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This review covers the current status of living free radical polymerization (LFRP)
methods and assesses recent advances made especially in the recently years.
Three LFRP methods, nitroxide mediated polymerization (NMP), atom transfer

radical polymerization (ATRP), and reversible-addition fragmentation chain transfer
(RAFT), are described and the validity of each method is compared on the basis of the
range of polymerizable monomers, reaction conditions, and the ease of chain end
group transformation. Living radical graft polymerization of monomers such as styrene
onto SBR, ABS, PVC and polystyrene formed by NMP and ATRP will be discussed.
Also, the synthesis of block, graft, and hyperbranched copolymers by NMP is covered.
Studies using ATRP to synthesize block copolymers, bottle brush copolymers, and
hydrogels are assessed. Also, the synthesis of star copolymers with alternating
hydrophobic and hydrophilic arms is described. For RAFT, the utility of difunctionalized
initiators and trithiocarbonates as RAFT agents for ABA block copolymer formation are
described.
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INTRODUCTION

An enormous interest in controlled free-radical poly-
merization, CRP, has emerged during recent years.
Living polymerization was first defined by Szwarc
[1], as a chain growth process without chain breaking
reactions (transfer and termination). Such a polymer-
ization provides end-group control and enables the
synthesis of block copolymers by sequential
monomer addition. However, it does not necessarily
provide molecular weight control and narrow molec-
ular weight distributions (MWDs). Additional
requirements to achieve such properties are that the
initiator should be consumed at early stages of the
polymerization and that exchange between species of
various reactivities is fast in comparison with propa-
gation [2-6]. If these additional criteria are observed,
a controlled polymerization results. Controlled poly-
merization may also include side reactions, but only
to an extent which does not considerably disturb the
control of molecular structure of the polymer chain.

Living free radical polymerizations, although only
about a decade old, have attained a tremendous fol-
lowing in polymer chemistry. The development of this
process has been a long-standing goal because of the
desire to combine the undemanding and industrial
friendly nature of radical polymerizations with the
power to control polydispersities, architectures, and
molecular weights that living processes afford. A
great deal of effort has been made to develop and
understand different LFRP methods [7]. The methods
at the forefront fall into one of three categories: atom
transfer radical polymerization (ATRP) [8], nitroxide
mediated polymerization (NMP) [9], and reversible
addition fragmentation chain transfer (RAFT) [10].
This review will briefly describe these methods and
discuss the advantages and limitations of each. Then,
recent high impact publications (1999 to present) will
be discussed in detail regarding their novelty as well
as their implications on the field of polymer chem-
istry. 

Living polymerization is defined as a polymeriza-
tion that neither undergoes termination or transfer. A
plot of molecular weight vs. conversion is therefore
linear, as shown in Figure 1, and the polymer chains
all grow at the same rate, decreasing the polydispersi-
ty. The propagating centre at 100% conversion still 

Figure 1. Molecular weight vs. conversion graph of a typical
living polymerization [11].

exists and can be further reacted, which can allow
novel block, graft, star, or hyperbranched copolymers
to be synthesized. Living polymerizations have been
realized in anionic processes where transfer and ter-
mination are easy to suppress. Due to the favourable
coupling of two radical propagating centres and vari-
ous radical chain transfer reactions, the design and
control of living radical processes are inherently a
much more challenging task. The living process of
radical polymerization involves the equilibration of
growing free radicals and various types of dormant
species. By tying up a great deal of the reactive cen-
tres as dormant species, the concentration of free rad-
icals decreases substantially and therefore suppresses
the transfer and termination steps. These reactions are
also denoted as controlled/living polymerizations
rather than as true living polymerizations because
transfer and termination are decreased but not elimi-
nated. Three processes, NMP, ATRP, and RAFT will
now be introduced.

Aspects of Controlled Free-radical Polymerization
Controlled/living radical polymerization follows the
principle of equilibration between growing free radi-
cals and dormant species. There are several approach-
es to control FRP by suppressing the contribution of
chain breaking reactions and assuring quantitative ini-
tiation, two conditions necessary to achieve good con-
trol over molecular weights, polydispersities and end
functionalities. The reactions are described as con-
trolled free-radical polymerizations (CRP) or con-
trolled/living radical polymerizations rather than as
true living polymerization, due to the presence of
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unavoidable termination reactions. Currently three
methods appear to be very efficient and can be suc-
cessfully applied to a large number of monomers: sta-
ble free-radical polymerization (SFRP), best repre-
sented by nitroxide-mediated polymerization (NMP),
metal catalyzed atom transfer radical polymerization
(ATRP), and reversible addition-fragmentation chain
transfer (RAFT) along with other degenerative trans-
fer processes.

Classification of CRPs
Basically, each type of controlled radical polymeriza-
tion is based on the principle of dynamic equilibration
between dormant and active species. This equilibrium
defines the observed rates and physical properties of
the polymer. It is preferable to distinguish CRPs
according to mechanistic aspects, as thus enables bet-
ter correlation of rates, molecular weights and poly-
dispersities with the concentration of the involved
species. In all cases, dormant (non-propagating)
species are reversibly activated with the rate constant
of activation (or dissociation rate constant kd) to form
the active species (radical Rn), which reacts with
monomer M with the propagation rate constant kp.
The propagating radicals are deactivated with the rate
constant of deactivation (or combination rate constant
kc), or can terminate with other growing radicals with
the termination rate constant kt. In all CRPs, the con-
centration of growing radicals is kept very low, in
order to reduce termination significantly. Well-con-
trolled systems should provide:

- A linear semilogarithmic plot of ln([M]0/[M]) vs.
time, in cases where the reaction is first order in
monomer concentration. Acceleration with respect to
a linear relation indicates slow initiation whereas
deceleration indicates termination or deactivation of
the catalyst.

- Linear evolution of molecular weight distribution
with conversion. Lower MWD than predicted by the
ratio DPN=D[M]/[I]0 indicates transfer and higher
MWD indicates inefficient initiation or chain cou-
pling. 

- Polydispersities that decrease with conversion.
Significant chain termination induces the increase of
polydispersity with conversion.

- End functionalities that are not affected by slow
initiation and exchange but are reduced when chain

breaking reactions become important.
Time and conversion dependencies for ideal con-

trolled/living systems and the corresponding devia-
tions are schematically illustrated in Figure 2.

Controlled-radical polymerization may be classi-
fied in four different cases (Scheme I). Case 1 is best
illustrated by nitroxide-mediated polymerization in
the presence of commercially available nitroxides
such as TEMPO and TEMPO-derivatives or DTBN,
and new bulky acyclic nitroxides [12], triazolinyl rad-
icals [13], some bulky organic radicals, compounds
with photolabile C-S bonds [14], and organometallic
species [15,16]. Case 2 is based on the catalyzed,
reversible cleavage of the covalent bond in the dor-
mant species via a redox process. The key step in con-
trolling the polymerization is the atom transfer
between growing radicals and a catalyst. This process
is named atom transfer radical polymerization
(ATRP) and is catalyzed by various Ru, Cu, Fe and 

Figure 2. Schemetic effect of slow initiation, transfer, termi-
nation and exchange on kinetics (a), and molecular weights
(b), for controlled/living system.
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other transition metal derivatives [17-20]. The process
described in case 3 involves the reversible formation
of persistent radicals (PR) by reaction of growing rad-
icals with a species containing an even number of
electrons. PRs do not terminate or propagate with
monomer. The role of reversible radical trap may be
played by phosphates [21], or reactive but non-poly-
merizable alkenes [22,23]. Case 4 is based on a ther-
modynamically neutral exchange process between a
growing radical, present at very low concentration,
and dormant species, present at much higher concen-
tration (at least by three or four orders of magnitude).
This degenerative transfer can employ alkyl iodides
[24], unsaturated methacrylate esters [25], or
thioesters [26].

In cases 1 to 3 the equilibrium is strongly shifted
towards the dormant (non-propagating) species and
polymerization rate depends on the concentration of
the CRP mediating species. Case 4 is very different:
there is no persistent radical (PR). The equilibrium
constant K is unity (kc=kd=kexch) and rates should
conform to conventional radical systems with a reac-
tion order of ½ in the initiator. Each system has a spe-
cific dependence of polymerization rate, molecular
weight and polydispersity on conversion and on con-
centrations of the involved reagents (Figure 1) [27].

Scheme I. Schematic description of different mechanisms
involving controlled radical polymerization.

Scheme II. Mechanism for nitroxide-mediated polymeriza-
tion.

