403]. Gradient copolymers hold great pro- 
mise in applications ranging from surfactants to 
noise and vibration dampening materials [382]. 

Designed branching allows precise control over 
melt viscosity and polymer processing. Such poly- 
mers (as well as comb and star polymers) can be 
used as viscosity modifiers and lubricants. An 
ultimate example of controlled topology might be 
a macromolecular bottle-brush. Such polymers, 
when lightly crosslinked, result in supersoft elasto- 
mers. Materials have been synthesized with moduli 
~1 kPa,  in  the  range  attainable  by  hydrogels. 
However, hydrogels must be swollen 100 times by 
water to reach such low moduli. Molecular brushes 
are swollen by their own short side chains that never 
leach. Thus, applications are foreseen ranging from 
intraocular lenses and other biomedical applications 
requiring a soft material that does not leach to 
surrounding tissue, to specialty toys, adult novelty 
items, and even electronic applications requiring the 
protection of delicate components by a soft solid. 
These materials also show very high ionic conduc- 
tivities reaching 1 mS/cm for Li cations at room 
temperature [404]. 

CRP offers unprecedented control over chain end 
functionality. End functional polyacrylates are 
excellent components of sealants for out-door and 
automotive applications. These functionalities can 
also be used for reactive blending. Multifunctional 
low MW polymers are desirable components in 
coatings with a low organic solvent content impor- 
tant for VOC reduction. It is also possible to design 
systems with two types of functionalities, curable by 
two   independent   mechanisms.   Incorporation   of 
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degradable units into the backbone of vinyl poly- 
mers allows controlled cleavage and degradation/ 
recycling of such polymers. 

Molecular hybrids with a covalent attachment of 
well-defined functional polymer to either an inor- 
ganic component or a natural product are currently 
being extensively investigated and should lead to 
numerous materials with previously unattainable 
properties. Such hybrids and nanocomposites allow 
better dispersability of inorganic components (pig- 
ments, carbon black, carbon nanotubes, nanoparti- 
cles), they dramatically enhance the stability of such 
dispersions, and they allow the formation of 
molecular nanocomposites. Also, dense polymer 
layers improve lubrication, prevent corrosion, and 
facilitate surface patterning. Precise grafting from 
chromatographic packing can enable enhanced 
chromatographic resolution of oligopeptides and 
prions not previously available [396]. 

Other potential applications include microelec- 
tronics, soft lithography, optoelectronics, specialty 
membranes, sensors and components for microflui- 
dics. Well-defined polymers prepared by CRP are 
very well-suited for biomedical applications such as 
components of tissue and bone engineering, con- 
trolled drug release and drug targeting, antimicro- 
bial surfaces [405], steering enzyme activity 
[392,406], and many others. 

 
10. Future perspectives 

 
Precise control over molecular architecture via 

controlled/living polymerization requires the sup- 
pression of chain breaking reactions. The develop- 
ment of such techniques has enabled the synthesis of 
new materials for specialty applications and has 
helped build a much needed correlation between 
molecular structure and macroscopic properties. 
There are several reasons why CRP is currently the 
most rapidly developing area of synthetic polymer 
chemistry. They include the large range of poly- 
merizable monomers, the simple reaction set-up and 
undemanding conditions, unprecedented control for 
a radical polymerization, and very importantly the 
large potential market for products made by CRP. 
However, to reach its full potential, more research is 
needed in various areas of CRP. 

Fundamental mechanistic and kinetic studies of 
all CRP processes are still very necessary. A deeper 
understanding of structure–reactivity correlation in 
NMP may lead to satisfactory control over poly- 
merization of methacrylates. The proper choice of 

dithioesters  may  decrease  retardation  effects  of 
RAFT reagents. A full comprehension of structural 
affects   for   ATRP   catalysts  could   lead  to   the 
development of even more active complexes that 
can   be   used   in   smaller   amounts.   This   could 
minimize   the   environmental   impact   of   ATRP 
chemistry, as well as expand the range of polymer- 
izable monomers to include (meth)acrylic acid and 
a-olefins. Some transition metal complexes partici- 
pate in both ATRP and SFRP and can potentially 
even be  involved in coordination polymerization. 
This may open an efficient route to the incorpora- 
tion of polar monomers into a polyolefin backbone. 

Model  reactions  with  low  MW  analogs  and 
oligomers are needed to evaluate penultimate effects 
and  quantify  potential  chain  breaking  reactions. 
Various additives that can accelerate polymerization 
and provide enhanced microstructural (tacticity and 
sequence)  control should be evaluated. They can 
increase stereoselectivity as well as chemoselectivity, 
which are relatively low for radical processes. Better 
cross-fertilization between synthetic organic chem- 
istry and polymer chemistry is needed. In the past, 
achievements in organic chemistry were applied to 
polymer chemistry. However, recent advances made 
in polymer chemistry have now benefited organic 
chemistry; e.g. new catalysts developed for ATRP 
are  used  for  atom  transfer  radical  addition  and 
cyclization and new nitroxides developed for NMP 
are used in organic synthesis [56,407,408]. 

A deeper insight into the reaction intermediates 
and energetic pathways will be possible using new 
techniques offered by computational chemistry. 
However, precise computational evaluation requires 
a large basis set, since many reaction pathways may 
become dramatically affected by tiny changes in the 
structure of the substituents. Thus, continued model 
studies and their correlation with macromolecular 
systems are very much needed to better understand 
and optimize the existing processes. Computational 
chemistry has already helped to develop new RAFT 
reagents and may help to discover new mediating 
systems for SFRP and ATRP. Although current 
CRP techniques seem to cover all major mechanistic 
approaches to equilibria  between active and dor- 
mant species, it is feasible to imagine more efficient 
stable free radicals, more active transition metal 
complexes and better degenerative transfer agents 
than currently available. Thus, both a serendipitous 
and rational search (including leads from computa- 
tional chemistry and model organic systems) for 
new mediating agents in CRP should continue. 
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Most CRP reactions are carried out under 

homogeneous conditions. However, new possibili- 
ties exist by using dispersed systems (microemul- 
sion, inverse emulsion, precipitation polymeri- 
zation, etc.). Polymerization in confined space may 
lead not only to new nanocomposites and hybrids 
but can potentially facilitate additional control over 
several facets of the polymerization (less termina- 
tion, stereocontrol, etc.). Crosslinking reactions in 
CRP provide networks with very different proper- 
ties than conventional RP. Higher network uni- 
formity leads not only to better swellability but will 
also be very important for membranes, drug release, 
and special separation techniques. 

CRP has provided access to nearly all macro- 
molecular architectures available from anionic 
polymerization. However, there are still a few 
difficult and challenging structures, including het- 
eroarm star polymers, cyclic polymers, and some 
others. These challenges can be resolved by using 
multifunctional initiators in CRP or special termi- 
nating/capping agents. Precise synthesis of polymers 
with complex architectures must be evaluated by 
accurate characterization techniques to determine 
quantitatively the level  of functionality, detect 
existing imperfections, and exactly describe compo- 
sition, topology, and microstructure. Novel scatter- 
ing techniques, modulated thermal analysis, detailed 
mechanical analysis, more sensitive spectroscopic 
techniques, multidimensional chromatography, and 
visualization of individual molecules by AFM are 
just a few examples of techniques that help 
characterize the exact structure of prepared materi- 
als. There  are  many remaining challenges in  the 
characterization of gradient copolymers, including 
measuring the profile and uniformity of the 
gradient. This is an important issue (from the point 
of view of intellectual property) since many 
copolymers prepared by CRP are inherently differ- 
ent from those prepared by RP. 

New polymers with precisely controlled architec- 
ture are primarily developed to explore novel 
properties. Such structure–property correlation is 
very much needed for many applications. Since 
macromolecular systems are very large and com- 
plex, it is difficult to predict all properties by 
modeling and computational techniques without 
input from well-defined macromolecules. The de- 
tailed correlation of molecular structure with final 
properties is still not obvious since many properties 
will also depend on processing conditions, including 
the   solvent   used   and   its   removal   conditions, 

mechanical stresses, and thermal history. The 
incorporation of such parameters into simulations 
will be very beneficial. 

Additionally, evaluation of all imperfections and 
synthetic errors on properties of prepared polymers 
is needed. This should include the affect of 
polydispersities and shape of molecular weight 
distribution. Polymers with higher polydispersities 
may form new morphologies with enhanced curva- 
ture and sponge-like systems. They can also allow 
more flexible processing regimes. In CRP, it will be 
much more economical to prepare polymers faster, 
with more termination, and with more errors. 
Therefore, it will be important to understand how 
these imperfections may affect material properties 
to optimize cost–performance ratio. 

Thus, CRP has a very bright future, and it is 
anticipated that many new products will be intro- 
duced to the market within the next several years. 
The annual value of materials made by CRP was 
recently projected to reach as high as $20 billion, 
corresponding to ~10% of all materials prepared by 
conventional radical polymerization. However, 
reaching this target will require a joint effort from 
synthetic polymer chemists, polymer physicists, 
processing engineers and marketing specialists, as 
it happened when Michael Szwarc discovered living 
anionic polymerization. 

 
 
For More information on related products, 
please visit www.aladdin-e.com 
 
 
 

References 
 

[1]  Szwarc M. ‘‘Living’’ polymers. Nature 1956;176:1168–9. 
[2]  ‘Szwarc M, Levy M, Milkovich R. Polymerization initiated 

by electron transfer to monomer. A new method  of 
formation of block copolymers. J Am Chem Soc 
1956;78:2656–7. 

[3] Szwarc M. Carbanions, living polymers and electron 
transfer processes. New York: Interscience Publishers; 
1968. 

[4] Webster OW. Living polymerization methods. Science 
1991;251:887. 

[5] Kennedy JP, Ivan B. Designed polymers by carbocationic 
macromolecular engineering. Theory and practice. Munich: 
Hanser; 1992. 

[6] Matyjaszewski K. Cationic polymerizations: mechanisms,  
synthesis and applications. New York: Marcel Dekker; 
1996. 



  www.aladdin-e.com 
 

 
[7] Hsieh HL, Quirk RP. Anionic polymerization, principles 

and practical applications. New York: Marcel Dekker Inc.; 
1996 744pp. 

[8] Matyjaszewski K. Macromolecular engineering: from 
rational design through precise macromolecular synthesis 
and processing to targeted macroscopic material properties. 
Prog Polym Sci 2005;30:858–75. 

[9]  Leibler L. Nanostructured plastics: joys of self-assembling. 
Prog Polym Sci 2005;30:898–914. 

[10] Frechet JMJ. Functional polymers: from plastic electronics 
to polymer-assisted therapeutics. Prog Polym Sci 
2005;30:844–57. 

[11] Matyjaszewski K, Gnanou Y, Leibler L, editors. Macro- 
molecular engineering. Precise synthesis, materials proper- 
ties, applications. Weinheim: Wiley-VCH; 2007. 

[12] Szwarc M. Ions and ion pairs in organic reactions. New 
York: Wiley; 1972. 

[13]  Holden G, Kricheldorf HR, Quirk RP, editors. Thermo- 
plastic elastomers, 3rd ed. Munich: Hanser; 2004. 

[14] Litvinenko G, Mueller AHE. General kinetic analysis and 
comparison of MWD for various mechanisms of activity 
exchange in living polymerizations. Macromolecules 
1997;30:1253. 

[15] Matyjaszewski K, Kubisa P, Penczek S. Ion ester equili- 
briums in the living cationic polymerization of tetrahydro- 
furan. J Polym Sci Polym Chem Ed 1974;12:1333–6. 

[16] Matyjaszewski K, Penczek S. Macroester reversible macro- 
ion equilibrium in cationic polymerization of Thf observed 
directly by 300 MHz 1 H NMR. J Polym Sci Part A: Polym 
Chem 1974;12:1905–12. 

[17] Matyjaszewski K, Kubisa P, Penczek S. Kinetics and 
mechanism of cationic polymerization of tetrahydrofuran 
in solution. 1. THF-CCl4 system. J Polym Sci Part A: 
Polym Chem 1975;13:763–84. 

[18] Penczek S, Matyjaszewski K. Ions and macroesters in the 
living cationic polymerization of THF. J Polym Sci Polym 
Symp 1976;56:255–69. 

[19] Penczek S, Kubisa P, Matyjaszewski K. Cationic ring- 
opening polymerization. 2. Synthetic applications. Adv 
Polym Sci 1985;68(9):1–298. 

[20] Penczek S, Kubisa P, Matyjaszewski K. Cationic ring- 
opening polymerization of heterocyclic monomers. 1. 
Mechanisms. Adv Polym Sci 1980;37:1–144. 

[21] Sawamoto M. Modern cationic vinyl polymerization. Prog 
Polym Sci 1991;16:111–72. 

[22] Matyjaszewski K, Sigwalt P. Unified approach to living 
and non-living cationic polymerization of alkenes. Polym 
Int 1994;35:1–26. 

