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Precise control of macromolecular structure and architecture continues to be a dominant theme of contem
porary polymer research . Amongst the armoury of polymerization techniques available to polymer chemists, 
free radical polymerizat ion is the oldest, most studied and extensively expl ited in commerc ial practice. 

Nevertheless, free radical polymerizations have been most difficult to control and are generally charac
terized by broad molecular weight distribution. poor control of molecular weights and chain nd function 

ality and inability to synthesize well -defined block copolymers.However. polymer chemists have. in recent 
years, succeeded in effectively controlling the free radical polymerization by invoking the concept of 
reversible termination involving an active species in rapid equ ilibrium with a dormant species. Using 

controlled free radical polymerization it i feasible to produce poly(styrene)s with polydispersiti s as low 

as 1.05 with good control of molecular weight. Furthennore , a variety of novel end functionalized polymers 
as well as random, block. graft, tar and hyperbranched polymers have been prepared using controlled free 
rad ical polymerization. The paper reviews the explosive developments in this area since the appearance of 
the first publication in 1993. The scope of this new technique for polymer synthesis is illustrated with 

representative exam ples . 

Introduction 
Precise control of macromolecular structure and 

architecture continues 10 be a dominant theme of 
contemporary polymer research l . Fundamental to 
this endeavour is the availability of synthetic meth
ods capable of providing a high degree of control on 
the primary bond making and bond breaking events 
that determine the course of a pol ymerization reac
tion, namely, cha.in in itiation, propagation, tran fer 
and te[Jl1ination 2 Ideally speaking, after the chains 
are initiated, the chai ns should only continue to 
propagate without und .rgoing any chain breaking 
events such as transfer or termination process. Under 
these ideal conditions, the polymer growth reaction 
can be termed as highly "chemoselective", wherein 
the growing active center adds on ly to another mono
mer. High chemoseleclivity in polym rization de
fines the size of the macromolecule, the uniformity 
of molecular weight and determines the ability to 
manipulate the terminal end of the polymer chain. If 
initiation is fast, then the degree of polymerization is 
uniquely defined by the ratio of the concentration of 
reacted monomer to that of the added init iator, 

namely, DPn = [M']IUoJ . Such a chemo elective p -

Iymerization has been called living polymerization 

in polymer science alluding to the existence of a 

reacti ve chain end during the course of the polymeri

zation. 

Living Anionic Polymerizations 
Living polymerizations were fir. t experimentally 

observed in chain reactions involving a carbanion as 

the growing end (anionic polymerization)3. Under 

conditions, wherein adventitiou impurities are rig

orously excluded, a carbanion chain end undergoes 

only propagation reaction with the complete absence 

of any tennination or tran. fer process . In these sys 

tems, chain ends also do not react with one another 

due to electrostatic repulsions. Various ideal living 

ystems have been described for alkenes and dienes 

polymerization as well a for ring opening polymeri 

zation of epoxides. Although less satisfactory, they 

have been extended to even more difficult systems 

sllch as polymerization of methacrylates (enolate 

chain ends)4 and metathesis polymerization (metal
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locarbene cha.in ends) . The living anionic polymeri
zation systems have be n recently reviewed6• 

Controlled Cationic Polymerization 
Extension of these concepts to a cationic chain end 

(carbocationic polymerization) proved difficult. 
Spontaneous and facile elimination of hydrogen (as 

proton) from the ~-carbon of the growing carboca
lion was thought to be a formidable obstacle to 
achieve Iivingness in cationic polymerization. How
ever. the progre s in better understanding of the 
behaviour of carbocations and the correct choice of 
experimental conditions led to bener degree of con
trol. The logic of the ap roach rested on the following 
premis . Kinetically . at high initiator concentrations 

([10] ? 10-2 mol L -I ) the occurrence of tran fer due to 

~- hydrogen elimination is not very prominent. 
Therefore, if initiation is fast . it is still possible to 
avoid or minimize the transfer reaction using a high 
initiator concentration. However, carbocations are 
very reacti ve towards alkene (Rp - 105 mol- I L S- I at 

- 20°C) and hence at high concentration of initiator 
(high carbocation concentration), the polymerization 
reaction will be uncontrollable. In order to reduce the 
rate of polymerization. it was proposed that the active 
carbocation should be in equilibrium with a dormant 
specie with a fast and revers ible equilibrium be
tween the two species. Under such conditions. the 
number of chains (and hl!nce Mn) will be determined 
by the total concentration of active and dormant 
species whereas the rate of polymerization will be 
proportional to the low oncentration of the activ 
species in equilibrium ([ * ] - 10 -7 mol L-I)1