NITROXIDE-MEDIATED LIVING FREE
RADICAL POLYMERIZATION

Nitroxide-mediated living free radical polymerization
(NMP) belongs to a much larger family of processes
called stable free radical polymerizations. In this type
of process, the propagating species (Pn°) reacts with a
stable radical (X°) as seen in Scheme II. The resulting
dormant species (Pn-X) can then reversibly cleave to
regenerate the free radicals once again. Once Pn°
forms it can then react with a monomer, M, and prop-
agate further. The most commonly used stable radi-
cals have been nitroxides, especially 2,2,6,6-tetram-
ethylpiperidinoxy (TEMPO). 

Although NMP is one of the simplest methods of
living free radical polymerization (LFRP), it has
many disadvantages. Many monomers will not poly-
merize because of the stability of the dormant
alkoxyamine that forms. Also, since the reaction is
kinetically slow, high temperatures and bulk solutions
are often required. Also, the alkoxyamine end groups
are difficult to transform and require radical chem-
istry.

ATOM TRANSFER RADICAL POLYMERIZ-
ATION

Atom transfer radical polymerization (ATRP)
involves first a reduction of the initiator by a transi-
tion metal complex forming a radical initiating
species and a metal halide complex as seen in Scheme
III. The reactive centre can then initiate the monomer,
which can then propagate with additional monomer or
abstract the halide from the metal complex forming a
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Scheme III. The general mechanism of ATRP.

dormant alkyl halide species. The alkyl halide species
is then activated by the metal complex and propagates
once more.

ATRP can be used on a large number of monomers
and requires ambient reaction conditions. The reac-
tion is uneffected by the presence of O2 and other
inhibitors [28]. Also, the alkyl halide end groups can
be easily transformed by SN1, SN2, or radical chem-
istry [29]. The major drawback to ATRP is that a tran-
sition metal catalyst must be used which after poly-
merization must be removed and possibly recycled.
Future work in this field includes the removal and
recycling of the catalyst as well as the design of cata-
lysts that react with a larger range of monomers [30-
33].

REVERSIBLE ADDITION-FRAGMENTATION
CHAIN TRANSFER

Reversible addition-fragmentation chain transfer
(RAFT) incorporates compounds, usually dithio
derivatives, within the living polymerization that react 

Scheme IV. The general mechanism of RAFT.

with the propagating centre to form a dormant inter-
mediate. As seen in Scheme IV, the dithio compound
can release the alkyl group attached to the opposite
sulphur atom which can then propagate with the
monomer.

The greatest advantage to RAFT is the incredible
range of polymerizable monomers. As long as the
monomer can undergo radical polymerization, the
process will most likely be compatible with RAFT.

However, there are many major drawbacks that
arise when using this process. The dithio end groups
left on the polymer give rise to toxicity, colour, and
odor and their removal or displacement requires radi-
al chemistry. Also, the RAFT agents are expensive
and not commercially available. Another drawback is
that the process requires an initiator, which can cause
undesired end groups and produce too many new
chains which can lead to increased termination rates
[34-41]. 

MODIFICATION OF POLYMERS BY LIVING
RADICAL GRAFT POLYMERIZATION

Graft copolymers have been generally synthesized
using macromonomer techniques [42-45], the linkage
of two different polymers through a coupling reaction
[46], or by the polymerization of monomer from
active sites on a polymer backbone [47,48] and also
end-functional polymers have attracted considerable
attention as prepolymers for synthesizing block and
graft copolymer, star polymers, and polymer net-
works. Graft and star systems that have an accurately
controlled macromolecular architecture have shown
to be useful as rheology control agents, compatibiliz-
er for polymer blends and emulsifiers [49].

Recently, much interest has been directed towards
the precise control of such copolymerization parame-
ters as the molecular weight distribution, and density
of graft chains.

Living free-radical polymerization (LFRP) 
mediated by 2,2,6,6-tetramethyl-1-piperidinyloxy
(TEMPO) counter radical has been carried out using a
number of experimental approaches. Georges et al. [3]
employed a bimolecular initiating system consisting
of benzoyl peroxide (BPO) and excess TEMPO. By
this method, conventional initiation between BPO and
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styrene is followed by trapping of the resulting ben-
zylic radicals by nitroxide in solution. From this point,
a controlled TEMPO-mediated polymerization tran-
spires. Alternatively, such a living polymerization can
be accomplished in the absence of BPO, where mix-
tures of TEMPO and styrene are simply heated to tem-
peratures at which thermal initiation occurs (ca. 125-
130ºC) by the Mayo mechanism [50]. Again, the poly-
merization is mediated by TEMPO counter-radical in
a living fashion.

LFRP has been investigated in order to synthesize
copolymers polystyrene grafted SBR (PS-g-SBR) and
polystyrene grafted ABS (PS-g-ABS) using the con-
cept of Georges et al. [3], and the methodology devel-
oped by Hawker et al. [51,52]. Thus 1-benzoyl-2-
phenyl-2-(2',2',6',6'-tetramethyl-piperidinyl-1'-
oxy)ethane (BZ-TEMPO) was synthesized (Figure 3)
and hydrolyzed to the corresponding 1-hydroxyl
derivative (OH-TEMPO) (Figure 4).

This functional nitroxyl compound is coupled for
example with brominated SBR (SBR-Br) according to
Figure 5.

The resulting macroinitiator (SBR-TEMPO) for
LFRP is then heated in the presence of styrene in order
to form the desired graft copolymer (Figure 6)
[53,54].

Also LFRP has been investigated for synthesizing
PS-g-PVC copolymer using the facile method of the
concept of Georges [55], and the methodology devel-
oped by Hawker and Hedrick. In this method, PVC

was condensed with toluene in mild condition then it
was brominated with NBS to prepare PVC-ph-Br
(Figure 7a, b).

Then, 1-hydroxy-2,2,6,6-tetramethylpiperidine
was synthesized by reduction of TEMPO with sodium
ascorbate (Figure 8) [56].

This functional nitroxyl compound was coupled
with brominated of arylated PVC (PVC-ph-Br)
(Figure 9).

This resulting macroinitiator (PVC-ph-TEMPO)
for LFRP is then heated in the presence of styrene in
order to form the desired graft copolymer (Figure 10)
[57,58].

ATRP was employed for the first time to prepare
graft copolymer having polystyrene (PS) as backbone
and poly(methyl methacrylate)(PMMA) or poly acry-
lonitrile (PAN) as branches [59]. The polymerization
was initiated by polystyrene carrying chloroacetyl
groups as macroinitiator, in the presence of copper
chloride (CuCl) and bipyridine (bpy). The macroini-
tiator (chloroacetylated polystyrene) was prepared by
successive chloroacetylation of polystyrene in the
mild condition and these reaction conditions over-
come the problem of gelation and cross-linking in
polymers (Figure 11).

Successful graft copolymerizations were per-
formed with MMA in toluene at 80ºC (Figure 12) and
with AN in tetrahydrofuran (62.5%) and ethylencar-
bonate (37.5%) mixed solvent at 55ºC (Figure 13). 
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ATRP Mechanism of the copolymerization was sup-
ported by 1H NMR, FTIR and by an increase of the
molecular weight of the graft copolymers, as com-
pared to that of the macroinitiator and also by their
monomodal molecular weight distribution.

SYNTHESIS OF BLOCK, GRAFT, AND
HYPERBRANCHED COPOLYMERS BY NMP
AND ATRP

Recent work in NMP (nitroxide mediated polymeriza-

tion) has revolved around the synthesis and evaluation
of new nitroxide radicals, chain end copolymers. The
most popular nitroxide used for NMP in the past has
been for production of TEMPO. However, TEMPO is
limited in the range of monomers which are compati-
ble to polymerize by NMP, mostly due to the stability
of the radical. Hawker et al. discovered that by replac-
ing the α-tertiary carbon atom with a secondary car-
bon atom, the stability of the nitroxide radical
decreased which lead to an increased effectiveness in
polymerization for many monomers in which
TEMPO was uneffective (Figure 14) [60].
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Figure 14. New nitroxide radicals for NMP system.

While TEMPO and TEMPO derivatives are only
useful for styrene polymerizations, the new deriva-
tives permit the polymerization of acrylates, acry-
lamides, 1,3-dienes, and acrylonitrile based
monomers with very accurate control of molecular
weights and low polydispersities. Another family of
nitroxides that have shown to have the same success
are phosphonate derivatives designed by Gnanon et
al. [61].