[23] Mayr H, Patz M. Nucleophilic and electrophilic scales as 
the principles for classification of polar organic and 
organometallic reactions. Angew Chem 1994;106:990–1010. 

[24] Mayr H, Ofial AR. Electrophilicity scales for carbocations. 
Carbocation Chem 2004; 331–58. 

[25] Szwarc M, Ghosh BN, Sehon AH. The carbon–bromine 
bond dissociation energy in benzyl bromide and allyl 
bromide. J Chem Phys 1950;18:1142–9. 

[26] Szwarc M. Calculating the rates of some radical reactions. 
J Chem Phys 1951;19:256–7. 

[27] Szwarc M, Taylor JW. Determination of some carbon– 
chlorine bond dissociation energies. J Chem Phys 1954; 
22:270–4. 

[28] Szwarc M. Reaction of methyl radicals and their applica- 
tion to polymer chemistry. J  Polym Sci Part A: Polym 
Chem 1955;16:367–82. 

[29] Buckley RP, Leavitt F, Szwarc M. Reactions of methyl 
radicals with substrates acting as hydrogen donors and as 
methyl radical acceptors. J Am Chem Soc 1956;78:5557–60. 

[30] Buckley RP, Szwarc M. Methyl affinities of ethylene, 
tetrafluoroethylene, and tetrachloroethylene. J Am Chem 
Soc 1956;78:5690–7. 

[31] Buckley RP, Rembaum A, Szwarc M. Methyl affinities of 
vinyl monomers, ethylene and its homologs.  J  Polym  Sci 
Part A: Polym Chem 1957;24:135–7. 

[32] Binks JH, Szwarc M. Hyperconjugation and methyl 
affinities. Proc Chem Soc 1958; 226. 

[33] Walling C. Free radicals in solution. New York: Wiley; 
1957. 

[34] Bamford CH, Barb WG, Jenkins AD, Onyon PF. The 
kinetics of vinyl polymerization by radical mechanisms. 
New York: Academic Press; 1958. 

[35] Bagdasarian HS. Theory of radical polymerization. Moscow: 
Izd. Akademii Nauk; 1959. 

[36] Matyaszewski K, Davis TP. Handbook of radical poly- 
merization. Hoboken: Wiley-Interscience; 2002. 

[37] Moad G, Solomon DH. The chemistry of radical poly- 
merization, 2nd ed. Oxford, UK: Elsevier; 2006. 

[38] Bengough WI, Fairservice WH. Effects of salts of metals on 
vinyl polymerization. I. Polymerization of methyl metha- 
crylate in the presence of cupric chloride. Trans Faraday 
Soc 1965;61:1206. 

[39] Boutevin B, Pietrasanta Y. Telomerization. In: Eastmond 
GC, Ledwith A, Russo S, Sigwalt P, editors. Comprehen- 
sive polymer science, vol. 3. Oxford: Pergamon; 1991. p. 
185–94. 

[40] Greszta D, Mardare D, Matyjaszewski K. ‘‘Living’’ radical 
polymerization. 1. Possibilities and limitations. Macromo- 
lecules 1994;27:638–44. 

[41] Goto A, Fukuda T. Kinetics of living radical polymeriza- 
tion. Prog Polym Sci 2004;29:329–85. 

[42] Fischer H. The persistent radical effect: a principle for 
selective radical reactions and living radical polymeriza- 
tions. Chem Rev 2001;101:3581–610. 

[43] Tang W, Tsarevsky NV, Matyjaszewski K. Determination 
of equilibrium constants for  atom transfer radical  poly- 
merization. J Am Chem Soc 2006;128:1598–604. 

[44] Tang W, Fukuda T, Matyjaszewski K.  Reevaluation of 
persistent radical effect in NMP. Macromolecules 
2006;39:4332–7. 

[45] Georges MK, Veregin RPN, Kazmaier PM, Hamer GK. 
Narrow molecular weight resins by a free-radical polymer- 
ization process. Macromolecules 1993;26:2987–8. 

[46] Hawker CJ, Bosman AW, Harth E. New polymer synthesis 
by nitroxide mediated living radical polymerizations. Chem 
Rev 2001;101:3661–88. 

[47] Wayland BB, Poszmik G, Mukerjee SL, Fryd M. Living 
radical polymerization of acrylates by organocobalt por- 
phyrin complexes. J Am Chem Soc 1994;116:7943–4. 

[48] Matyjaszewski K. Lifetimes of polystyrene chains in atom 
transfer radical polymerization. Macromolecules 1999;32: 
9051–3. 

[49] Solomon DH, Rizzardo E, Cacioli P. Free radical 
polymerization and the produced polymers. European 
Patent Application Vol., 1985. p. 63. 

134 
 



  www.aladdin-e.com 
 

 
[50] Greszta D, Matyjaszewski K. TEMPO-mediated polymer- 

ization of styrene: rate enhancement with dicumyl peroxide. 
J Polym Sci Part A: Polym Chem 1997;35:1857–61. 

[51] Goto A, Fukuda T. Effects of radical initiator on 
polymerization rate and polydispersity in nitroxide-con- 
trolled free radical polymerization. Macromolecules 
1997;30:4272–7. 

[52] Bertin D, Chauvin F, Marque S, Tordo P. Lack of chain 
length effect on the rate of homolysis of polystyryl-SG1 
alkoxyamines. Macromolecules 2002;35:3790–1. 

[53] Benoit D, Grimaldi S, Robin S, Finet J-P, Tordo P,  
Gnanou Y. Kinetics and mechanism of controlled free- 
radical polymerization of styrene and n-butyl acrylate in 
the presence of an acyclic. beta.-phosphonylated nitroxide. 
J Am Chem Soc 2000;122:5929–39. 

[54] Benoit D, Chaplinski V, Braslau R, Hawker CJ. Develop- 
ment of a universal alkoxyamine for ‘‘living’’ free radical 
polymerizations. J Am Chem Soc 1999;121:3904–20. 

[55] Studer A, Harms K, Knoop C, Mueller C, Schulte T. New 
sterically hindered nitroxides for the living free radical 
polymerization: X-ray structure of an a-H-bearing nitr- 
oxide. Macromolecules 2004;37:27–34. 

[56] Studer A, Schulte T. Nitroxide-mediated radical processes. 
Chem Rec 2005;5:27–35. 

[57] Bertin D, Gigmes D, Le Mercier C, Marque SRA, Tordo P. 
Factors Influencing C–ON bond homolysis in alkoxya- 
mines: unexpected behavior of SG1 (N-(2-methyl-2-propyl)- 
N-(1-diethylphosphono-2,2-dimethylpropyl)-N-oxyl)-based 
alkoxyamines. J Org Chem 2004;69:4925–30. 

[58] Chauvin F, Dufils P-E, Gigmes D, Guillaneuf Y, Marque 
SRA, Tordo P, et al. Nitroxide-mediated polymerization: 
the pivotal role of the kd value of the initiating 
alkoxyamine and the importance of the experimental 
conditions. Macromolecules 2006;39:5238–50. 

[59] Nicolas  J,  Dire  C,  Mueller L, Belleney J, Charleux B, 
Marque SRA, et al. Living character of polymer chains 
prepared via nitroxide-mediated controlled free-radical 
polymerization of methyl methacrylate in the presence of 
a small amount of styrene at low temperature. Macro- 
molecules 2006;39:8274–82. 

[60] Hawker CJ. Molecular weight control by a ‘‘living’’ free- 
radical polymerization process. J Am Chem Soc 
1994;116:11185–6. 

[61] Haw ker CJ, Barclay GG, Orellana A, Dao J, Devonport 
W. Initiating systems for nitroxide-mediated ‘‘living’’ free 
radical polymerizations: synthesis and evaluation. Macro- 
molecules 1996;29:5245–54. 

[62] Solomon DH. Genesis of the CSIRO polymer group and 
the discovery and significance of nitroxide-mediated living 
radical polymerization. J Polym Sci Part A: Polym Chem 
2005;43:5748–64. 

[63] Jahn U. Highly efficient generation of radicals from ester 
enolates by the ferrocenium ion. Application to selective a- 
oxygenation and dimerization reactions of esters. J Org 
Chem 1998;63:7130–1. 

[64] Braslau R, Burrill II LC, Siano M, Naik N, Howden RK, 
Mahal LK. Low-temperature preparations of unimolecular 
nitroxide initiators for ‘‘living’’ free radical polymeriza- 
tions. Macromolecules 1997;30:6445–50. 

[65] Matyjaszewski K, Woodworth BE, Zhang X, Gaynor SG, 
Metzner  Z.  Simple  and  efficient  synthesis  of  various 

alkoxyamines   for   stable   free   radical   polymerization. 
Macromolecules  1998;31:5955–7. 

[66] Steenbock M, Klapper M, Muellen K. Triazolinyl radicals. 
New   additives   for   controlled   radical   polymerization. 
Macromol Chem Phys 1998;199:763–9. 

[67] Druliner  JD.  Living  radical  polymerization  involving 
oxygen-centered  species  attached  to  propagating  chain 
ends.  Macromolecules  1991;24:6079–82. 

[68] Chung TC, Janvikul W, Lu HL. A novel ‘‘stable’’ radical 
initiator based on the oxidation adducts of alkyl-9-BBN. J 
Am Chem Soc 1996;118:705–6. 

[69] Yamada B, Nobukane Y, Miura Y. Radical polymerization 
of styrene mediated by 1,3,5-triphenylverdazyl. Polym Bull 
1998;41:539–44. 

[70] Borsig E, Lazar M, Capla M, Florian S. Reinitiation 
reactions of poly(methyl methacrylate) with labile bound 
fragments of initiator. Angew Makromol Chem 1969; 
9:89–95. 

[71] Braun D. Initiation of free-radical polymerization by 
thermal cleavage of carbon–carbon  bonds. Macromol 
Symp 1996;111:63–71. 

[72] Otsu T, Yoshida M, Tazaki T. A model for living radical 
polymerization. Makromol Chem Rapid Commun 
1982;3:133–40. 

[73] Otsu T. Iniferter concept and living radical polymerization. 
J Polym Sci Part A: Polym Chem 2000;38:2121–36. 

[74] Otsu T, Matsunaga T, Doi T, Matsumoto A. Features of 
living radical polymerization of vinyl monomers in homo- 
geneous system using N, N-diethyldithiocarbamate deriva- 
tives as photoiniferters. Eur Polym J 1995;31:67–78. 

[75] Destarac M, Charmot D, Franck X, Zard SZ. Dithiocar- 
bamates as universal reversible addition–fragmentation 
chain transfer agents. Macromol Rapid Commun 2000; 
21:1035–9. 

[76] Coote  ML, Henry DJ.  Computer-aided design  of  a 
destabilized RAFT adduct radical: toward  improved 
RAFT agents for styrene-block-vinyl acetate copolymers. 
Macromolecules  2005;38:5774–9. 

[77] Le Grognec E, Claverie J, Poli R. Radical polymerization 
of styrene controlled by half-sandwich Mo(III)/Mo(IV) 
couples: all basic mechanisms are possible. J Am Chem Soc 
2001;123:9513–24. 

[78] Braunecker WA, Itami Y, Matyjaszewski K. Osmium-  
mediated radical polymerization. Macromolecules 2005; 
9402–4. 

[79] Claverie JP. Controlled ‘‘living’’ radical polymerization of 
styrene with iron complexes. Res Discl 1998;416:1595–604. 

[80] Debuigne A, Caille J-R, Jerome R. Highly efficient cobalt- 
mediated radical polymerization of vinyl acetate. Angew 
Chem Int Ed 2005;44:1101–4. 

[81] Debuigne A, Caille J-R, Detrembleur C, Jerome R.  
Effective cobalt mediation of the radical polymerization 
of vinyl acetate in suspension. Angew Chem Int Ed 2005; 
44:3439–42. 

[82] Debuigne A, Caille J-R, Jerome R. Synthesis of end- 
functional poly(vinyl acetate) by cobalt-mediated radical 
polymerization. Macromolecules 2005;38:5452–8. 

[83] Kaneyoshi H, Matyjaszewski K. Radical (co)polymeriza- 
tion of vinyl chloroacetate and N-vinylpyrrolidone 
mediated by bis(acetylacetonate)cobalt derivatives. Macro- 
molecules 2006;39:2757–63. 



  www.aladdin-e.com 
 

 
[84] Gridnev AA, Ittel SD.  Catalytic chain transfer in free- 

radical polymerizations. Chem Rev (Washington, D C) 
2001;101:3611–59. 

[85] Reprinted with modifications from Macromolecules, Vol. 
39, Tang W, Fukuda T, Matyjaszewski K. Reevaluation of 
persistent radical effect in NMP.  4332–4337, Copyright 
2006, with permission from ACS. 

[86] Qiu J, Charleux B, Matyjaszewski K. Controlled/living 
radical polymerization in aqueous media: homogeneous 
and heterogeneous systems. Prog Polym Sci 2001; 
26:2083–134. 

[87] Li I, Howell BA, Matyjaszewski K, Shigemoto T, Smith 
PB, Priddy DB. Kinetics of decomposition of 2,2,6,6- 
tetramethyl-1-(1-phenylethoxy)piperidine and its implica- 
tions on nitroxyl-mediated styrene polymerization. Macro- 
molecules 1995;28:6692–3. 

[88] He J, Li L, Yang Y. Effect of hydrogen transfer reaction on 
kinetics of nitroxide-mediated free-radical polymerization. 
Macromolecules  2000;33:2286–9. 

[89] Matyjaszewski K, Xia J. Atom transfer radical polymeriza- 
tion. Chem Rev 2001;101:2921–90. 

[90] Kamigaito M, Ando T, Sawamoto M. Metal-catalyzed 
living radical polymerization. Chem Rev 2001;101: 
3689–745. 

[91] Matyjaszewski K, Patten TE, Xia J. Controlled/‘‘living’’ 
radical polymerization. kinetics of the homogeneous atom 
transfer radical polymerization of styrene. J Am Chem Soc 
1997;119:674–80. 

[92] Ohno K, Goto A, Fukuda T, Xia J, Matyjaszewski K. 
Kinetic study on the activation process in an atom transfer 
radical polymerization. Macromolecules 1998;31:2699–701. 

[93] Minisci F. Free-radical additions to olefins in the presence 
of redox systems. Acc Chem Res 1975;8:165–71. 

[94] Gossage RA, van de Kuil LA, van Koten G. Diaminoar- 
ylnickel(II) ‘‘Pincer’’ complexes: mechanistic considerations 
in the kharasch addition reaction, controlled polymeriza- 
tion, and dendrimeric transition metal catalysts. Acc Chem 
Res 1998;31:423–31. 

[95] Bland WJ, Davis R, Durrant JLA. The mechanism of the 
addition of tetrahaloalkanes to alkenes in the presence of 
tris(triphenylphosphine)dichlororuthenium   [RuCl2(PPh3)3]. 
J Organomet Chem 1984;267:C45–8. 

[96] Bellus D. Copper-catalyzed additions of organic polyha- 
lides to olefins: a versatile synthetic tool. Pure Appl Chem 
1985;57:1827–38. 

[97] Haddleton DM, Crossman MC, Hunt KH, Topping C, 
Waterson C, Suddaby KG. Identifying the nature of the 
active species in the polymerization of methacrylates: 
inhibition of methyl methacrylate homopolymerizations 
and reactivity ratios for copolymerization of methyl 
methacrylate/n-butyl methacrylate in classical anionic, 
alkyllithium/trialkylaluminum-initiated, group transfer 
polymerization, atom transfer radical polymerization, 
catalytic chain transfer, and classical free radical polymer- 
ization. Macromolecules 1997;30:3992–8. 

[98] Roos SG, Mueller AHE, Matyjaszewski K. Copolymeriza- 
tion of n-butyl acrylate with methyl methacrylate and 
PMMA macromonomers: comparison of reactivity ratios 
in conventional and atom transfer radical copolymeriza- 
tion. Macromolecules 1999;32:8331–5. 

[99] Arehart SV, Matyjaszewski K. Atom transfer radical 
copolymerization of styrene and n-butyl acrylate. Macro- 
molecules 1999;32:2221–31. 

[100] Ziegler MJ, Matyjaszewski K. Atom transfer radical 
copolymerization of methyl methacrylate and  n-butyl 
acrylate. Macromolecules 2001;34:415–24. 

[101] Matyjaszewski K. Mechanistic features and radical inter- 
mediates in atom transfer radical polymerization. Macro- 
mol Symp 2002;183:71–81. 

[102] Matyjaszewski K. Radical nature of Cu-catalyzed con- 
trolled radical polymerizations (atom transfer radical 
polymerization). Macromolecules 1998;31:4710–7. 

[103] Lutz J-F, Neugebauer D, Matyjaszewski K. Stereoblock 
copolymers and tacticity control in controlled/living radical 
polymerization. J Am Chem Soc 2003;125:6986–93. 

[104] Okamoto Y, Habaue S, Isobe Y. Lewis acid-catalyzed 
tacticity control during radical polymerization of (meth) 
acrylamides. ACS Symp Ser 2003;854:59–71. 

[105] Miura Y, Satoh T, Narumi A, Nishizawa O, Okamoto Y, 
Kakuchi T. Atom transfer radical polymerization of methyl 
methacrylate in fluoroalcohol: simultaneous control of 
molecular weight and tacticity. Macromolecules 2005; 
38:1041–3. 

[106] Kajiwara A, Matyjaszewski K. EPR study of the atom- 
transfer radical polymerization (ATRP) of (meth)acrylates. 
Macromol Rapid Commun 1998;19:319–21. 

[107] Kajiwara A, Matyjaszewski K, Kamachi M. Simultaneous 
EPR and kinetic study of styrene atom transfer radical 
polymerization (ATRP). Macromolecules 1998;31: 5695–
701. 

[108] Matyjaszewski K, Paik H-j, Shipp DA, Isobe Y, Okamoto 
Y. Free-radical intermediates in atom transfer radical 
addition and polymerization: study of racemization, halo- 
gen exchange, and trapping reactions. Macromolecules 
2001;34:3127–9. 

[109] Pintauer T, Zhou P, Matyjaszewski K. General method for 
determination of the activation, deactivation, and initiation 
rate constants in transition metal-catalyzed atom transfer 
radical processes. J Am Chem Soc 2002;124:8196–7. 

[110] Wang AR, Zhu S. ESR study on diffusion-controlled atom 
transfer radical polymerization of methyl methacrylate and 
ethylene glycol dimethacrylate. Macromolecules 2002;35: 
9926–33. 

[111] Singleton DA, Nowlan III DT, Jahed N, Matyjaszewski K. 
Isotope effects and the mechanism of atom transfer radical 
polymerization. Macromolecules 2003;36:8609–16. 

[112] Kabachii YA, Kochev SY, Bronstein LM, Blagodatskikh 
IB, Valetsky PM. Atom transfer radical polymerization 
with Ti(III) halides and alkoxides. Polym Bull 2003;50: 
271–8. 

[113] Brandts JAM, van de Geijn P, van Faassen EE, Boersma J, 
Van Koten G. Controlled radical polymerization of styrene 
in the presence of  lithium molybdate(v) complexes and 
benzylic halides. J Organomet Chem 1999;584:246–53. 

[114]  Maria S, Stoffelbach F, Mata J, Daran J-C, Richard P, Poli 
R. The radical trap in atom transfer radical polymerization 
need not be thermodynamically stable. A study of the 
MoX3(PMe3)3 catalysts. J Am Chem Soc 2005;127: 
5946–56. 

[115] Kotani Y, Kamigaito M, Sawamoto M. Re(V)-mediated 
living radical polymerization of styrene:1 ReO2I(PPh3)2/ 
R-I initiating systems. Macromolecules 1999;32:2420–4. 

136 
 



  www.aladdin-e.com 
 

 
[116] Matyjaszewski K, Wei M, Xia J, McDermott NE. 

Controlled/‘‘living’’ radical polymerization of styrene and 
methyl methacrylate catalyzed by iron complexes. Macro- 
molecules 1997;30:8161–4. 

[117] Ando T, Kamigaito M, Sawamoto M. Iron(II) chloride 
complex for living radical polymerization  of methyl 
methacrylate. Macromolecules 1997;30:4507–10. 

[118] O’Reilly RK, Gibson VC, White AJP, Williams DJ. Five- 
coordinate iron(II) complexes bearing tridentate nitrogen 
donor ligands as catalysts for atom transfer radical 
polymerisation. Polyhedron 2004;23:2921–8. 

[119] Teodorescu M, Gaynor SG, Matyjaszewski K. Halide 
anions as ligands in iron-mediated atom transfer radical 
polymerization. Macromolecules 2000;33:2335–9. 

[120] Kato M, Kamigaito M, Sawamoto M, Higashimura T. 
Polymerization of methyl methacrylate with the carbon 
tetrachloride/dichlorotris- (triphenylphosphine)rutheniu- 
m(II)/methylaluminum bis(2,6-di-tert-butylphenoxide) in- 
itiating system: possibility of living radical polymerization. 
Macromolecules  1995;28:1721–3. 

[121] Simal F, Demonceau A, Noels AF. Highly efficient 
ruthenium-based catalytic systems for the controlled free- 
radical polymerization of vinyl monomers. Angew Chem 
Int Ed 1999;38:538–40. 

[122] Percec V, Barboiu B, Neumann A, Ronda JC, Zhao M. 
Metal-catalyzed ‘‘living’’ radical polymerization of styrene 
initiated with arenesulfonyl chlorides. From heterogeneous 
to homogeneous catalysis. Macromolecules 1996; 
29:3665–8. 

[123] Wang B, Zhuang Y, Luo X, Xu S, Zhou X. Controlled/ 
‘‘living’’ radical polymerization of MMA catalyzed by 
cobaltocene. Macromolecules 2003;36:9684–6. 

[124] Granel C, Dubois P, Jerome R, Teyssie P. Controlled 
radical polymerization of methacrylic monomers in the 
presence of a bis(ortho-chelated) arylnickel(II) complex 
and different activated alkyl halides. Macromolecules 
1996;29:8576–82. 

[125] Uegaki H, Kotani Y, Kamigaito M, Sawamoto M. Nickel- 
mediated living radical polymerization of methyl metha- 
crylate.  Macromolecules  1997;30:2249–53. 

[126] Lecomte P, Drapier I, Dubois P, Teyssie P, Jerome R. 
Controlled radical polymerization of methyl methacrylate 
in the presence of palladium acetate, triphenylphosphine, 
and carbon tetrachloride. Macromolecules 1997;30:7631–3. 

[127] Wang J-S, Matyjaszewski K. Controlled/‘‘living’’ radical 
polymerization. atom transfer radical polymerization in the 
presence of transition-metal complexes. J Am Chem Soc 
1995;117:5614–5. 

[128] Patten TE, Xia J, Abernathy T, Matyjaszewski K. 
Polymers with very low polydispersities from atom transfer 
radical polymerization. Science 1996;272:866–8. 

[129] Haddleton DM, Jasieczek CB, Hannon MJ, Shooter AJ. 
Atom transfer radical polymerization of methyl methacry- 
late initiated by alkyl bromide and 2-pyridinecarbaldehyde 
imine copper(I) complexes. Macromolecules 1997;30: 
2190–3. 

[130] Tang W, Nanda AK, Matyjaszewski K. Effect of [pyr- 
idylmethanimine]/[CuI] ratio, ligand, solvent and tempera- 
ture on the activation rate constants in atom transfer 
radical polymerization. Macromol Chem Phys 2005; 
206:1171–7. 

[131] Xia J, Matyjaszewski K. Controlled/‘‘living’’ radical 
polymerization. Atom transfer radical polymerization using 
multidentate amine ligands. Macromolecules 1997;30: 7697–
700. 

[132] Xia J, Gaynor SG, Matyjaszewski K. Controlled/‘‘living’’ 
radical polymerization. Atom transfer radical polymeriza- 
tion of acrylates at ambient temperature. Macromolecules 
1998;31:5958–9. 

[133] Konak C, Ganchev B, Teodorescu M, Matyjaszewski K, 
Kopeckova P, Kopecek J. Poly[N-(2-hydroxypropyl)- 
methacrylamide-block-n-butyl acrylate] micelles in water/ 
DMF mixed solvents. Polymer 2002;43:3735–41. 

[134] Xia J, Matyjaszewski K. Controlled/‘‘living’’ radical 
polymerization. Atom transfer radical polymerization 
catalyzed by copper(i) and picolylamine complexes. Macro- 
molecules 1999;32:2434–7. 

[135] Xia J, Zhang X, Matyjaszewski K. The effect of ligands on 
copper-mediated atom transfer radical  polymerization. 
ACS Symp Ser 2000;760:207–23. 

[136] Woodworth BE, Metzner Z, Matyjaszewski K. Copper 
triflate as a catalyst in atom transfer radical polymerization 
of styrene and methyl acrylate. Macromolecules 1998;31: 
7999–8004. 

[137] Davis KA, Matyjaszewski K. Effect of (pseudo)halide 
initiators and copper complexes with non-halogen anions 
on the atom transfer radical polymerization. J Macromol 
Sci Pure Appl Chem 2004;A41:449–65. 

[138] Davis KA, Paik H-j, Matyjaszewski K. Kinetic investiga- 
tion of the atom transfer radical polymerization of methyl 
acrylate.  Macromolecules  1999;32:1767–76. 

[139] Matyjaszewski K. Mechanistic and synthetic aspects  of 
atom transfer radical polymerization. J Macromol Sci Pure 
Appl Chem 1997;A34:1785–801. 

[140] Matyjaszewski K, Kajiwara A. EPR study of atom transfer 
radical polymerization (ATRP) of styrene. Macromolecules 
1998;31:548–50. 