Georges et al. recently reported the use of
alkoxyamine to initiate the polymerization of n-butyl

acrylate in the presence of ascorbic acid to give a
poly(n-butyl acrylate) polymer containing a penulti-
mate styrene unit at the initiating end [62].
Amphiphilic materials were synthesized by Frechet et
al. by first reaction a polymer with chlorinated
alkoxyamine derivative to form a macroinitiator [63].
The macroinitiator then underwent polymerization
with styrene to produce amphiphilic block copolymer
with very low polydispersities and accurately con-
trolled molecular weights.

New  functional alkoxyamine by Miura et al. 1-[4-
(4-lithiobutoxy)phenyl]-1-(2,2,6,6-tetramethyl-
piperidinyl-N-oxyl)ethane (Figure 15a) and 1-[4-(2-
vinyloxyethoxy) phenyl]-1-(2,2,6,6-tetramethylpiper-
idinyl-N-oxyl)ethane (Figure 15b) were prepared, and
well-defined poly(hexamethylcyclotrisiloxane)-b-
poly(styrene)[poly(D3)-b-poly(St)] and poly(nor-
bornene)-b-poly(St) [poly(NBE)-b-poly(St)] were
prepared using the new alkoxyamines [64].

Haddleton et al. recently performed the synthesis
and characterization of amphiphilic block polymers
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by copper mediated living radical polymerization
(Figure 16) [65-67]. For example, 2-dimethy-
laminoethyl methacrylate (DMAEMA) and 2-diethy-
laminoethyl methacrylate (DEAEMA) block copoly-
mers have been synthesized by using poly(ethylene
glycol), poly(tetrahydrofuran) (PTHF) and poly(eth-
ylene butylenes) macroinitiators with copper mediat-
ed living radical polymerization (Figure 17).

The use of difunctional macroinitiator gave ABA
block copolymers with narrow polydispersities (PDI)
and controlled number average molecular weights
(Mn). By using DMAEMA, polymerizations proceed
with excellent first order kinetics indicative of well-
controlled living polymerization. Online 1H NMR
monitoring has been used to investigate the polymer-

ization of DEAEMA. The first order kinetic plots for
the polymerization of DEAEMA showed two differ-
ent rate regimes ascribed to an induction period which
is not observed for DMAEMA. ABA triblock copoly-
mers with DMAEMA as A blocks and PTHF or PBD
as B blocks lead to amphiphilic block copolymers
with Mn’s between 22 and 24 K (PDI 1.24-1.32)
which form aggregates/micelles in solution. The crit-
ical aggregation concentrations, as determined by
pyrene fluorimetry, are 0.07 and 0.03 g.dm-1 for
PTHF- and PBD-containing triblocks, respectively. 

Other block copolymerizations have combined
NMP with other polymerization methods such as tran-
sition metal mediated [68], anionic [69], ring opening
[70], or even radical [71]. Also block copolymer can
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be constructed by the polymerization of one monomer
followed by another. This can be realized due to the
living nature of the polymerization which allows the
chain ends at 100% conversion to be reactive. Using
the alkoxyamines designed by Hawker et al. a block
copolymer of styrene and n-butyl acrylate was synthe-
sized (Figure 18) [60]. The polymerization only pro-
ceeded by first forming a polymer of n-butyl acrylate
and then reaction this macroinitiator with styrene.

The preparation of hybrid dendritic-linear block

copolymers by ATRP was studied [72]. At first, the
dendritic poly(benzyl ether) macroinitiators were syn-
thesized. Then, the hybrid dendritic-linear block
copolymers possessing well-defined molecular
weights and low polydispersities using CuCl/bpy
complex catalyst were prepared (Figure 19). Because
the dendritic block is more liable to heat than the lin-
ear one, the hybrid dendritic-linear copolymers show
lower thermal stability than PMMA (methyl
methacrylate). Spherical micelles can be formed in
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selective solvents (THF/H2O).
The preparation of  triblock copolymer composed

of polystyrene and poly(4-vinylbenzyl glucoside) was
prepared by Kakuchi et al. via the 2,2,6,6-tetram-
ethylpiperidiloxy (TEMPO)-mediated living radical
polymerization, followed by deacetylation. In the first
step, 4-vinylbenzyl glucoside peracetate was poly-
merized with α,α'-bis(2',2',6',6'-tetramethyl-1'-
piperidinyloxy)-1,4-di-ethylbenzene as an initiator to
afford poly(4-vinylbenzyl glucoside peracetate) hav-
ing TEMPO on both sides of the chain ends, i.e. the
glycoconjugated prepolymer. In the second step,
styrene was polymerized with glycoconjugated pre-
polymer in chlorobenzene (Figure 20) [73].

Also, the controlled free radical polymerization of
styrene and isoprene with benzoyl peroxide (B.P.O) in
the presence of TEMPO at 125ºC were performed.
The obtained polyisoprene and polystyrene
homopolymers served as macroinitiators for block
copolymerization of isoprene and styrene to synthe-
size poly(styrene-b-isoprene) and poly(isoprene-b-
styrene) diblock copolymers. Diblock copolymers
with well-defined structures as well as controlled and
narrow molecular weight distribution were obtained
from the lower-mass polystyrene and polyisoprene
homopolymers. These copolymers were found 
to be active as macroinitiator in the synthesis of 
poly(styrene-b-isoprene-b-styrene) and poly(iso-
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prene-b-styrene-b-isoprene) triblock copolymers [74].
Also LFRP has been investigated for synthesizing
diblock and triblock copolymers of styrene, 2,5-nor-
bornadiene (NB), ethylmethacrylate (EMA) and PEG
(polyethylene glycol). 2,5-Norbornadiene has been
polymerized in bulk at 125ºC in the presence of a low
molar mass of polystyrene-TEMPO as macroinitiator
(Figure 21).

The triblock copolymer of styrene-2,5-norbornadi-
ene-ethylmethacrylate  (PSt-PNB-PEMA) using a
PSt-PNB-TEMPO as the macroinitiator in the pres-
ence of comphorsulphonic acid (CSA) was prepared
(Figure 22).

On the other hand, TEMPO-PEG-TEMPO macro
initiator was obtained with reaction between Cl-PEG-
Cl and OH-TEMPO (Figure 23).

PEMA-PEG-PEMA triblock copolymer was pre-
pared by free radical polymerization of EMA using
TEMPO-PEG-TEMPO dinitroxide macroinitiator
(Figure 24) [75].

Also Living radical polymerization of methyl
methacrylate, methyl acrylate and their block copoly-
mers with acrylonitrile by atom transfer radical poly-
merization was prepared [76].

Recently four types of temperature-sensitive hairy
particles were prepared by living radical graft poly-
merization. The hairs were poly(N-isopropylacry-
lamide) (N), poly(N-isopropylacrylamide)-ran-
poly(acrylic acid) (NA), and diblock copolymers
composed of N and NA. The block copolymer was
attached to the particle in different modes, that is, one
has a N-block inner and a NA-block outer but the oth-
ers have the inverse arrangement. The acrylic acid
content in NA was adjusted to be only 1%, but NA had
a higher transition temperature by 5ºC than N in a
neutral aqueous solution. The sequence of blocks
attached onto the particles was the key factor to con-
trol the temperature responsiveness of the particle.
The hairy particles exhibited a two-step transition
with increasing temperature under certain conditions.
The hairy particle also responded to the pH and ionic
strength. Some unique behaviours of the hairy 
particles were studied in detail in terms of elec-
trophoretic mobility and adsorption of dye molecules
as well as swelling/deswelling [77]. Also, polymer
grafting via ATRP initiated from macroinitiator syn-
thesized on surface. Macromolecular anchoring layer

approach was used for preparation of an effective
macroinitiator for the synthesis of grafted polymer
layers by ATRP initiated from the surface. For the ini-
tial surface modification, a thin layer of poly(glycidyl
methacrylate) (PGMA) was deposited on the surface
of a silicon wafer. The ATRP macroinitiator was syn-
thesized on the substrate surface by the reaction
between epoxy groups of PGMA and carboxy func-
tional of bromoacetic acide (BAA). Variation of the
time and temperature of BAA deposition as well as
PGMA layer thickness allowed control over the
amount of BAA attached to the surface. The PGMA
anchoring layer allowed the achievement of initiators
surface density significantly higher than the reported
for a self-assembled monolayer of ATRP initiators.
Polymer brushes were synthesized on the
PGMA/BAA-modified substrates by ATRP different
surface concentrations of BAA were used in our graft-
ing experiments to acquire knowledge about the rela-
tionship between the amount of initiator anchored to
the surface through PGMA and rate of the grafted
layer formation. The increase in the surface density of
the initiating moieties led to the increasing in the
grafting rate [78].

Synthesis of block copolymers by combination of
photoinduced and atom transfer radical polymeriza-
tion routes was prepared (Figure 25) [79].

The macroinitiator was prepared by photoinitiated
polymerization of MMA in the presence of N,N'-
DMEA and benzophenone as the initiating system fol-
lowed by the esterification of the resulting polymer
with 2-bromopropionylbromide (Figure 26a,b).

The unimodal shape of the trace obtained at GPC
and the 1H NMR spectrum prove that a copolymer
was obtained. Almost the same values for copolymer
composition were obtained from 1H NMR and GPC
analyses. The good correlation between determined
molecular weight with the calculated one, as well as
the kinetic study indicates a fully controlled/living
radical polymerization.

Yagci et al. [80] focused on the synthesis of PPP
[poly(p-phenylene)] type graft copolymers that can
present nanostructures between a conductive and an
insulating polymer, by using the macromonomer tech-
nique via controlled polymerizations (ATRP or ROP
(ring opening polymerization)) as versatile tools,
combined with metal-catalyzed Suzuki [81] or
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Yamamoto polycondensation [82], specific to the
obtainment of soluble conjugated polymers. The
macroinitiator [bis(1,3-propanediol) diester of 2,5-
dibromomethyl-1,4-diboronic acid] (6) was obtained
from 2,5-dibromo-1,4-dimethyl benzene. The esterifi-

cation on the diboronic acid functionalities permitted
the modification of the solubility necessary from the
synthetic point of view (Figures 27 and 28) [83].

PPPs with alternating PSt/hexyl or methyl side
chains (23 or 25, respectively) and PTHF/hexyl (24)
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Figure 29. Synthesis of PPP from different macromonomers.
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were obtained by Suzuki polycondensations of
macromonomers 12, 16 and 13 in combination with
the appropriate reaction partners (Figure 29).

MINIEMULSION POLYMERIZATION

Polymeric dispersions are used in a wide variety of
applications such as synthetic rubber, paints, adhe-
sives, binders for non-woven fabrics, additives in
paper and textiles, leather treatment, impact modifiers
for plastic matrices, additives for construction materi-
als and flocculants [79,80]. They are also used in bio-
medical and pharmaceutical applications such as diag-
nostic tests and drug delivery systems. The rapid
increase of this industry is due to environmental con-
cerns and governmental regulations to substitute sol-
vent-based systems by water borne products, as well
as to the fact that polymeric dispersions have unique
properties that meet a wide range of market needs.

Commonly, these products are produced by means
of conventional emulsion polymerization. In this
process, monomer is dispersed in an aqueous solution
of surfactant with a concentration exceeding the criti-
cal micelle concentration (CMC) and polymerization
is started by means of an initiator system (most often
water-soluble). In principle, polymer particles can be
formed by entry of radicals into the micells (heteroge-
neous nucleation), precipitation of growing oligomers
in the aqueous phase (homogeneous nucleation), and
radical entry in monomer droplets. However,
monomer droplets are relatively large (1-10 µm) com-
pared to the size of monomer-swollen micelles 
(10-20 µm), and hence the surface area of the micelles
is orders of magnitude greater than that of the
monomer droplets that consequently are formed by
either homogeneous or heterogeneous nucleation.

Once they are nucleated, the polymer particles
undergo substantial growth by polymerization. The
monomer required for the polymerization must be
transported from the monomer droplets by diffusion
through the aqueous phase. In some cases, this repre-
sents a severe limitation of the conventional emulsion
polymerization. Thus, water resistance of coating pre-
pared from dispersed polymers is significantly
improved if very hydrophobic monomers, e.g. lauryl
and stearyl methacrylates are incorporated into the
polymer backbone. However, mass transfer of these

monomers from monomers droplets to polymer parti-
cles through the aqueous phase is diffusionally con-
trolled, and hence they cannot be readily incorporated
into the polymer in conventional emulsion polymer-
ization.

The need for mass transport of monomer through
the aqueous phase would be greatly diminished if all
(or at least a large fraction) of the monomer droplets
were nucleated. Prevalent droplet nucleation can only
occur if the surface area of the monomer droplets is
large compared with that of the micelles, and this
requires submicron droplet size. The word miniemul-
sion was coined [81] to describe submicron oil-in-
water dispersions that are stable for a period ranging
from hours to months. Review articles by El-Aasser et
al. [82,83] summarized the work done up to 1995. The
kinetics of miniemulsion polymerization has been
recently reviewed by Capek and Chern [84]. 

Stable Free Radical Polymerization in Dispersed
Media
Conventional emulsion polymerization was used in
the first attempts to perform SFRP in dispersed sys-
tems. However, only very little success was reported.
Bon et al. [85], was able to apply the SFRP process
only in seeded emulsion polymerization by using per-
formed polymer particles. Marestin et al. [86], have
studied the emulsion polymerization of styrene
obtaining latexes with a maximum 5% solids and low
conversions. Conventional emulsion polymerization
is not adequate for SFRP because the stable free radi-
cal used in this process is rather water-insoluble, and
they are located mainly in the monomer droplets at the
beginning of the process. When polymerization starts,
polymer particles are formed by homogeneous nucle-
ation and micellar nucleation. These particles become
the main polymerization loci, and as the stable free
radical cannot diffuse quickly enough from the
monomer droplets, considerable polymer is formed
under non-controlled conditions.

Prodpran et al. [87-88], and Macleod et al. [89],
realized that this limitation could be overcome by
using miniemulsion polymerization because droplet
nucleation minimizes the need of transport of the sta-
ble free radical to the polymerization loci, and suc-
cessfully implemented nitroxide-mediated SFRP in
mini-emulsion processes. Prodpran et al. [87-88] used
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2,2 tetramethyl-1-piperidynyloxy nitroxide (TEMPO)
as the stable free radical in polymerization carried out
at 125ºC using an oil-soluble initiator (benzoyl perox-
ide), an anionic surfactant (Dowfax 8390), and hexa-
decane as costabilizer. Stable polystyrene latexes with
20% solid and PI of 1.3-1.6 were obtained. It was
observed that PI continuously increased during the
process presumably due to continuous generation of
free radicals by autothermal initiation of styrene. A
TEMPO/BPO molar ratio of 3.0 was needed to coun-
teract this process. The evolution of the number of
particles (NP) with conversion showed an increase in
all experiments, which was attributed to the thermal
initiation. In the presence of TEMPO, NP was much
lower due to the diminished contribution of the radi-
cals formed by thermal initiation.

Macleod et al. [89], were able to produce stable
20% solids polystyrene latexes miniemulsion poly-
merization using TEMPO, hexadecane, a water-solu-
ble initiator (potassium persolphate) and an anionic
surfactant (sodium dodecylbenzenesulphonic acid).
Polymerization carried out at 135ºC with a
TEMPO/KPS molar ratio of 2.9/1 yielded a polymer
of PI=1.1 and Mn=14000 g/mol in 6 h. Monomer con-
version was limited to 87%. In an attempt to increase
the final conversion, these authors [90] used have a
higher temperature (145ºC) and longer reaction times
but monomer conversion was not significantly
improved and PI increased a large number of short
chains were formed. The authors stressed that no
nitroxide radical scavenger, such as camphorsulphon-
ic acid (often used in bulk polymerization to destroy
the excess of nitroxide radicals that builds up as a
result of the termination of regular radicals), is need-
ed to enable the miniemulsion polymerization to pro-
ceed at a fast rate. The reason was assumed to be the
partitioning of nitroxide radicals between the oil and
aqueous phases. The partition coefficient for TEMPO
at 135ºC is 528 [91], which, for 20% solids latex,
means that only one out of 125 TEMPO molecules is
in the aqueous phase. This does not seem to be enough
for a significant reduction of the concentration of
nitroxide radicals in the polymer particles, and a
dynamic sink for nitroxide radicals in the aqueous
phase would be required, e.g. reaction with the persul-
phate radicals. On the other hand, Prodpran et al. [88],
have reported that the rate of polymerization in bulk

was found to be faster than that in miniemulsion. This
result, which seems to be in conflict with the discus-
sion above, was attributed to the segregation of
monomer in discrete droplets and the diffusion of
active species to the aqueous phase, but these
thoughts were not elaborated further. It is worth men-
tioning that 6-7 wt% of surfactant based on monomer
was used in those works [89,87,88].