[141] Tang H, Arulsamy N, Radosz M, Shen Y, Tsarevsky NV, 
Braunecker WA, et al. Highly active copper-based catalyst 
for atom transfer radical polymerization. J Am Chem Soc 
2006;128:16277–85. 

[142] Tsarevsky NV, Braunecker WA, Tang W, Brooks SJ, 
Matyaszewski K, Weisman GR, et al. Copper-based ATRP 
catalysts of very high activity derived from dimethyl cross- 
bridged cyclam. J Mol Catal A: Chem 2006;257:132–40. 

[143] Pintauer T, McKenzie B, Matyjaszewski K. Toward 
structural and mechanistic understanding of transition 
metal-catalyzed atom transfer radical processes. ACS Symp 
Ser 2003;854:130–47. 

[144] Matyjaszewski K, Nakagawa Y, Jasieczek CB. Polymeriza- 
tion of n-butyl acrylate by atom transfer radical polymer- 
ization. Remarkable effect of ethylene carbonate and other 
solvents.  Macromolecules  1998;31:1535–41. 

[145] Arshadi M, Yamdagni R, Kebarle P. Hydration of the 
halide negative ions in the gas phase. II. Comparison of 
hydration energies for the alkali positive and halide 
negative ions. J Phys Chem 1970;74:1475–82. 

[146] Pintauer T, McKenzie B, Matyjaszewski K. Determination 
of the equilibrium constant for bromide dissociation from 
ATRP active CuII complexes and its effect on the overall 
catalyst activity. Polym Prep (Am Chem Soc, Div Polym 
Chem) 2002;43:217–8. 



  www.aladdin-e.com 
 

 
[147] Tsarevsky NV, Pintauer T, Matyjaszewski K. Deactivation 

efficiency and degree of  control over  polymerization  in 
ATRP in protic solvents. Macromolecules 2004;37: 
9768–78. 

[148] Qiu J, Matyjaszewski K, Thouin L, Amatore C. Cyclic 
voltammetric studies of copper complexes catalyzing atom 
transfer radical polymerization. Macromol Chem Phys 
2000;201:1625–31. 

[149] Matyjaszewski K, Goebelt B, Paik H-j, Horwitz CP. 
Tridentate nitrogen-based ligands in Cu-based ATRP: a 
structure–activity study. Macromolecules 2001;34:430–40. 

[150] Ando T, Kamigaito M, Sawamoto M. Catalytic activities 
of ruthenium(II) complexes in transition-metal-mediated 
living radical polymerization: polymerization, model reac- 
tion, and cyclic voltammetry. Macromolecules 2000;33: 
5825–9. 

[151] Richel A, Tutusaus O, Vinas C, Teixidor F, Demonceau A, 
Noels AF. Electrochemistry as a correlation tool candidate 
with catalytic activities in ruthenium(II)-catalyzed atom 
transfer radical polymerization? Polym Prep (Am Chem 
Soc, Div Polym Chem) 2005;46:227–8. 

[152] Poli R. Relationship between one-electron transition-metal 
reactivity and radical polymerization processes. Angew 
Chem Int Ed 2006;45:5058–70. 

[153] Gillies MB, Matyjaszewski K, Norrby P-O, Pintauer T, 
Poli R, Richard P. A DFT study of R–X bond dissociation 
enthalpies of relevance to the initiation process of atom 
transfer radical polymerization. Macromolecules 
2003;36:8551–9. 

[154] Lingane JJ. Interpretation of the polarographic waves of 
complex metal ions. Chem Rev 1941;29:1. 

[155]  Rossotti FJC, Rossotti H. Polarography and amperometry. 
The determination of stabiltiy constants. New  York: 
McGraw-Hill; 1961. p. 171–202 [chapter 8]. 

[156] Vlcek AA. Polarographic behavior of coordination com- 
pounds. Prog Inorg Chem 1963;5:211. 

[157] Rorabacher DB. Electron transfer by copper centers. Chem 
Rev 2004;104:651. 

[158] Tsarevsky NV,  Tang W,  Brooks  SJ,  Matyjaszewski  K. 
Factors determining the performance of copper-based 
ATRP catalysts and criteria for rational catalyst selection. 
ACS Symp Ser 2006;944:56–70. 

[159] Weisman GR, Rogers ME, Wong EH, Jasinski JP, Paight 
ES. Cross-bridged cyclam. Protonation and lithium cation 
(Li+) complexation in a diamond-lattice cleft. J Am Chem 
Soc 1990;112:8604–5. 

[160] Wong EH, Weisman GR, Hill DC, Reed DP, Rogers ME, 
Condon JS, et al. Synthesis and characterization of cross- 
bridged cyclams and pendant-armed derivatives and 
structural studies of their copper(II) complexes. J Am 
Chem Soc 2000;122:10561–72. 

[161] Hubin TJ, Alcock NW, Morton MD, Busch DH. Synth- 
esis, structure, and stability in acid of copper(II) and 
zinc(II) complexes of cross-bridged tetraazamacrocycles. 
Inorg Chim Acta 2003;348:33–40. 

[162] Pintauer T, Braunecker W, Collange E, Poli R, Matyjas- 
zewski K. Determination of rate constants for the activa- 
tion step in atom transfer radical polymerization using the 
stopped-flow technique. Macromolecules 2004;37:2679–82. 

[163] Matyjaszewski K, Paik H-j, Zhou P, Diamanti SJ. 
Determination  of  activation  and  deactivation  rate  con- 

stants  of  model  compounds  in  atom  transfer  radical 
polymerization. Macromolecules 2001;34:5125–31. 

[164] Tang W, Matyaszewski K. Effects of ligands on the 
activation rate constants in ATRP. Macromolecules 
2006;39:4953–9. 

[165] Inoue Y, Matyjaszewski K. New amine-based tripodal 
copper catalysts for atom transfer radical polymerization. 
Macromolecules  2004;37:4014–21. 

[166] Wager CM, Haddleton DM, Bon SAF. A simple method to 
convert atom transfer  radical polymerization (ATRP) 
initiators into reversible addition fragmentation chain- 
transfer (RAFT) mediators. Eur Polym J 2004;40:641–5. 

[167] Tang W, Matyjaszewski K. Determination of activation 
rate constants in ATRP. Polym Prep (Am Chem Soc, Div 
Polym Chem) 2005;46:211–2. 

[168] Nanda AK, Matyjaszewski K. Effect of penultimate unit 
on the activation process in ATRP. Macromolecules 
2003;36:8222–4. 

[169] Nanda AK, Matyjaszewski K. Effect of [PMDETA]/[Cu(I)] 
ratio, monomer, solvent, counterion, ligand, and alkyl 
bromide on the activation rate constants in atom transfer 
radical polymerization. Macromolecules 2003;36:1487–93. 

[170] Nanda AK, Matyjaszewski K. Effect of [bpy]/[Cu(I)] ratio, 
solvent, counterion, and alkyl bromides on the activation 
rate constants in atom transfer radical polymerization. 
Macromolecules  2003;36:599–604. 

[171] Matyjaszewski K, Nanda AK, Tang W. Effect of [CuII] on 
the rate of activation in ATRP. Macromolecules 
2005;38:2015–8. 

[172] Chambard G, Klumperman B, German AL. Effect of 
solvent on the activation rate parameters for polystyrene 
and poly(butyl acrylate) Macroinitiators in atom transfer 
radical polymerization. Macromolecules 2000;33:4417–21. 

[173] Chambard G, Klumperman B, German AL. Experimental 
determination of the rate constant of deactivation of 
poly(styrene) and poly(butyl acrylate) radicals in atom 
transfer radical polymerization. Macromolecules 
2002;35:3420–5. 

[174] Tang C, Kowalewski T, Matyjaszewski K. RAFT poly- 
merization of acrylonitrile and preparation of block 
copolymers using 2-cyanoethyl dithiobenzoate as the 
transfer agent. Macromolecules 2003;36:8587–9. 

[175] Tang C, Kowalewski T, Matyjaszewski K. Preparation of 
polyacrylonitrile-block-poly(n-butyl acrylate) copolymers 
using atom transfer radical polymerization and nitroxide 
mediated polymerization processes. Macromolecules 2003; 
36:1465–73. 

[176] Matyjaszewski K, Shipp DA, Wang J-L, Grimaud T, 
Patten TE. Utilizing halide exchange to improve control of 
atom transfer radical polymerization. Macromolecules 
1998;31:6836–40. 

[177] Matyjaszewski K, Shipp DA, McMurtry GP, Gaynor SG, 
Pakula T. Simple and effective one-pot synthesis of 
(meth)acrylic block copolymers through atom transfer 
radical polymerization. J Polym Sci Part A: Polym Chem 
2000;38:2023–31. 

[178] Kowalewski T, Tsarevsky NV, Matyjaszewski K. Nanos- 
tructured carbon arrays from block copolymers of poly- 
acrylonitrile. J Am Chem Soc 2002;124:10632–3. 

[179] Shipp DA, Wang J-L, Matyjaszewski K. Synthesis of 
acrylate and  methacrylate block copolymers using atom 

138 
 



  www.aladdin-e.com 
 

 
transfer radical polymerization. Macromolecules 1998;31: 
8005–8. 

[180] Tsarevsky NV, Cooper BM, Wojtyna OJ, Jahed NM, Gao 
H, Matyjaszewski K. Halogen exchange in atom transfer 
radical polymerization as a route to well-defined block 
copolymers. Polym Prep (Am Chem Soc, Div Polym Chem) 
2005;46:249–50. 

[181] Matyjaszewski K, Lin C-H. Exchange reactions in living 
cationic polymerization of alkenes. Makromol Chem 
Macromol Symp 1991;47:221. 

[182] Gromada J, Matyjaszewski K. Measurement of initial 
degree of polymerization without reactivation  as a new 
method to estimate rate constants of deactivation in ATRP. 
Macromolecules  2002;35:6167–73. 

[183] Pintauer T, Matyjaszewski K. Structural aspects of copper 
catalyzed atom transfer radical polymerization. Coord 
Chem Rev 2005;249:1155–84. 

[184] Shen Y, Tang H, Ding S. Catalyst separation in atom 
transfer radical polymerization. Prog Polym Sci 
2004;29:1053–78. 

[185] Tsarevsky NV, Matyjaszewski K. Environmentally benign 
atom transfer radical polymerization: towards ‘‘green’’ 
processes and materials. J Polym Sci Part A: Polym Chem 
2006;44:5098. 

[186] Gromada J, Spanswick J, Matyjaszewski K. Synthesis and 
ATRP activity of new TREN-based ligands. Macromol 
Chem Phys 2004;205:551–66. 

[187] Queffelec J, Gaynor SG, Matyjaszewski K. Optimization of 
atom transfer radical polymerization using Cu(I)/tris(2- 
(dimethylamino)ethyl)amine as a catalyst. Macromolecules 
2000;33:8629–39. 

[188] Xia J, Matyjaszewski K. Controlled/‘‘living’’ radical 
polymerization. Homogeneous reverse atom  transfer  radi- 
cal polymerization using AIBN as the initiator. Macro- 
molecules 1997;30:7692–6. 

[189] Moineau G, Dubois P, Jerome R, Senninger T, Teyssie P. 
Alternative atom transfer radical polymerization for MMA 
using FeCl3 and AIBN in the presence of triphenylpho- 
sphine: an easy way to  well-controlled  PMMA. Macro- 
molecules 1998;31:545–7. 

[190] Xia J, Matyjaszewski K. Homogeneous reverse atom 
transfer radical polymerization of styrene initiated by 
peroxides.  Macromolecules  1999;32:5199–202. 

[191] Gromada J, Matyjaszewski K. Simultaneous reverse and 
normal initiation in atom transfer radical polymerization. 
Macromolecules  2001;34:7664–71. 

[192] Matyjaszewski K, Gromada J, Li M. Simultaneous reverse 
and normal initiation of ATRP. PCT Int Appl, Vol., 
2003:46. 

[193] Li M, Jahed NM, Min K, Matyjaszewski K. Preparation of 
linear and star-shaped block copolymers by ATRP using 
simultaneous reverse and normal initiation process in bulk 
and miniemulsion. Macromolecules 2004;37:2434–41. 

[194] Min K, Li M, Matyjaszewski K. Preparation of gradient 
copolymers via ATRP using a simultaneous reverse and 
normal initiation process. I. Spontaneous gradient. J Polym 
Sci Part A: Polym Chem 2005;43:3616–22. 

[195] Matyjaszewski K, Coca S, Gaynor SG, Wei M,  Wood- 
worth BE. Zerovalent metals in controlled/‘‘living’’ radical 
polymerization.  Macromolecules  1997;30:7348–50. 

[196] Jakubowski W, Matyjaszewski K. Activator generated by 
electron transfer for atom transfer radical polymerization. 
Macromolecules  2005;38:4139–46. 

[197] Min K, Gao H, Matyjaszewski K. Preparation of homo- 
polymers and block copolymers in miniemulsion by ATRP 
using activators generated by electron transfer (AGET). J 
Am Chem Soc 2005;127:3825–30. 