Pan et al. [92], have studied the miniemulsion
polymerization of styrene using TEMPO-terminated
oligomers (TTOPS, Mn=7000 g/mol; PI=1.24) as a
macroinitiator species to initiate the polymerization at
125ºC. MWD of the polymer formed was not narrow
(PI=1.76 for 5% of TTOPS and 76% monomer con-
version; PI=1.86 for 20% of TTOPS and 77.4% con-
version). In addition, PI increased with monomer con-
version due to the autothermal generation of radicals.
Mn decreased with the amount of TTOPS and the
number of polymer chains was higher than the num-
ber of TTOPS molecules because of both termination
and thermal initiation. Broad PSDs were observed.
The broadness of PSD yielded poor reproducibility of
the measurements even though more than 4000 parti-
cles were counted from TEM images. The number of
particles increased after 50% conversion when
TTOPS was used, whereas it was roughly constant in
the absence of TTOPS. The mechanism of the nucle-
ation process has yet to be determined. Keoshkerian et
al. [90], also studied the miniemulsion polymerization
of styrene initiated with 5 wt% TEMPO-terminated
polystyrene oligomers (Mn=1500-2500, PI=1.25) at
135ºC, finding that this process yielded almost com-
plete monomer conversion (>99.5%) and narrow
MWD (Mn=18800, PI=1.15) in 6 h. It is speculated
that this was because all monomer droplets were
nucleated, but the number of particles was not report-
ed. One wonders if the different temperatures used by
Pan et al. [91] (125ºC) and Keoshkerian et al. [90]
(135ºC) were able to produce block copolymers by
chain extension with n-butyl acrylate. The Mn of the
product was 34500 with a PI of 1.18, and a conversion
of BA of 99.4%. This is interesting because polymer-
ization of acrylates with TEMPO to high conversion
has proven problematic over the years [93].
Controlled miniemulsion homopolymerization of
butyl acrylate using different nitroxides has been
reported recently [94].
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One of the drawbacks of using TEMPO is that high
temperatures, and consequently pressures above atom-
ospheric, should be employed. Farcet et al. [95] have
studied the miniemulsion polymerization of styrene
using N-tert-butyl-N-(1-diethylphosphono-2,2-dime-
thylpropyl)nitroxide (SG1) that because of its high
equilibrium constant of activation-deactivation can be
used at lower temperatures than TEMPO [96-97].
Stable 25 wt% latexes were obtained 
at 90ºC using hexadecane and polystyrene
(Mn=330333 g/mol) as costabilizers and SLS as sur-
factant. A redox initiator system (K2S2O8/Na2S2O5)
was used presumably in an attempt to reduce the peri-
od of radical generation. SG1 is rather water-soluble
(partition coefficient=180-450) and reacts with the
radicals formed in the aqueous phase retarding the
growth of these oligomers. As a minimum length is
required for the oligomers to become hydrophobic
enough to enter into the monomer droplets, an inhibi-
tion period that increased with the SG1 concentration
was observed. In order to minimize the inhibition peri-
od, a low concentration of SG1 (SG1/K2S2O8 = 1.2)
was used. This resulted in a high polymerization rate
but in a poorer molecular weight control (PI close to
1.5). It was found that pH plays a critical role in the
efficiency of SG1 with an optimal range of pH 3-6.5.
At a lower pH, SG1 reacts very fast with O-centered
and S-centered primary radicals and at a higher pH the
nitroxide radical is too stable and stops polymeriza-
tion. The livingness of the polymer chains was demon-
strated by in situ chain extension. PSDs were broad
but no study on the effect of process variables on the
PSD was performed.

The drawbacks presented by SG1 can be overcome
by using SG1-based alkoxyamine derivatives [98].
Stable 21% solids poly(butyl acrylate) latexes of rela-
tively narrow MWD (PI = 1.2-1.4) were produced by
miniemulsion polymerization using a SG1-based
alkoxyamine derived from methyl acrylate as initiator
plus a 2.5 mol% excess of free SG1. The reaction was
carried at 115ºC and no reason for the use of such a
high temperature was given. PSD was broad and not
reproducible with an average size in the range of 390-
460 nm. The process was quite rapid reaching 80%
conversion after 6.5 h. Extension of p(BA) with
styrene was possible and it is reported that no pure
p(BA) homopolymer chains were present in the final

product. However, this seems to be in conflict with the
broadness of p(BA) MWD (PI =1.4).

Atom Transfer Radical Polymerization in
Dispersed Media
ATRP employs the activation of an alkyl halide by a
transition metal catalyst to form a radical, which can
initiate polymerization. The growing polymeric radi-
cal is deactivated by reaction with the transition metal
halide formed in the activation step. Through this acti-
vation-deactivation cycle, each polymer chain grows
nearly at the same rate [8,99-100]. Bimolecular termi-
nation is minimized by maintaining a small concentra-
tion of active radicals. In the absence of added initia-
tor this naturally resulted from the persistent radical
effect [101]. 

Matyjaszewski et al. [102] showed that to success-
fully carry out an ATRP miniemulsion polymerization,
the catalyst should be stable to homogenization (soni-
cation in their work) and should be rather hydrophobic
in order to minimize partitioning into the aqueous
phase, which would prevent the deactivation of the
radicals, leading to a poor control of the livingness of
the radicals. In addition, ionic surfactants were report-
ed to prevent good control of the polymer formed. It
was speculated that some types of interaction of the
ionic surfactant with the Cu (II)-Br catalyst existed,
which renders the catalyst unable to deactivate the
growing polymer chain. Non-ionic surfactants did not
seem to interfere with ATRP process. Using Brij 98 (a
non-ionic surfactant with 20 poly(ethylene oxide)
groups and a C18 hydrophobic chain), a 50 wt% solid
stable latex of well-defined poly(butyl methacrylate)
(Mn=23600, PI = 1.16) was obtained. 83% monomer
conversion was reached in 2 h and relatively large
amount of surfactant was used (10 wt% based on
monomer). Lower solids contents required less surfac-
tant. Large particle sizes are reported (4 µm). The par-
ticle size may be reduced (dp=250 nm) with still rela-
tively narrow MWDs (PI = 1.3-1.4) by using a con-
ventional radical initiator in the presence of ATRP cat-
alyst (reverse ATRP). The system performed equally
well over a broad range of temperatures (70-90ºC).

It has been found that catalyst partitioning is
monomer dependent. Thus, styrene retained 92% of
the original Cu(II) salt in the organic phase, while for
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butyl methacrylate only 56% remained in the organic
phase. The polymerization of styrene is further retard-
ed by this effect. The effect of catalyst partitioning
was further investigated by Matyjaszewski et al. [103]
in the reverse ATRP miniemulsion. It was found that
the catalyst, initially presents in the aqueous phase
because of the partitioning, diffused to the polymer
particles as the catalyst presents in the polymer parti-
cles reacted with the growing radicals. For the catalyst
used, CuBr2/4,4"di(5-nonyl)-4,4'-bipyridine, and for
both direct and inverse ATRPs, neither sonication nor
the presence of hexadecane affected the kinetics and
molecular weights. This strongly suggests that this
catalyst diffused rapidly through the aqueous phase.
Nevertheless, sonication and the presence of hexade-
cane had a strong effect of particle size. A word of
warning was given about the high sensitivity of the
Cu(I) to air and the use of homogenization, because if
precautions are not taken homogenization may dis-
perse air into the reaction mixture.

Matyjaszewski et al. [104] also produced water-
borne statistical and block copolymers using ATRP.
Although hexadecane was used in the formulations,
no sonication was used, and it is open to discussion
whether these reactions could be classified as
miniemulsion processes or not.

CONCLUSION

This paper has provided, we believe, a comprehen-
sive, up-to-date, critical, and objective review on the
discovery and subsequent fast development of living
radical polymerization. The power of living free radi-
cal procedures as synthetic tools in polymer science
can be better appreciated by considering the potential
advantages when compared to traditional techniques
such as anionic polymerization. The ability to accom-
modate functional groups and diverse families of
monomers permit block, random, and gradient
copolymers to be prepared without complicated, mul-
tistep reaction schemes.

Now that living free radical polymerization has
been discovered, and a basic understanding of its
functions has been met, a great deal of effort has been
made to synthesize new polymeric materials and
accurately characterize their structure. The range of

monomers that can undergo living free radial poly-
merization is ever increasing and a diverse collection
of macromolecular architectures have been intensive-
ly explored. Hopefully, this effort will lead to the dis-
covery of new structure-property relationships to aid
in the discovery of materials with useful and specific
functions.

REFERENCES

1. Matyjaszewski K., Controlled radical polymeriza-
tion, ACS Symp., 658, 2-3, 1998.

2. Salomon D., Rizzardo E., Ccioli P., Radical poly-
merization, US Patent Num., 581, 429, 1986. 

3. Veregin R., George M., Hamer G., Kazmaier P.,
Narrow molecular weight resins by a free-radical
polymerization process, Macromolecules, 26,
2987-2988, 1993.

4. Han C., Butz S., Schmidt-Naake G., Controlled
free-radical polymerization of styrene initiated by
a(BPO-polystyrene-(4-acetamido-tempo))
macroinitiator, Die Angew. Makromol. Chem., 265,
69-74, 1999.

5. Fukuda T., Terauchi T., Mechanism of living radi-
cal polymerization mediated by stable nitroxyl
radicals, Chem. Lett., 293-294, 1996.

6. Benoit D., Grimaldi S., Finet J. P., Tordo P.,
Fontanille M., Gnanou Y., Controlled radical poly-
merization,  ACS Symp., 685, 225-226, 1998.

7. Matyjaszewski K., Controlled/living Radical
Polymerization, Progress in ATRP, NMP, and
RAFT (Ed.), American Chemical Society,
Washington DC, 768, 2000.

8. Matyjaszewski K., Xia J., Atom transfer radical
polymerization, Chem. Rev., 101, 2921-2990,
2001.

9. Hawker C.J., Bosman A.W., Harth E., Controlled
radical polymerization, Chem. Rev., ASAP, 2001.

10. Chong Y.K., Le T.P., Moad E.R., Thang S.H., A
more versatile route to block copolymers and
other polymers of complex architecture by living
radical polymerization: The RAFT process,
Macromo-lecules, 32, 2071-2074, 1999.

11. Odian G., Principles of Polymerization, John
Wiley, 8-20, 1991.

12. Benoit D., Chaplinski V., Braslau R., Hawker C.,

Iranian Polymer Journal / Volume 15 Number 7 (2006)606

Recent Advances in Synthesis of New Polymers by ... Entezami A.A. et al.



Development of a universal alkoxyamine for
Living free radical polymerizations, J. Am. Chem.
Soc., 121, 3904-3920, 1999. 

13. Steenbock M., Klapper M., Muellen K., Bauer C.,
Hubrich M., Decomposition of stable free radicals
as self-regulation in controlled radical polymer-
ization, Macromolecules, 31, 5223-5228, 1998.

14. Otsu T., Yoshida M., Organic radicals, Advance in
living polymerization, Macromol. Chem. Rapid
Commun., 3, 127-131, 1982.

15. Wayland B., Pozmik G., Mukerjee S., Fryd M.,
Living radical polymerization of acrylates by
organocobalt porphyrin complexes, J. Am. Chem.
Soc., 116, 7943-7944, 1994.

16. Harwood H., Arvanitopoulos L., Greuel M.,
Investigation of statistical, block and graft copoly-
merizations by ATRP system, ACS Polymer
Preprints, 35, 549-551, 1994.

17. Kato M., Kamigato M., Sawamato M.,
Higashimura T., Polymerization of methyl
methacrylate with the carbon tetrachloride/
dichlorotris- (triphenylphosphine) ruthenium(II)/
methylaluminum bis(2,6-di-tert-butylphenoxide)
initiating system: Possibility of living radical
polymerization, Macromolecules, 28, 1721-1723,
1995.

18. Wang J., Matyjaszewski K., Controlled/living rad-
ical polymerization. Atom transfer radical poly-
merization in the presence of transition-metal
complexes, J. Am. Chem. Soc., 117, 5614-5615,
1995.

19. Matyjaszewski K., Transition-metal catalysis in
controlled radical polymerization-atom-transfer
radical polymerization, Chem. Eur. J., 5, 3095-
3102, 1999.

20. Patten T.E., Matyjaszewski K., Copper(I)-cat-
alyzed atom-transfer radical polymerization, Adv.
Mater., 10, 895-903, 1998.

21. Greszta D., Mardare D., Matyjaszewski K.,
Controlled radical polymerization, ACS Polymer
Preprints, 35, 466-468, 1994.

22. Steenbock M., Klapper M., Muellen K., Pinhal N.,
Hubrich M., Synthesis of block-copolymers by
nitroxyl-controlled radical polymerization, Acta.
Polym., 47, 276-279, 1996.

23. Harwood H., Christov L., Guo M., Holland T.,
Huckstep A., Investigation of statistical, block and

graft copolymerizations using NMR-sensitive ini-
tiators and macroinitiators, Macromol. Symp., 111,
25-35, 1996.

24. Matyjaszewski K., Gaynor S., Wang J., Controlled
radical polymerizations: The use of alkyl iodides
in degenerative transfer, Macromolecules, 28,
2093-2095, 1995.

25. Moad C.L., Moad G., Rizzardo E., Thang S.,
Chain transfer activity of ω-unsaturated methyl
methacrylate oligomers, Macromolecules, 29,
7717-7726, 1996.

26. Chiefari J., Chong Y., Ercole F., Krstina J., Jeffrey
J., Le T., Moad C.L., Moad G., Rizzardo E., Thang
S., Living free-radical polymerization by
reversible addition-fragmentation chain transfer:
The RAFT process, Macromolecules, 31, 5559-
5562, 1998.

27. Matyjaszewski K., Controlled/living radical poly-
merization, ACS Symp., 768, 2-3, 2000.

28. Granel C., Dubois Ph., Jerome R., Teyssie Ph.,
Controlled radical polymerization of methacrylic
monomers in the presence of a bis(ortho-chelated)
arylnickel(II) complex and different activated
alkyl halides, Macromolecules, 29, 8576-8582,
1996.

29. Jankova K., Chen X., Kops J., Batsberg W.,
Synthesis of amphiphilic PS-b-PEG-b-PS by atom
transfer radical polymerization, Macromolecules,
31, 538-541, 1998.

30. Wang X.Z., Zhang H.L., Shi D.C., Chen J.F.,
Wang X.Y., Zhou Q.F., Synthesis of a novel star
liquid crystal polymer using trifunctional initiator
via atom transfer radical polymerization, Eur.
Polym. J., 41, 933-940, 2005.

31. Huang C.F., Lee H.F., Kuo S.W., Xu H., Chang
F.C., Star polymers via atom transfer radical poly-
merization from adamantine-based cores,
Polymer, 45, 2261-2269, 2004.

32. Jiang G., Wang L., Chen T., Yu H., Synthesis and
self-assembly of poly(benzyl ether)-b-
poly(methyl methacrylate)dendritic-linear poly-
mers, Polymer, 46, 81-87, 2005.

33. Shemper B.S., Mathias L.J., Syntheses and char-
acterization of statistical and block fluorinated
copolymers with linear and star-like architectures
via ATRP, Eur. Polym. J., 40, 651-665, 2004.

34. Liu B., Perrier S., Thermoresponsive micelles

607Iranian Polymer Journal / Volume 15 Number 7 (2006)

Recent Advances in Synthesis of New Polymers by ...Entezami A.A. et al.



from well-defined block copolymers synthesized
via reversible addition-fragmentation chain trans-
fer polymerization, J. Polym. Sci. Part A: Polym.
Chem., 43, 3643-3654, 2005.

35. Lio Q., Zhang P., Lu M., Synthesis and swelling
behavior of comb-type grafted hydrogels by
reversible addition-fragmentation chain transfer
polymerization, J. Polym. Sci. Part A: Polym.
Chem., 43, 2615-2624, 2005.

36. Mertoglu M., Garnier S., Laschewsky A.,
Skrabania K., Storsberg J., Stimuli responsive
amphiphilic block copolymers for aqueous media
synthesised via reversible addition fragmentation
chain transfer polymerisation (RAFT), Polymer,
46, 7726-7740, 2005.

37. Hong C.Y., You Y.Z., Pan C.Y., Synthesis and
characterization of well-defined diblock and tri-
block copolymers of poly(N-isopropylacry-
lamide) and poly(ethylene oxide), J. Polym. Sci.
Part A: Polym. Chem., 42, 4873-4881, 2004.

38. Schilli C.M., Zhang M., Rizzardo E., Thang S.H.,
Chong Y.K., Edwards K., Karlsson G., Mueller
A.H.E., A new double-responsive block copoly-
mer synthesized via RAFT polymerization:
Poly(N-isopropylacrylamide)-block-poly(acrylic
acid), Macromolecules, 37, 7861-7866, 2004.