[198] Tang H, Radosz M, Shen Y. CuBr2/N,N,N0 ,N0 -tetra[(2- 
pyridal)methyl] ethylenediamine/tertiary amine as a highly 
active and versatile catalyst for atom-transfer radical 
polymerization via activator generated by electron transfer. 
Macromol Rapid Commun 2006;27:1127–31. 

[199] Min K, Jakubowski W, Matyjaszewski K. AGET ATRP in 
the presence of air in miniemulsion and in bulk. Macromol 
Rapid Commun 2006;27:594–8. 

[200] Oh JK, Matyjaszewski K. Synthesis of poly(2-hydroxyethyl 
methacrylate) in protic media through atom transfer radical 
polymerization using activators generated by electron 
transfer. J Polym Sci Part A: Polym Chem 2006; 44:3787–
96. 

[201] Oh JK, Tang C, Gao H, Tsarevsky NV, Matyjaszewski K. 
Inverse miniemulsion ATRP: a new method for synthesis 
and functionalization of well-defined water-soluble/cross- 
linked polymeric particles. J Am Chem Soc 2006; 
128:5578–84. 

[202] Kickelbick G, Paik H-j, Matyjaszewski K. Immobilization 
of the copper catalyst in atom transfer radical polymeriza- 
tion. Macromolecules 1999;32:2941–7. 

[203] Shen Y, Zhu S, Pelton R. Packed column reactor for 
continuous atom transfer  radical  polymerization: methyl 
methacrylate polymerization using silica gel supported 
catalyst. Macromol Rapid Commun 2000;21:956–9. 

[204] Shen Y, Zhu S, Zeng F, Pelton RH. Atom transfer radical 
polymerization of methyl methacrylate by silica gel 
supported copper bromide/multidentate amine. Macromo- 
lecules 2000;33:5427–31. 

[205] Shen Y, Zhu S, Zeng F, Pelton R. Synthesis of 
methacrylate macromonomers  using silica  gel  supported 
atom transfer radical polymerization. Macromol Chem 
Phys 2000;201:1387–94. 

[206] Haddleton DM, Duncalf DJ, Kukulj D, Radigue AP.  
3-Aminopropyl silica supported living radical polymerization 
of methyl methacrylate: dichlorotris(triphenylphosphine) 
ruthenium(II) mediated atom transfer polymerization. 
Macromolecules  1999;32:4769–75. 

[207] Hong SC, Paik H-J, Matyjaszewski K. An immobilized/ 
soluble hybrid catalyst system for atom transfer radical 
polymerization. Macromolecules 2001;34:5099–102. 

[208] Faucher S, Zhu S. Feasibility analysis of surface mediation 
in supported atom transfer radical polymerization. Macro- 
molecules 2006;39:4690–5. 

[209] Hong SC, Matyjaszewski K. Fundamentals of supported 
catalysts for atom transfer radical polymerization (ATRP) 
and application of an immobilized/soluble hybrid catalyst 
system to ATRP. Macromolecules 2002;35:7592–605. 

[210] Braunecker WA, Itami Y, Morelli B, Comacho FD, 
Matyjaszewski K. Unpublished. 

[211] Jian C, Chen J, Zhang K. Novel catalyst system of MCl2/ 
FeCl3 - 6H2O/PPh3 (MQNi, Co, or Mn) for the atom 
transfer radical polymerization of methyl methacrylate. J 
Polym Sci Part A: Polym Chem 2005;43:2625–31. 



  www.aladdin-e.com 
 

 
[212] Matyjaszewski K, Pintauer T, Gaynor S. Removal of 

copper-based catalyst in atom transfer radical polymeriza- 
tion using ion exchange resins. Macromolecules 
2000;33:1476–8. 

[213] Honigfort ME,  Brittain  WJ.  Use of  JandaJel resins for 
copper removal in atom transfer radical polymerization. 
Macromolecules  2003;36:3111. 

[214] Haddleton DM, Jackson SG, Bon SAF. Copper(I)- 
mediated living radical polymerization under fluorous 
biphasic conditions. J Am Chem Soc 2000;122:1542–3. 

[215] Sarbu T, Matyjaszewski K. ATRP of methyl methacrylate 
in the presence of ionic liquids with ferrous and cuprous 
anions. Macromol Chem Phys 2001;202:3379–91. 

[216] Sarbu T, Pintauer T, McKenzie B, Matyjaszewski K. Atom 
transfer radical polymerization of styrene in toluene/water 
mixtures. J Polym Sci Part A: Polym Chem 2002;40:3153–60. 

[217] Matyjaszewski K, Braunecker WA, Min K, Tang W, 
Huang J, Tsarevsky NV, et al. Diminishing catalyst 
concentration in atom transfer radical polymerization with 
reducing agents. PNAS 2006;103:15309–14. 

[218] Rizzardo E, Chiefari J, Mayadunne R, Moad G, Thang S. 
Tailored polymer architectures by reversible addition– 
fragmentation chain transfer. Macromol Symp 2001;174: 
209. 

[219] Jakubowski W, Matyjaszewski K. Activators regenerated 
by electron transfer for atom-transfer radical polymeriza- 
tion of (meth)acrylates and related block copolymers. 
Angew Chem Int Ed 2006;45:4482–6. 

[220] Jakubowski W, Min K, Matyjaszewski K. Activators 
regenerated by electron transfer for atom transfer radical 
polymerization of styrene. Macromolecules 2006;39:39–45. 

[221] Pietrasik J, Dong H, Matyjaszewski K. Synthesis of high 
molecular weight Poly(styrene-co-acrylonitrile) copolymers 
with controlled architecture. Macromolecules 2006;39: 
6384–90. 

[222] Matyaszewski K. Inner sphere and outer sphere electron 
transfer reactions in atom transfer radical polymerization. 
Macromol Symp 1998;134:105–18. 

[223] Qiu J, Matyjaszewski K. Polymerization of substituted 
styrenes by atom transfer radical polymerization. Macro- 
molecules 1997;30:5643–8. 

[224] Qiu J, Matyjaszewski K. Metal complexes in controlled 
radical polymerization. Acta Polym 1997;48:169–80. 

[225] Haddleton DM, Shooter AJ, Hannon MJ, Barker J. 
Polymerization of styrene using a soluble copper(I) 
compound in conjunction with an alkyl bromide. Polym 
Prep (Am Chem Soc, Div Polym Chem) 1997;38:679–80. 

[226] Matyjaszewski K, Jo SM, Paik H-j, Gaynor SG. Synthesis 
of well-defined polyacrylonitrile by atom transfer radical 
polymerization. Macromolecules 1997;30:6398–400. 

[227] Matyjaszewski K, Jo  SM, Paik H, Shipp  DA. An 
investigation into the CuX/2,20 -bipyridine (XQBr or Cl) 
mediated atom transfer radical polymerization of acryloni- 
trile. Macromolecules 1999;32:6431–8. 

[228] Lutz J-F, Matyjaszewski K. Kinetic modeling of the chain- 
end functionality in atom transfer radical polymerization. 
Macromol Chem Phys 2002;203:1385–95. 

[229] Lutz J-F, Matyjaszewski K. Nuclear magnetic resonance 
monitoring of chain-end functionality in the atom transfer 
radical polymerization of styrene. J Polym Sci Part A: 
Polym Chem 2005;43:897–910. 

[230] Matyjaszewski K, Davis K, Patten TE, Wei M. Observa- 
tion and analysis of a slow termination process in the atom 
transfer radical polymerization of styrene. Tetrahedron 
1997;53:15321–9. 

[231] Jakubowski W, Matyjaszewski K. Unpublished results, 
2006. 

[232] Braunecker WA, Pintauer T, Tsarevsky NV, Kickelbick G, 
Matyjaszewski K. Towards understanding monomer 
coordination in atom transfer radical polymerization: 
synthesis of [CuI(PMDETA)(p-M)][BPh4] (M ¼ methyl 
acrylate, styrene, 1-octene, and methyl methacrylate) and 
structural  studies  by  FT-IR  and  1H  NMR  spectroscopy 
and X-ray crystallography. J Organomet Chem 2005; 
690:916–24. 

[233] Braunecker WA, Tsarevsky NV, Pintauer T, Gil RR, 
Matyjaszewski K. Quantifying vinyl monomer coordina- 
tion to CuI in solution and the effect of coordination on 
monomer reactivity in radical copolymerization. Macro- 
molecules 2005;38:4081–8. 

[234] Reprinted with modifications from J Organomet Chem, 
Vol. 690, 916–24, Braunecker WA, Pintauer T, Tsarevsky 
NV, Kickelbick G, Matyjaszewski K. Copyright 2005, with 
permission from Elsevier. 

[235] Tsarevsky NV, Braunecker WA, Brooks SJ, Matyaszewski 
K.  Rational selection of initiating/catalytic systems for the 
copper-mediated atom transfer radical polymerization of 
basic monomers in protic media: ATRP of 4-vinylpyridine. 
Macromolecules  2006;39:6817–24. 

[236] Navon N, Golub G, Cohen H, Paoletti P, Valtancoli B, 
Bencini A, et al. Design of ligands that stabilize Cu(I) and 
shift the reduction potential of the CuII/I couple cathodi- 
cally in aqueous solutions. Inorg Chem 1999;38:3484–8. 

[237] Stability constants of metal–ion complexes. Supplement No 
1. Special Publication No 25. London: The Chemical 
Society; 1971. 

[238] Ambundo EA, Deydier M-V, Grall AJ, Aguera-Vega N, 
Dressel LT, Cooper TH, et al. Influence of coordination 
geometry upon Copper(II/I) redox potentials. physical 
parameters for twelve copper tripodal ligand complexes. 
Inorg Chem 1999;38:4233–42. 

[239] Tsarevsky NV, Pintauer T, Matyjaszewski K. Atom 
transfer radical polymerization of ionic monomers in 
aqueous solution: mechanistic studies and synthesis. Polym 
Prep (Am Chem Soc, Div Polym Chem) 2002;43:203–4. 

[240] Pintauer T, Reinoehl U, Feth M, Bertagnolli H, Matyjas- 
zewski K. Extended X-ray absorption fine structure study 
of copper(I) and copper(II) complexes in atom transfer 
radical polymerization. Eur J Inorg Chem 2003; 2082–94. 

[241] Sarbu T, Lin K-Y, Ell J, Siegwart DJ, Spanswick J, 
Matyjaszewski K. Polystyrene with designed molecular 
weight distribution by atom transfer radical coupling. 
Macromolecules  2004;37:3120–7. 

[242] Sarbu T, Lin K-Y, Spanswick J, Gil RR, Siegwart DJ, 
Matyjaszewski K. Synthesis of hydroxy-telechelic poly 
(methyl acrylate) and polystyrene by atom transfer radical 
coupling.  Macromolecules  2004;37:9694–700. 

[243] Fuerstner A, Shi N. Nozaki–Hiyama–Kishi reactions 
catalytic in chromium. J Am Chem Soc 1996;118:12349–57. 

[244] Matyjaszewski K, Woodworth BE. Interaction of propa- 
gating radicals with Copper(I) and Copper(II) species. 
Macromolecules  1998;31:4718–23. 

140 
 



  www.aladdin-e.com 
  

[245] Poli R, Stoffelbach F, Maria S. New mechanistic insights 
into ATRP using molybdenum coordination compounds. 
Polym Prep (Am Chem Soc, Div Polym Chem) 
2005;46:305–6. 

[246] Huybrechts J, Bruylants P, Kirshenbaum K, Vrana J, 
Snuparek J. New applications of catalytic chain transfer 
polymerization to waterborne binders for automotive paint 
systems. Prog Org Coatings 2002;45:173–83. 

[247] Wayland BB, Mukerjee S, Poszmik G, Woska DC, 
Basickes L, Gridnev AA, et al. Control of radical 
polymerizations by metalloradicals. ACS Symp Ser 
1998;685:305–15. 

[248] Gibson VC, O’Reilly RK, Rzepa HS, Shaver MP. Atom 
transfer versus catalytic chain transfer polymerization using 
diimine iron catalysts: influence of metal spin state on 
mechanism. Polym Prep (Am Chem Soc, Div Polym Chem) 
2005;46:160–1. 

[249] Ando T, Kato M, Kamigaito M, Sawamoto M. Living 
radical polymerization of methyl methacrylate with ruthe- 
nium complex: formation of polymers with controlled 
molecular weights and very narrow distributions. Macro- 
molecules 1996;29:1070–2. 

[250] Poli R, Stoffelbach F, Maria S, Mata J. An experimental 
and computational study on the effect of Al(OiPr)3 on 
atom-transfer radical polymerization and on the catalyst- 
dormant-chain halogen exchange. Chem Eur J 
2005;11:2537–48. 

[251] Sugiyama Y, Satoh K, Kamigaito M, Okamoto Y. Iron- 
catalyzed radical polymerization of acrylamides in the 
presence of Lewis acid  for simultaneous control  of 
molecular weight and tacticity. J Polym Sci Part A: Polym 
Chem 2006;44:2086–98. 