39. Ying L., Yu W.H., Kang E.T., Neoh K.G., A new
double-responsive block copolymer synthesized
via RAFT polymerization: Poly(N-isopropylacry-
lamide)-block-poly(acrylic acid), Langmuir, 20,
6032-6040, 2004.

40. You Y., Hong C., Wang W., Lu W., Pan C.,
Preparation and characterization of thermally
responsive and biodegradable block copolymer
comprised of PNIPAAM and PLA by combina-
tion of ROP and RAFT methods,
Macromolecules, 37, 9761-9767, 2004.

41. Yousa S., Shimada Y., Mitsukami Y., Yamamoto
T., Morishima Y., Heat-induced association and
dissociation behavior of amphiphilic diblock
copolymers synthesized via reversible addition-
fragmentation chain transfer radical polymeriza-
tion, Macromolecules, 37, 7507-7513, 2004.

42. Schulz G., Milkovich R., Relative reactivates and
graft distributions of polystyrene
macromonomers in vinyl chloride copolymeriza-
tion, Polym. Int., 33, 141-149, 1994.

43. Tsukahara Y., Tsutsumi K., Yamashito Y.,
Shimada S., Radical polymerization behavior of
macromonomers. 2. Comparison of styrene
macromonomers having a methacryloyl end
group and a vinylbenzyl end group,
Macromolecules, 23, 5201-5208, 1990.

44. Qin S., Giu K., Synthesis of macromonomer from
radical polymerization of styrene with a polymer-
izable photoiniferter, J. Appl. Polym. Sci., 75,
1350-1356, 2000.

45. Ohnaga T., Sato T., Influences of substrate sur-
faces on the band formation behaviour in an ori-
ented thermotropic liquid crystalline polyester,
Polymer, 37, 3799-3803, 1996.

46. Zou Y., Lin D., Dai L., Zhang J., Synthesis of graft
copolymer by coupling reaction of living
poly(methyl methacrylate) with bromomethylated
polystyrene, Polymer, 39, 2665-2668, 1998.

47. Kwon T., Kondo S., Takagi K., Kunisada H., Yuki
Y., Synthesis and radical polymerization of p-
phenyl selenomethyl styrene and application to
graft-copolymer, Polym. J., 31, 483-487, 1999.

48. Liang H., Lu J., Synthesis of poly(β-pinene)-g-
polystyrene from allylic brominated poly(β-
pinene), J. Appl. Polym. Sci., 75, 599-602, 2000.

49. Sogah D., Hertler W., Webster O., Cohen G.,
Group transfer polymerization-polymerization of
acrylic monomers, Macromolecules, 20, 1473-
1488, 1987.

50. Mayo F., The dimerization of styrene, J. Am.
Chem. Soc., 90, 1289-1295, 1968.

51. Hawker C.J., Hedrick J.L., Accurate control of
chain ends by a novel living free-radical polymer-
ization process, Macromolecules, 28, 2993-2995,
1995.

52. Hawker C.J., Barclay G.G., Orellana A., Dao J.,
Deuonport W., Initiating systems for nitroxide-
mediated living free radical polymerization:
Synthesis and evalution, Macromolecules, 29,
5245-5254, 1996.

53. Abbasian M., Namazi H., Entezami A.A., Living
radical graft polymerization of styrene to styrene
butadiene rubber (SBR) with 2,2,6,6-tetramethyl-
1-piperidinyloxy (TEMPO), Polym.  Adv.
Technol., 15, 606-611, 2004.

54. Bani F., Abbasian M., Afshar Taromi F., Entezami
A.A., Polystyrene grafted to ABS backbone by

Iranian Polymer Journal / Volume 15 Number 7 (2006)608

Recent Advances in Synthesis of New Polymers by ... Entezami A.A. et al.



living radical polymerization with TEMPO, Iran.
Polym. J., 13, 513-520, 2004. 

55. Hawker C.J., Hedrick J.L., Dipietro R., Jerome R.,
Chalier Y., The use of styrenic copolymers to gen-
erate polyimide nanofoams, Polymer, 36, 4855-
4866, 1995.

56. Edgar Anderson J., Corrie J.E.T., The rotation-
dominated ring inversion/nitrogen inversion/rota-
tion process in N-acyloxy-2,2,6,6-tetram-
ethylpiperidines. A dynamic NMR study, J. Chem.
Soc. Perkin Trans., 2, 1027-1031, 1992. 

57. Abbasian M., Entezami A.A., Metal-catalyzed liv-
ing radical graft copolymerization of styrene initi-
ated from arylated poly(vinyl chloride), Iran.
Polym. J., 15, 393-402, 2006. 

58. Abbasian M., Entezami A.A., Nitroxide mediated
living radical polymerization of styrene onto
poly(vinyl chloride), Polym. Adv. Technol., in
press, 2006.

59. Tizpar S., Abbasian M., Afshar Taromi F.,
Entezami A.A., Grafting of poly(methyl
methacrylate) or polyacrylonitrile onto poly-
styrene using ATRP technique, J. Appl. Polym.
Sci., 100, 2619-2627, 2006.

60. Benoit D., Chaplinski V., Braslau R., Hawker C.J.,
Development of a universal alkoxyamine for liv-
ing free radical polymerizations, J. Am. Chem.
Soc., 121, 3904-3920, 1999.

61. Benoit D., Grimaldi S., Robin S., Finet J.P., Tordo
P., Gnanou Y., Kinetics and mechanism of con-
trolled free-radical polymerization of styrene and
n-butyl acrylate in the presence of an acyclic β-
phosphonylated nitroxide, J. Am. Chem. Soc.,
122, 5929-5939, 2000.

62. Lukkarila J.L., Hamer G.K., Georges M.K., Stable
free radical polymerization-acrylate alkoxyamine
synthesis, Tetrahedron Lett., 45, 5317-5319,
2004.

63. Bosman A.W., Frechet J.M.J., Hawker C.J.,
Controlled free-radical polymerization, Polym.
Mater. Sci. Eng., 84, 376, 2001.

64. Miura Y., Saki Y., Taniguchi I., Syntheses of well-
defined poly(siloxane)-b-poly(styrene) and
poly(norbornene)-b-poly(styrene) block copoly-
mers using functional alkoxyamines, Polymer, 44,
603-611, 2003.

65. Even M., Haddleton D.V., Kukulj D., Synthesis

and characterization of amphiphilic triblock poly-
mers by copper mediated living radical polymer-
ization, Eur. Polym. J., 39, 633-639, 2003.

66. Batt-coutrot D., Haddleton D.M., Jarvis A.P.,
Kelly R.L., Synthesis and properties of
amphiphilic vinyl acetate triblock copolymers
prepared by copper mediated living radical poly-
merization, Eur. Polym. J., 39, 2243-2252, 2003.

67. Darcos V., Haddleton D.M., Synthesis of ABABA
pentablock copolymers via copper mediated liv-
ing radical polymerization, Eur. Polym. J., 39,
855-862, 2003.

68.  Stehling U.M., Mamstrom E.E., Waymouth R.M.,
Hawker C.J., Synthesis of poly(olefin) graft
copolymers by a combination of metallocene and
living free radical polymerization techniques,
Macromolecules, 31, 4396-4398, 1998.

69. Tsoukatos T., Pispas S., Hadjichritidis N.,
Complex macromolecular architectures by com-
bining TEMPO living free radical and anionic
polymerization, Macromolecules, 33, 9504-9511,
2000.

70. Puts R.D., Sogah D.Y., Multifunctional initiators
containing orthogonal sites. One-pot, one-step
block copolymerization by simultaneous free rad-
ical and either cationic ring-opening or anionic
ring-opening polymerization, Macromolecules,
31, 8425-8428, 1998.

71. Grubbs R.B., Hawker C.J., Dao J., Frechet
J.M.J.A., Tandem approach to graft and dendritic
graft-copolymers based on living free-radical
polymerizations, Angew. Chem. Ed. Engl., 36,
270-272, 1997.

72. Jiang G., Wang L., Chen T., Yu H., Synthesis and
self-assembly of poly(benzyl ether)-b-
poly(methyl methacrylate) dendritic-linear poly-
mers, Polymer, 46, 81-87, 2005.

73. Narumi A., Matsuda T., Kaga H., Satoh T.,
Kakuchi T., Synthesis of amphiphilic triblock
copolymer of polystyrene and poly(4-vinylbenzyl
glucoside) via TEMPO-mediated living radical
polymerization, Polymer, 43, 4835-4840, 2002.

74. Najafi Mogaddam P., Entezami A.A., Synthesis of
triblock copolymers of styrene and isoprene by a
nitroxide-mediated living free radical polymeriza-
tion, Chinese J. Polym. Sci., 22, 55-61, 2004. 

75. Adeli M., Entezami A.A., Preparation of diblock

609Iranian Polymer Journal / Volume 15 Number 7 (2006)

Recent Advances in Synthesis of New Polymers by ...Entezami A.A. et al.



and triblock copolymers of styrene, 2,5-norborna-
diene, ethylmethacrylate and PEG by nitroxide-
controlled free radical polymerization, Iran.
Polym. J., 6, 393-402, 2001.

76. Alipour M., Massoumi B., Dindar Safa K.,
Entezami A., Living radical polymerization of
methyl methacrylate, methyl acrylate and their
block copolymers with acrylonitrile by atom
transfer radical polymerization, Iran. Polym. J.,
10, 99-106, 2001.

77. Tsuji S., Kawaguchi H., Temperature-sensitive
hairy particles prepared by living radical graft
polymerization, Langmuir, 20, 2449-2455, 2004.

78. Liu Y., Klep V., Zdyrko B., Luzinov I., Polymer
grafting via ATRP initiated from macroinitiator
synthesized on surface, Langmuir, 20, 6710-6718,
2004.

79. Erel I., Cianga I., Serhatli E., Yagci Y., Synthesis
of block copolymers by combination of photoin-
duced and atom transfer radical polymerization
routes, Eur. Polym.  J., 38, 1409-1415, 2002.

80. Yagci Y., Cianga I., New polyphenylene-based
macromolecular architectures by using well
defined macromonomers synthesized via con-
trolled polymerization methods, Prog. Polym.
Sci., 29, 387-399, 2004.

81. Miyaura N., Suzuki A., Palladium-catalyst cross-
coupling reactions of organoboron compounds,
Chem. Rev., 95, 2457-2483, 1995.

82. Yamamoto T., Electrically conducting and ther-
mally stable conjugated poly(arylene)s prepared
by organometallic processes, Prog. Polym. Sci.,
17, 1153-1205, 1992. 

83. Cianga I., Yagci Y., Polystyrene macromonomers
with boronic acid propandiol diester functionality
prepared by ATRP for synthesis of comb-like
phenylenes, Polym. Bull., 47, 17-24, 2001.

84. Asua J.M. (Ed.), Polymeric dispersions.
Principles and Applications, Dordrecht, Kluwer,
1997.

85. Lovell P.A., El-Aasser M.S. (Eds.), Emulsion
Polymerization and Emulsion Polymers,
Chichester, Wiley, 1997.

86. Chou Y.J., El-Aasser M.S., Vanderhoff J.W.,
Mechanism of emulsification of styrene using
hexadecyltrimethylammonium bromide-cetyl, J.
Dispersion Sci. Technol., 1, 129-150, 1980.

87. El Aasser M.S., Miller C.M., Preparation of latex-
es using miniemulsions, In: Asua J.M. (Ed.),
Polymeric Dispersions. Principles and
Applications, Dordrecht, Kluwer, 109-126, 1997.

88. Sudol E.D., El-Aasser M.S., Miniemulsion poly-
merization. In: Lovell P.A., El-Aasser M.S.
(Eds.), Emulsion Polymerization and Emulsion
Polymers, Chichester, Wiley, 699-722, 1997.

89. Capek I., Chern C.S., Radical polymerization in
direct miniemulsion systems, Adv. Polym. Sci.,
155, 101-165, 2001.

90. Bon S.A.F., Bosveld M., Klumperman B., German
A.L., Controlled radical polymerization in emul-
sion, Macromolecules, 30, 324-326, 1997.

91. Marestin C., Noel C., Guyot A., Claverie J.,
Nitroxide mediated living radical polymerization
of styrene in emulsion, Macromolecules, 31,
4041-4044, 1998.

92. Prodpran T., Dimonie V., Sudol E.D., El-Aasser
M.S., Nitroxide-mediated living free radical
miniemulsion polymerization of styrene, Polym.
Mater. Sci. Eng., 80, 534-535, 1999.

93. Prodpran T., Dimonie V., Sudol E.D., El-Aasser
M.S., Nitroxide-mediated living free radical
miniemulsion polymerization of styrene,
Macromol. Symp., 155, 1-14, 2000.

94. Macleod P.J., Barber R., Odell P.G., Keoshkerian
B., Georges M.K., Stable free radical miniemul-
sion polymerization, Macromol. Symp., 155, 31-
38, 2000.

95. Keoshkerian B., Macleod P.J., Georges M.K.,
Block copolymer synthesis by a miniemulsion
stable free radical polymerization process,
Macromolecules, 34, 3594-3599, 2001.

96. Ma J.W., Cunningham M.F., McAuley K.B.,
Keoshkerian B., Georges M.K., Nitroxide parti-
tioning between styrene and water, J. Polym. Sci.
Part A: Polym. Chem., 39, 1081-1089, 2001.

97. Pan G., Sudol E.D., Dimonie V., El-Aasser M.S.,
Nitroxide-mediated living free radical miniemul-
sion polymerization of styrene, Macromolecules,
34, 481-488, 2001.

98. Keoshkerian B., Georges M.K., Quinlan M.,
Veregin R.P.N., Goodbrand B., Polyacrylates and
polydienes to high conversion by a stable free rad-
ical polymerization process: Use of reducing
agents, Macromolecules, 33, 8559-8570, 2000.

Iranian Polymer Journal / Volume 15 Number 7 (2006)610

Recent Advances in Synthesis of New Polymers by ... Entezami A.A. et al.



99. Keoshkerian B., Szkurhan A.R., Georges M.K.,
Nitroxide-mediated miniemulsion acrylate poly-
merization, Macromolecules, 324, 6531-6532,
2001.

100. Farcet C., Lansalot M., Charleux B., Pirri R.,
Varion J.P., Mechanistic aspects of nitroxide-
mediated controlled radical polymerization of
styrene in miniemulsion, using a water-soluble
radical initiator, Macromolecules, 33, 8559-8570,
2000.

101. Lacroix-Desmazes P., Lutz J.F., Boutevin B., N-
tert-butyl-1-diethylphosphono-2,2-dimethyl
propyl nitroxide as counter radical in the con-
trolled free radical polymerization of styrene:
Kinetic aspects, Macromol. Chem. Phys., 201,
662-669, 2000.  

102. Benoit D., Grimaldi S., Robin S., Finet J.P.,
Tordo P., Gnanou Y., Kinetic and mechanism of
controlled free-radical polymerization of styrene
and n-butyl acrylate in the presence of an acylic β-
phosphonylated nitroxide, J. Am. Chem. Soc., 122,
5929-5939, 2000.

103. Farcet C., Charleux B., Pirri R., Poly(n-butyl
acrylate) homopolymer and poly[n- butyl acry-
late-b-(n-butyl acrylate-co-styrene)] block copoly-
mer prepared via nitroxide-mediated living/con-
trolled radical polymerization in miniemulsion,
Macromolecules, 34, 3823-3826, 2001.

104. Wang J.S., Matyjaszewski K., Controlled/living
radical polymerization. Atom transfer radical
polymerization in the presence of transition-metal
complexes, J. Am. Chem. Soc., 117, 5614-5615,
1995.

105. Kato M., Kamigaito M., Sawamoto M.,
Higashimura T., Polymerization of methyl
methacrylate with the carbone tetra
chloride/dichlorotris (triphenyl phosphine) ruthe-
nium (II)/methylaluminium bis(2,b-di-tert-
butylphenoxide) initiating system: Possibility of
living polymerization, Macromolecules, 28, 1721-
1723, 1995.

106. Fisher H., The persistent radical effect in living
radical polymerization, Macromolecules, 30,
5666-5672, 1997.

107. Matyjaszewski K., Qiu J., Shipp D.A., Gaynor
S.G., Controlled/living radical polymerization
applied to water-borne systems, Macromol. Symp.,

155, 15-29, 2000.
108. Matyjaszewski K., Qiu J., Tsarevsky N.V.,

Charleux B., Atom transfer radical polymerization
of n-butyl methacrylate in an aqueous dispersed
system: A miniemulsion approach, J. Polym. Sci.
Part A: Polym. Chem., 38, 4724-4734, 2000.

109. Matyjaszeweski K., Shipp D.A., Qiu J., Gaynor
S.G., Water-borne block and statistical copolymers
synthesized using atom transfer, Macromolecules,
33, 2296-2298, 2000.

611Iranian Polymer Journal / Volume 15 Number 7 (2006)

Recent Advances in Synthesis of New Polymers by ...Entezami A.A. et al.