[252] Okamoto Y, Habaue S, Isobe Y, Nakano T. Stereocontrol 
in radical polymerization of acrylic monomers. Macromol 
Symp 2002;183:83–8. 

[253] Wan D, Satoh K, Kamigaito M, Okamoto Y. Xanthate- 
mediated radical polymerization of N-vinylpyrrolidone in 
fluoroalcohols for simultaneous control of molecular 
weight and tacticity. Macromolecules 2005;38:10397–405. 

[254] Ray B, Isobe Y, Matsumoto K, Habaue S, Okamoto Y, 
Kamigaito M, et al. RAFT polymerization of N-isopropy- 
lacrylamide in the absence and presence of Y(OTf)3: 
simultaneous control of molecular weight and tacticity. 
Macromolecules  2004;37:1702–10. 

[255] Clark T. Radical addition to alkene-metal cation com- 
plexes. J Chem Soc Chem Commun 1986; 1774–6. 

[256] Horn AHC, Clark T. Does metal ion complexation make 
radical clocks run fast? J Am Chem Soc 2003;125:2809–16. 

[257] Vyakaranam K, Barbour JB, Michl J. Li+-catalyzed 
radical polymerization of simple terminal alkenes. J Am 
Chem Soc 2006;128:5610–1. 

[258] Gaynor SG, Wang J-S, Matyjaszewski K. Controlled 
radical polymerization by degenerative transfer: effect of 
the structure of the transfer agent. Macromolecules 
1995;28:8051–6. 

[259] Iovu MC, Matyjaszewski K. Controlled/living radical 
polymerization of vinyl acetate by degenerative transfer 
with alkyl iodides. Macromolecules 2003;36:9346–54. 

[260] Grishin DF, Moikin AA. Polymerization of vinyl mono- 
mers in the presence of organic compounds of bismuth,  
antimony, and arsenic. Vysokomol Soedin Ser A Ser B 
1998;40:1266–70. 

[261] Goto A, Kwak Y, Fukuda T, Yamago S, Iida K, Nakajima 
M, et al. Mechanism-based invention of high-speed living 
radical polymerization using organotellurium compounds 
and Azo-initiators. J Am Chem Soc 2003;125:8720–1. 

[262] Yamago S, Ray B, Iida K, Yoshida J, Tada T, Yoshizawa 
K, et al. Highly versatile organostibine mediators for living 
radical polymerization. J Am Chem Soc 2004;126:13908–9. 

[263] Kwak Y, Goto A, Fukuda T, Yamago S, Ray B. 
Mechanism and kinetics of organostibine-mediated living 
radical polymerization of styrene. Z Phys Chem 
2005;219:283–93. 

[264] Kwak Y, Goto A, Fukuda T, Kobayashi Y, Yamago S. A 
systematic study on activation processes in organotellur- 
ium-mediated living radical polymerizations of styrene, 
methyl methacrylate, methyl acrylate, and vinyl acetate. 
Macromolecules  2006;39:4671–9. 

[265]  Wakioka M, Baek K-Y, Ando T, Kamigaito M, Sawamoto 
M. Possibility of living radical polymerization of vinyl 
acetate catalyzed by iron(I) complex. Macromolecules 
2002;35:330–3. 

[266] Wayland BB, Peng C-H, Fu X, Lu Z, Fryd M. 
Degenerative transfer and reversible termination mechan- 
isms for living radical polymerizations mediated by cobalt 
porphyrins. Macromolecules 2006;39:8219–22. 

[267] Moad CL, Moad G, Rizzardo E, Thang SH. Chain transfer 
activity of w-unsaturated methyl methacrylate oligomers. 
Macromolecules  1996;29:7717–26. 

[268] Krstina J, Moad G, Rizzardo E, Winzor CL, Berge CT, 
Fryd M. Narrow polydispersity block copolymers by free- 
radical polymerization in the presence of macromonomers. 
Macromolecules  1995;28:5381–5. 

[269] Chiefari J, Chong YK, Ercole F, Krstina J, Jeffery J, Le 
TPT, et al. Living free-radical polymerization by reversible 
addition–fragmentation chain transfer: the RAFT process. 
Macromolecules  1998;31:5559–62. 

[270] Moad G, Rizzardo E, Thang SH. Living radical polymer- 
ization by the RAFT process. Aust J Chem 2005; 58:379–
410. 

[271] Destarac M, Taton D, Zard SZ, Saleh T, Yvan S. On the 
importance of xanthate substituents in the MADIX 
process. ACS Symp Ser 2003;854:536–50. 

[272] Barner-Kowollik C, Buback M, Charleux B, Coote ML, 
Drache M, Fukuda T, et al. Mechanism and kinetics of 
dithiobenzoate-mediated RAFT polymerization. I. The 
current situation. J Polym Sci Part A: Polym Chem 
2006;44:5809–31. 

[273] Coote ML. Ab initio study of the addition–fragmentation 
equilibrium in RAFT polymerization: when is polymeriza- 
tion retarded? Macromolecules 2004;37:5023–31. 

[274] Coote ML, Izgorodina EI, Krenske EH, Busch M, Barner- 
Kowollik C. Quantum chemical mapping of initialization 
processes in RAFT polymerization. Macromol Rapid 
Commun2006;27:1015–22. 

[275] Izgorodina EI, Coote ML. Is the addition–fragmentation 
step of the RAFT polymerisation process chain length 
dependent? Macromol Theory Simul 2006;15:394–403. 

[276] Perrier S, Takolpuckdee P. Macromolecular design via 
reversible addition-fragmentation chain transfer (RAFT)/ 
xanthates (MADIX) polymerization. J Polym Sci Part A: 
Polym Chem 2005;43:5347–93. 

[277] Favier A, Charreyre M-T. Experimental requirements for 
an efficient control of free-radical polymerizations via the 



  www.aladdin-e.com 
 

 
reversible addition–fragmentation chain transfer (RAFT) 
process. Macromol Rapid Commun 2006;27:653–92. 

[278] Destarac M, Brochon C, Catala J-M, Wilczewska A, Zard 
SZ. Macromolecular design via the interchange of 
xanthates (MADIX): polymerization of styrene with O- 
ethyl xanthates as controlling agents. Macromol Chem 
Phys 2002;203:2281–9. 

[279] Chong YK, Krstina J, Le TPT, Moad G, Postma A, 
Rizzardo E, et al. Thiocarbonylthio compounds [S:C(Ph)S- 
R] in free radical polymerization with reversible addition– 
fragmentation chain transfer (RAFT polymerization). Role 
of the free-radical leaving group (R). Macromolecules 
2003;36:2256–72. 

[280] Chiefari J, Mayadunne RTA, Moad CL, Moad  G, 
Rizzardo E, Postma A, et al. Thiocarbonylthio compounds 
(S:C(Z)S-R) in free radical polymerization with reversible 
addition–fragmentation chain transfer (RAFT polymeriza- 
tion). Effect of the activating group Z. Macromolecules 
2003;36:2273–83. 

[281] Mayadunne RTA, Jeffery J, Moad G, Rizzardo E. Living 
free radical polymerization with reversible addition–frag- 
mentation chain transfer  (RAFT polymerization): ap- 
proaches to star polymers. Macromolecules 2003;36: 
1505–13. 

[282] Barner-Kowollik C, Coote ML, Davis TP, Radom L, Vana 
P. The reversible addition–fragmentation chain transfer 
process and the strength and limitations of modeling: 
comment on ‘‘the magnitude of the fragmentation rate 
coefficient’’. J Polym Sci Part A: Polym Chem 2003;41: 
2828–32. 

[283] Barner-Kowollik C, Quinn JF, Morsley DR, Davis TP. 
Modeling the reversible addition–fragmentation chain 
transfer process in cumyl dithiobenzoate-mediated styrene 
homopolymerizations: assessing rate coefficients for the 
addition-fragmentation equilibrium. J Polym Sci Part A: 
Polym Chem 2001;39:1353–65. 

[284] Feldermann A, Coote ML, Stenzel MH, Davis TP, Barner- 
Kowollik C. Consistent experimental and theoretical 
evidence for long-lived intermediate radicals in living free 
radical polymerization. J Am Chem Soc 2004;126: 
15915–23. 

[285] Monteiro MJ, de Brouwer H. Intermediate radical termi- 
nation as the mechanism for retardation in reversible 
addition–fragmentation chain transfer polymerization. 
Macromolecules  2001;34:349–52. 

[286] Kwak Y, Goto A, Tsujii Y, Murata Y, Komatsu K, 
Fukuda T. A kinetic study on the rate retardation in radical 
polymerization of styrene with addition–fragmentation 
chain transfer. Macromolecules 2002;35:3026–9. 

[287] Wang AR, Zhu S, Kwak Y, Goto A, Fukuda T, Monteiro 
MS. A difference of six orders of magnitude: a reply to ‘‘the 
magnitude of the fragmentation rate coefficient’’. J Polym 
Sci Part A: Polym Chem 2003;41:2833–9. 

[288] Barner-Kowollik C, Vana P, Quinn JF, Davis TP. Long- 
lived intermediates in reversible addition-fragmentation 
chain-transfer (RAFT) polymerization generated by g 
radiation. J Polym Sci Part A: Polym Chem 2002;40: 
1058–63. 

[289] Moad G, Chiefari J, Chong YK, Krstina J, Mayadunne 
RTA, Postma A, et al. Living free radical polymerization 
with reversible addition–fragmentation chain transfer (the 
life of RAFT). Polym Int 2000;49:993–1001. 

[290] Perrier S, Barner-Kowollik C, Quinn JF, Vana P, Davis 
TP. Origin of inhibition effects in the reversible addition 
fragmentation chain transfer (RAFT) polymerization of 
methyl acrylate. Macromolecules 2002;35:8300–6. 

[291] Kwak Y, Goto A, Fukuda T. Rate retardation in reversible 
addition-fragmentation chain transfer (RAFT) polymeriza- 
tion: further evidence for cross-termination producing 3- 
arm star chain. Macromolecules 2004;37:1219–25. 

[292] Buback M, Vana P. Mechanism of dithiobenzoate- 
mediated RAFT polymerization: a missing reaction step. 
Macromol Rapid Commun 2006;27:1299–305. 

[293] Perrier S, Takolpuckdee P, Mars CA. Reversible addition- 
fragmentation chain transfer polymerization: end group 
modification for functionalized polymers and chain transfer 
agent recovery. Macromolecules 2005;38:2033–6. 

[294] Lansalot M, Farcet C, Charleux B, Vairon J-P, Pirri R. 
Controlled free-radical miniemulsion polymerization of 
styrene using degenerative transfer. Macromolecules 
1999;32:7354–60. 

[295] Prescott SW, Ballard MJ, Rizzardo E, Gilbert RG. 
Successful use of RAFT techniques in seeded emulsion 
polymerization of styrene: living character, RAFT agent 
transport, and rate of polymerization. Macromolecules 
2002;35:5417–25. 

[296] Ferguson CJ, Hughes RJ, Nguyen D, Pham BTT, Gilbert 
RG, Serelis AK, et al. Ab initio emulsion polymerization 
by RAFT-controlled self-assembly. Macromolecules 
2005;38:2191–204. 

[297] Bertin D, Gigmes D, Marque SRA, Tordo P. Polar, steric, 
and stabilization effects in alkoxyamines C–ON bond 
homolysis: a multiparameter analysis. Macromolecules 
2005;38:2638–50. 

[298] Charton M. Electrical effect substituent constants for 
correlation analysis. Prog Phys Org Chem 1981;13: 119–
251. 

[299] Dufils P-E, Gigmes D, Guerret O, Bertin D, Tordo P. One 
step synthesis of NMP star polymer initiator for ‘‘core 
first’’ method. Polym Prep (Am Chem Soc, Div Polym 
Chem) 2005;46:328–9. 

[300] Matyjaszewski K, Poli R. Comparison of bond dissociation 
energies of dormant species relevant to degenerative 
transfer and atom transfer radical polymerization. Macro- 
molecules 2005;38:8093–100. 

[301] Ah Toy A, Chaffey-Millar H, Davis TP, Stenzel MH, 
Izgorodina EI, Coote ML, et al. Thioketone spin traps as 
mediating agents for free radical polymerization processes. 
Chem Commun 2006; 835–7. 

[302] Gaynor S, Greszta D, Mardare D, Teodorescu M, 
Matyjaszewski  K.   Controlled   radical   polymerization. 
J Macromol Sci Pure Appl Chem 1994;A31:1561–78. 

[303] Boyer C, Lacroix-Desmazes P, Robin J-J, Boutevin B. 
Reverse iodine transfer polymerization (RITP) of methyl 
methacrylate. Macromolecules 2006;39:4044–53. 

[304] Yamago S. Development of organotellurium-mediated and 
organostibine-mediated living radical polymerization reac- 
tions. J Polym Sci Part A: Polym Chem 2005;44:1–12. 

[305] Matyjaszewski K. Controlled/living radical polymerization: 
state of the art in 2002. ACS Symp Ser 2003;854:2–9. 

[306] Mao BW, Gan LH, Gan YY. Ultra high molar mass 
poly[2-(dimethylamino)ethyl methacrylate] via atom trans- 
fer radical polymerization. Polymer 2006;47:3017–20. 

142 
 



  www.aladdin-e.com 
 

 
[307] Sheiko SS, da Silva M, Shirvaniants D, LaRue I, 

Prokhorova S, Moeller M, et al. Measuring molecular 
weight by atomic force microscopy. J Am Chem Soc 
2003;125:6725–8. 

[308] Pyun J, Matyjaszewski K, Kowalewski T, Savin D, 
Patterson G, Kickelbick G, et al. Synthesis of well-defined 
block copolymers tethered to polysilsesquioxane nanopar- 
ticles and their nanoscale morphology on surfaces. J Am 
Chem Soc 2001;123:9445–6. 

[309] Pyun J, Kowalewski T, Matyjaszewski K. Synthesis of 
polymer brushes using atom transfer radical polymeriza- 
tion. Macromol Rapid Commun 2003;24:1043–59. 

[310] Harth E, Hawker CJ, Fan W, Waymouth RM. Chain end 
functionalization in nitroxide-mediated ‘‘living’’ free radi- 
cal polymerizations. Macromolecules 2001;34:3856–62. 

[311] Percec V, Popov AV, Ramirez-Castillo E, Monteiro M, 
Barboiu B, Weichold O, et al. Aqueous room temperature 
metal-catalyzed living radical polymerization of vinyl 
chloride. J Am Chem Soc 2002;124:4940–1. 

[312] Ashford EJ, Naldi V, O’Dell R, Billingham NC, Armes SP. 
First example of the atom transfer radical polymerization 
of an acidic monomer: direct synthesis of methacrylic acid 
copolymers in aqueous media. Chem Commun 1999; 
1285–6. 

[313] Pyun J, Matyjaszewski K. Synthesis of nanocomposite 
organic/inorganic hybrid  materials using controlled/‘‘liv- 
ing’’ radical polymerization. Chem Mater 2001;13:3436–48. 

[314] Kowalewski T, McCullough RD, Matyjaszewski K. Com- 
plex nanostructured materials from segmented copolymers 
prepared by ATRP. Eur Phys J E: Soft Matter 
2003;10:5–16. 

[315] Klok H-A. Biological–synthetic hybrid block copolymers: 
combining the best from two worlds. J Polym Sci Part A: 
Polym Chem 2005;43:1–17. 

[316] Joralemon MJ, Smith NL, Holowka D, Baird B, Wooley 
KL. Antigen-decorated shell cross-linked nanoparticles: 
synthesis, characterization, and antibody interactions. 
Bioconjugate Chem 2005;16:1246–56. 

[317] Tsujii Y, Ohno K, Yamamoto S, Goto A, Fukuda T. 
Structure and properties of high-density polymer brushes 
prepared by surface-initiated living radical polymerization. 
Adv Polym Sci 2006;197:1–45. 

[318] Paik HJ, Gaynor SG, Matyjaszewski K. Synthesis and 
characterization of graft copolymers of poly(vinyl chloride) 
with styrene and (meth)acrylates by atom transfer radical 
polymerization. Macromol Rapid Commun 1998;19:47–52. 

[319] Percec V, Popov AV, Ramirez-Castillo E, Hinojosa-Falcon 
LA. Synthesis of poly(vinyl chloride)-b-poly(2-ethylhexyl 
acrylate)-b-poly(vinyl chloride) by the competitive single- 
electron-transfer/degenerative-chain-transfer mediated liv- 
ing radical polymerization of vinyl chloride initiated from 
a,w-di(iodo)poly(2-ethylhexyl acrylate) and catalyzed with 
sodium dithionite in water. J Polym Sci Part A: Polym 
Chem 2005;43:2276–80. 

[320] Saleh N, Sarbu T, Sirk K, Lowry GV, Matyjaszewski K, 
Tilton RD. Oil-in-water emulsions stabilized by highly 
charged polyelectrolyte-grafted silica nanoparticles. Lang- 
muir 2005;21:9873–8. 

[321] Saleh N, Phenrat T, Sirk K, Dufour B, Ok J, Sarbu T, et al. 
Adsorbed triblock copolymers deliver reactive iron nano- 
particles to the oil/water interface. Nano Lett 2005;5: 
2489–94. 

[322] Auschra C, Eckstein E, Knischka R, Pirrung F, Harbers P. 
Controlled polymers for pigment dispersants. Eur Coatings 
J 2004; 26, 31–2, 4–5. 

[323] Auschra C, Eckstein E, Knischka R, Pirrung F, Harbers P. 
Tailor-made additives controlled polymer structures en- 
hance performance. Eur Coatings J 2005; 156,8,60,62–63. 

[324] Liu T, Casado-Portilla R, Belmont J, Matyjaszewski K. 
ATRP of butyl acrylates from functionalized carbon black 
surfaces. J Polym Sci Part A: Polym Chem 2005;43: 
4695–709. 

[325] Liu T, Jia S, Kowalewski T, Matyjaszewski K, Casado- 
Portilla R, Belmont J. Water-dispersible carbon black 
nanocomposites prepared by surface-initiated atom trans- 
fer radical polymerization in protic media. Macromolecules 
2006;39:548–56. 

[326] Coca S, Jasieczek CB, Beers KL, Matyjaszewski K. 
Polymerization of acrylates by atom transfer radical 
polymerization. Homopolymerization of 2-hydroxyethyl 
acrylate. J Polym Sci Part A: Polym Chem 1998;36: 
1417–24. 

[327] Qiu J, Gaynor SG, Matyjaszewski K. Emulsion polymer- 
ization of n-butyl methacrylate by reverse atom transfer 
radical polymerization. Macromolecules 1999;32:2872–5. 

[328] Nicolas J, Charleux B, Guerret O, Magnet S. Nitroxide- 
mediated controlled free-radical emulsion polymerization 
of styrene and n-butyl acrylate with a water-soluble 
alkoxyamine as initiator. Angew Chem Int Ed 
2004;43:6186–9. 

[329] Nicolas J, Charleux B, Guerret O, Magnet S. Nitroxide- 
mediated controlled free-radical emulsion polymerization 
using a difunctional water-soluble alkoxyamine initiator. 
Toward the control of particle size, particle size distribu- 
tion, and the synthesis of triblock copolymers. Macro- 
molecules 2005;38:9963–73. 

[330] Manguian M, Save M, Charleux B. Batch emulsion 
polymerization of styrene stabilized by a hydrophilic 
macro-RAFT agent. Macromol Rapid Commun 2006;27: 
399–404. 

[331] Min K, Matyjaszewski K. Atom transfer radical polymer- 
ization in microemulsion. Macromolecules 2005;38:8131–4. 

[332] Min K, Gao H, Matyjaszewski K. Development of an ab 
initio emulsion atom transfer radical polymerization: from 
microemulsion to emulsion. J Am Chem Soc 2006;128: 
10521–6. 

[333] Matyjaszewski K. The synthesis of functional star copoly- 
mers as an  illustration of the  importance of controlling 
polymer structures in the design of new materials. Polym 
Int2003;52:1559–65. 

[334] Matyjaszewski K, Miller PJ, Fossum E, Nakagawa Y. 
Synthesis of block, graft and star polymers from inorganic 
macroinitiators. Appl Organometall Chem 1998;12:667–73. 

[335] Wang J-S, Greszta D, Matyjaszewski K. Atom transfer 
radical polymerization (ATRP): a new approach towards 
well-defined (co)polymers. Polym Mater Sci Eng 
1995;73:416–7. 

[336] Angot S, Murthy S, Taton D, Gnanou Y. Atom transfer 
radical polymerization of styrene using a novel octafunc- 
tional initiator: synthesis of well-defined polystyrene stars. 
Macromolecules  1998;31:7218. 

[337] Gao H, Matyjaszewski K. Structural control in ATRP 
synthesis of star polymers using the arm-first method. 
Macromolecules  2006;39:3154–60. 



  www.aladdin-e.com 
 

 
[338] Gao H, Matyjaszewski K. Synthesis of star polymers by a 

combination of ATRP and the ‘‘Click’’ coupling method. 
Macromolecules  2006;39:4960–5. 

[339] Xia J, Zhang X, Matyjaszewski K. Synthesis of star-shaped 
polystyrene by atom transfer  radical  polymerization 
using an ‘‘Arm First’’ approach. Macromolecules 1999; 
32:4482–4. 

[340] Zhang X, Xia J, Matyjaszewski K. End-functional poly 
(tert-butyl acrylate) star polymers by controlled radical 
polymerization. Macromolecules 2000;33:2340–5. 

[341] Gao H, Tsarevsky NV, Matyjaszewski K. Synthesis of 
degradable miktoarm star copolymers  via  atom  trans- 
fer radical polymerization. Macromolecules 2005;38: 
5995–6004. 

[342] Inoue Y, Matsugi T, Kashiwa N, Matyjaszewski K. Graft 
copolymers from linear polyethylene via atom transfer 
radical polymerization. Macromolecules 2004;37:3651–8. 

[343] Okrasa L, Pakula T, Inoue Y, Matyjaszewski K. Morphol- 
ogy and thermomechanical properties of well-defined 
polyethylene-graft-poly(n-butyl acrylate) prepared by atom 
transfer radical polymerization. Colloid Polym Sci 
2004;282:844–53. 

[344] Kaneyoshi H, Inoue Y, Matyjaszewski K. Polyethylene-g- 
poly(meth)acrylate copolymers. Polym Mater Sci Eng 
2004;91:41–2. 

[345] Percec V, Asgarzadeh  F.  Metal-catalyzed living radical 
graft copolymerization of olefins initiated from the 
structural defects of poly(vinyl chloride). J Polym Sci Part 
A: Polym Chem 2001;39:1120–35. 

[346] Hong SC, Pakula T, Matyjaszewski K. Preparation of 
polyisobutene-graft-poly(methyl methacrylate) and poly- 
isobutene-graft-polystyrene with different compositions 
and side chain architectures through atom transfer radical 
polymerization (ATRP). Macromol Chem Phys 
2001;202:3392–402. 

[347] Sumerlin BS, Tsarevsky NV, Louche G, Lee RY, Maty- 
jaszewski K. Highly efficient ‘‘Click’’ functionalization of 
poly(3-azidopropyl methacrylate) prepared by ATRP. 
Macromolecules  2005;38:7540–5. 

[348] Hawker CJ, Mecerreyes D, Elce E, Dao J, Hedrick JL, 
Barakat I, et al. Living free radical polymerization of 
macromonomers. Preparation of well defined graft copo- 
lymers. Macromol Chem Phys 1997;198:155–66. 

[349] Shinoda H, Matyjaszewski K. Structural control of 
poly(methyl methacrylate)-g-poly(lactic acid) graft copoly- 
mers by atom transfer radical polymerization (ATRP). 
Macromolecules  2001;34:6243–8. 

[350] Hong SC, Jia S, Teodorescu M, Kowalewski T, Matyjas- 
zewski K, Gottfried AC, et al. Polyolefin graft copolymers 
via living polymerization techniques: preparation of poly 
(n-butyl acrylate)-graft-polyethylene through the combina- 
tion of Pd-mediated living olefin polymerization and atom 
transfer radical polymerization. J Polym Sci Part A: Polym 
Chem 2002;40:2736–49. 

[351] Neugebauer D, Zhang Y, Pakula T, Sheiko SS, Matyjas- 
zewski K. Densely-grafted and double-grafted Peo brushes 
via ATRP. A route to soft elastomers. Macromolecules 
2003;6746–55. 

[352] Shinoda H, Matyjaszewski K, Okrasa L, Mierzwa M, 
Pakula T. Structural control of poly(methyl methacrylate)- 
g-poly(dimethylsiloxane) copolymers using controlled ra- 
dical polymerization: effect of the molecular structure on 

morphology  and  mechanical  properties.  Macromolecules 
2003;36:4772–8. 

[353] Kaneyoshi H, Inoue Y,  Matyjaszewski K.  Synthesis of 
block and graft copolymers with linear polyethylene 
segments by combination of degenerative transfer coordi- 
nation polymerization and atom transfer radical polymer- 
ization. Macromolecules 2005;38:5425–35. 

[354] Matyjaszewski K,  Beers  KL,  Kern  A,  Gaynor SG. 
Hydrogels by atom transfer radical polymerization. I. 
Poly(N-vinylpyrrolidinone-g-styrene) via the macromono- 
mer method. J Polym Sci Part A: Polym Chem 1998;36: 
823–30. 

[355] Lord SJ, Sheiko SS, LaRue I, Lee H-I, Matyjaszewski K. 
Tadpole conformation of gradient polymer brushes. 
Macromolecules  2004;37:4235–40. 

[356] Matyjaszewski K, Qin S, Boyce JR, Shirvanyants D, 
Sheiko SS. Effect of initiation conditions on the uniformity 
of three-arm  star molecular brushes. Macromolecules 
2003;36:1843–9. 

[357] Hawker CJ, Frechet JMJ, Grubbs RB, Dao J. Preparation 
of hyperbranched and star polymers by a ‘‘living’’, self- 
condensing free radical polymerization. J Am Chem Soc 
1995;117:10763–4. 

[358] Gaynor SG, Edelman S, Matyjaszewski K. Synthesis of 
branched and hyperbranched polystyrenes. Macromole- 
cules 1996;29:1079–81. 

[359] Matyjaszewski K, Gaynor SG. Preparation of 
hyperbranched polyacrylates by  atom  transfer radical 
polymerization. 3. Effect of reaction conditions on the 
self-condensing vinyl polymerization  of  2-((2-bromopro- 
pionyl)oxy)ethyl acrylate. Macromolecules 1997;30:7042–9. 

[360] Baudry R, Sherrington DC. Synthesis of highly branched 
poly(methyl methacrylate)s using the ‘‘Strathclyde Metho- 
dology’’ in aqueous emulsion. Macromolecules 2006;39: 
1455–60. 

[361] Grubbs RB, Hawker CJ, Dao J, Frechet JMJ. A tandem 
approach to graft and dendritic graft copolymers based on 
‘‘living’’ free radical polymerizations. Angew Chem Int Ed 
Engl 1997;36:270–2. 

[362] Liang C, Frechet JMJ. Applying key concepts from nature: 
transition state stabilization, pre-concentration and coop- 
erativity effects in dendritic biomimetics. Prog Polym Sci 
2005;30:385–402. 

[363] Ide N, Fukuda T. Nitroxide-controlled free-radical 
copolymerization of vinyl and divinyl monomers. Evalua- 
tion of pendant-vinyl reactivity. Macromolecules 1997;30: 
4268–71. 

[364] Tsarevsky NV, Matyjaszewski K. Reversible redox clea- 
vage/coupling of polystyrene with disulfide or thiol groups 
prepared by atom transfer radical polymerization. Macro- 
molecules 2002;35:9009–14. 

[365] Tsarevsky NV, Sumerlin BS, Matyjaszewski K. Step- 
growth ‘‘Click’’ coupling of telechelic polymers prepared 
by atom transfer radical polymerization. Macromolecules 
2005;38:3558–61. 

[366] Laurent BA, Grayson SM. An efficient route to well- 
defined macrocyclic polymers via ‘‘Click’’ cyclization. J Am 
Chem Soc 2006;128:4238–9. 

[367] Davis KA, Matyjaszewski K. Statistical, gradient, block, 
and graft copolymers by controlled/living radical polymer- 
izations. Adv Polym Sci 2002;159:1–166. 

144 
 



  www.aladdin-e.com 
  

[368] Bernaerts KV, Du Prez FE. Design  of novel  poly(methyl 
vinyl ether) containing AB and ABC block copolymers by 
the dual initiator strategy. Polymer 2005;46:8469–82. 

[369] Kobatake S, Harwood HJ, Quirk RP, Priddy DB. Block 
copolymer synthesis by styrene polymerization initiated 
with nitroxy-functionalized polybutadiene. Macromole- 
cules 1998;31:3735–9. 

[370] Acar MH, Matyjaszewski K. Block copolymers  by 
transformation of living anionic polymerization into 
controlled/‘‘living’’ atom transfer radical polymerization. 
Macromol Chem Phys 1999;200:1094–100. 

[371] Kajiwara A, Matyjaszewski K. Formation of block 
copolymers by transformation of cationic ring-opening 
polymerization to atom transfer radical polymerization 
(ATRP). Macromolecules 1998;31:3489–93. 

[372] Yoshida E, Sugita A. Synthesis of poly(tetrahydrofuran) 
with a nitroxyl radical at the chain end and its application 
to living radical polymerization. Macromolecules 
1996;29:6422–6. 

[373] Coca S, Paik H-i, Matyjaszewski K. Block copolymers by 
transformation of ‘‘Living’’ ring-opening metathesis poly- 
merization into controlled/‘‘Living’’ atom transfer radical 
polymerization.  Macromolecules  1997;30:6513–6. 

[374] Stehling UM, Malmstroem EE, Waymouth RM, Hawker 
CJ. Synthesis of poly(olefin) graft copolymers by a 
combination of metallocene and ‘‘living’’ free radical 
polymerization techniques. Macromolecules 1998;31: 
4396–8. 

[375] Zhang Y, Chung IS, Huang J, Matyjaszewski K, Pakula T. 
Structure and properties of poly(butyl acrylate-block- 
sulfone-block-butyl acrylate) triblock copolymers prepared 
by ATRP. Macromol Chem Phys 2005;206:33–42. 

[376] Mennicken M, Nagelsdiek R, Keul H, Hoecker H. A novel 
macroinitiator for the synthesis of triblock copolymers via 
atom transfer radical polymerization: polystyrene-block- 
poly(bisphenol a carbonate)-block-polystyrene and poly 
(methyl methacrylate)-block-poly(bisphenol a carbonate)- 
block-poly(methyl methacrylate). Macromol Chem Phys 
2004;205:143–53. 

[377] Gaynor SG, Matyjaszewski K. Step-growth polymers as 
macroinitators for ‘‘living’’ radical polymerization: synth- 
esis of ABA block copolymers. Macromolecules 1997;30: 
4241–3. 

[378] Shinoda H, Matyjaszewski K. Improving the structural 
control of graft copolymers. Copolymerization of poly 
(dimethylsiloxane) macromonomer with methyl methacry- 
late using RAFT polymerization. Macromol Rapid Com- 
mun 2001;22:1176–81. 

[379] Boerner HG, Duran D, Matyjaszewski K, da Silva M, 
Sheiko SS. Synthesis of molecular brushes with gradient in 
grafting density by atom transfer polymerization. Macro- 
molecules 2002;35:3387–94. 

[380] Gallyamov MO, Tartsch B, Khokhlov AR, Sheiko SS, 
Boerner HG, Matyjaszewski K, et al. Reversible collapse of 
brushlike macromolecules in ethanol and water vapours as 
revealed by real-time scanning force microscopy. Chem— 
Eur J 2004;10:4599–605. 

[381] Qin S, Saget J, Pyun J, Jia S, Kowalewski T, Matyjaszewski 
K. Synthesis of block, statistical, and gradient copolymers 
from octadecyl (meth)acrylates using atom transfer radical 
polymerization. Macromolecules 2003;36:8969–77. 

[382] Matyjaszewski K, Ziegler MJ, Arehart SV, Greszta D, 
Pakula T. Gradient  copolymers   by  atom  transfer 
radical copolymerization. J Phys Org Chem 2000;13: 
775–86. 

[383] Chen G-Q, Wu Z-Q, Wu J-R, Li Z-C, Li F-M. Synthesis of 
alternating copolymers of N-substituted maleimides with 
styrene via atom transfer radical polymerization. Macro- 
molecules 2000;33:232–4. 

[384] Benoit D, Hawker CJ, Huang EE, Lin Z, Russell TP. One- 
step formation of functionalized block copolymers. Macro- 
molecules 2000;33:1505–7. 

[385] Coca S, Matyjaszewski K. Alternating copolymers of 
methyl acrylate with isobutene and isobutyl vinyl ether 
using ATRP. Polym Prepr  (Am Chem Soc, Div Polym 
Chem) 1996;37:573–4. 

[386] Lutz J-F, Kirci B, Matyjaszewski K. Synthesis of well- 
defined alternating copolymers by controlled/living radical 
polymerization in the presence of Lewis acids. Macro- 
molecules 2003;36:3136–45. 

[387] Mei Y, Beers KL, Byrd HCM, VanderHart DL, Washburn 
NR. Solid-phase ATRP synthesis of peptide–polymer 
hybrids. J Am Chem Soc 2004;126:3472–6. 

[388] Becker ML, Liu J, Wooley KL. Peptide–polymer biocon- 
jugates: hybrid block copolymers generated via living 
radical polymerizations from resin-supported peptides. 
[Erratum to document cited in CA139:265669]. Chem 
Commun 2003; 802. 

[389] Bontempo D, Heredia KL, Fish BA, Maynard HD. 
Cysteine-reactive polymers synthesized by atom transfer 
radical polymerization for conjugation to proteins. J Am 
Chem Soc 2004;126:15372–3. 

[390] Bontempo D, Li RC, Ly T, Brubaker CE, Maynard HD. 
One-step synthesis of low polydispersity, biotinylated 
poly(N-isopropylacrylamide) by ATRP. Chem Commun 
2005; 4702–4. 

[391] Bontempo D, Maynard HD. Streptavidin as a macro- 
initiator for polymerization: in situ protein–polymer con- 
jugate formation. J Am Chem Soc 2005;127:6508–9. 

[392] Lele  BS, Murata H, Matyjaszewski K,  Russell AJ. 
Synthesis of uniform protein–polymer conjugates. Bioma- 
cromolecules 2005;6:3380–7. 

[393] Beers KL, Gaynor SG, Matyjaszewski K, Sheiko SS, 
Moeller M. The synthesis of densely grafted copolymers by 
atom transfer radical polymerization. Macromolecules 
1998;31:9413–5. 

[394] Coessens V, Pintauer T, Matyjaszewski K. Functional 
polymers by atom transfer radical polymerization. Prog 
Polym Sci 2001;26:337–77. 

[395] Matyjaszewski K, Spanswick J. Controlled/living radical 
polymerization. Mater Today (Oxford, United Kingdom) 
2005;8:26–33. 

[396] McCarthy P, Tsarevsky NV, Bombalski L, Matyjaszewski 
K, Pohl C. Grafting chromatographic stationary phase 
substrates by atom transfer radical polymerization. ACS 
Symp Ser 2006;944:252–68. 

[397] Richard RE, Schwarz M, Ranade S, Chan AK, Matyjas- 
zewski K, Sumerlin B. Evaluation of acrylate-based block 
copolymers prepared by atom transfer radical polymeriza- 
tion as matrices for paclitaxel delivery from coronary 
stents. Biomacromolecules 2005;6:3410–8. 

[398] Burguiere C, Pascual S, Coutin B, Polton A, Tardi M, 
Charleux B, et al. Amphiphilic block copolymers prepared 



  www.aladdin-e.com 
 

 
via  controlled  radical  polymerization  as  surfactants  for 
emulsion polymerization. Macromol Symp 2000;150:39–44. 

[399] Trinque BC, Chiba T, Hung RJ, Chambers CR, Pinnow 
MJ, Osburn BP, et al. Recent advances in resists for 157 nm 
microlithography. J Vacuum Sci Technol, B: Microelectron 
Nanometer Struct 2002;20:531–6. 

[400] Niu QJ, Martin SJ, Godschalx JP, Townsend PH. 
Molecular brushes as templating agents for nanoporous 
SiLK* dielectric films. ACS Symp Ser 2004;874:199–208. 

[401] Lindner SM, Thelakkat M. Nanostructures of n-type 
organic semiconductor in a p-type matrix via self-assembly 
of block copolymers. Macromolecules 2004;37:8832–5. 

[402] Bang J, Kim SH, Drockenmuller E, Misner MJ, Russell 
TP, Hawker CJ. Defect-free nanoporous thin films from 
ABC triblock copolymers. J Am Chem Soc 2006; 
128:7622–9. 

[403] Matsugi T, Kojoh S-i, Kawahara N, Matsuo S, Kaneko H, 
Kashiwa N. Synthesis and morphology of polyethylene- 
block-poly(methyl methacrylate) through the combination 

of metallocene catalysis with living radical polymerization. 
J Polym Sci Part A: Polym Chem 2003;41:3965–73. 

[404] Zhang Y, Costantini N, Mierzwa M, Pakula T, Neuge- 
bauer D, Matyjaszewski K. Super soft elastomers as ionic 
conductors. Polymer 2004;45:6333–9. 

[405] Lee SB, Russell AJ, Matyjaszewski K. ATRP synthesis of 
amphiphilic random, gradient, and block copolymers of 2- 
(dimethylamino)ethyl methacrylate and n-butyl methacry- 
late in aqueous media. Biomacromolecules 2003;4:1386–93. 

[406] Heredia KL, Bontempo D, Ly T, Byers JT, Halstenberg S, 
Maynard HD. In situ preparation of protein-‘‘Smart’’ 
polymer conjugates with retention of bioactivity. J Am 
Chem Soc 2005;127:16955–60. 

[407] Clark AJ. Atom transfer radical cyclisation reactions 
mediated by copper complexes. Chem Soc Rev 2002;31: 
1–11. 

[408] Quiclet-Sire B, Zard SZ. The degenerative radical transfer 
of xanthates and related derivatives: an unusually powerful 
tool for the creation of carbon–carbon bonds. Top Current 
Chem 2006;264:201–36. 
 

By : Wade A. Braunecker, Krzysztof Matyjaszewski. Prog. Polym. 
Sci. 32 (2007) 93–146 

146 
 