Experimental conditions were defined for the con
trolled polymerization of styrene, isobutyl vinylether 
and isobutylene using cationic initialors8. These po
lymerizations are not ideally living since (hey pos
sess a finite transfer and termination rate. But by 
appropriate choice of reaction conditions. their con
tributions to the polymer growth reaction can be 
minimized. Nevertheless, from a practical point of 
view the controlled polymerization is still useful in 
the sense that it can produce polymers with predeter
mined molecular weights, low polydispersity and 
controlled functionality. Furthermore. if after the 
con umption of the fir t monomer (A). a second 
monomer (B) is added, the polymerization will rein
Itiate again leadmg to a block copolymer of th type 
(A-A-A)m (B-B-B)n. 

Controlled Free Radical Polymerization 
If. on the contrary, the growing chain ends are free 

radicals. there are two potentially damaging reac
tions. which render the possibility of a living radical 
polymenzation till more difficult.. These are radical 
coupling and di proportionation. Of the two. fa~t 

termination of chain end by radical oupling is the 
mo t important chain breaking event in fre radical 
polymerization . The importance of radical coupling 
increases with the concentration of growing species 
since termination is second order with respect to 
growing radical whereas propagation is fir!ot order. 
Thus the proportion of deactivated chains (dead 
chains) increases WIth increasing chain length. Fur
thermore. radical polymerization is characterized by 
slow initiation (and hence low stationary concentra
tion of growing radical) and fru t propagation 
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In view of these considerations, attempts to 
achieve controlled free 'radical polymerization of 
monomers were largely unsuccessful in the past. 
However, it was recognized that free radical polym
erization is one of the most important commercial 
process for the synthesis of a host of useful materials. 
The number of monomers amenable to free radical 
polymerization is potentially large. Also, free radical 

polymerizat ion occurs at25 to 100° C and most often 
in water, as suspension, solution or emulsion. This is 
in contrast to ionic polymerization which often re
quires expensive organic solv nts, complete exclu
sion of moisture and oxygen ( < 10 ppm) and 
temperatures lower than ambient. Thereror~, there 
exists strong motivation for extending the concept of 
living and comrolled polymerization from ionic to 
radical process . This would enable synt.hesis of new 
materials with novel characteristics (functional poly
mers, block, graft and branched polymers/copoly
mers) from the readily available monomers u ing 
les ' expensive reaction conditions. 

The most promising approach was to extend the 
principles underlying the controlled carbocationic 
polymerization to free radical polymerization . Thu , 
a method was sought by which one could ensure a 
low momentary or stationary concentration of grow
ing radicals in solution . In other words, the objective 
was to render the radical less free . Furthermore. to 
ensure narrow polydispersity, the rate of initiation 
shou ld be at least equal to or greater than the rate of 
propagation . However, there is one major difference 
between polymerizations propagating through car
bocations and free radicals . Addition of the latter to 
a double bond is far too slow compared to the former; 
and if one considers the low ·tationary concentration 
of the growing radical, it can be anticipated that the 
controlled radical polymerization will be too slow for 
any practical applications. Based on the estimate of 

kp and k t at 60°C, it can be estimated that for styrene 
at [M]o = I mol L- I and for synthesizing a polymer 
with a DPn = 100, it will take more than one year to 
reach 99% conver ion, if the stationary concentration ' 
of growing radicals is assumed to be 10- 9 mol L-I ! 

Neverth less, the situation is not so hopeless. The 
rates of polymerization can be improved by accept
ing lower conv~rsions , some finite termination of the 
growing radicals and by operating at higher mono
mer concentrations (higher stationary concentration 

of radicals) . Polymerization at higher temperature 
ha ' a favourable effect on ratio k~/kt. since the acti
vation energy for propagation is always higher than 
Urat of termination. The choice of the monomer i. 
also afp.ctor to be reckoned with. The kp/k t ratio 
increases in the order ethylene (0.0005 x 10- 4) < 
styrene (0.03 x 10- 4) < methyl methacrylate (0.2 x 
IO- ~ ) < vinyl acetate (10- 4) < methyl acrylate (2. I x 
10- 4) . Thus, with methyl acrylate one can operate at 
70-times higher stationary concentration of growing 
radical compared to styrene on account oft~e more 
favourable kp/kl rati09• 

Based on the above kinetic frame-work, it i pos
sible to understand the burgeoning literature on con
trolled free radical polymerization of vinyl 
monomers. Essentially literature uses two major ap
proaches to ensure low stationary concentration of 
growing radical. One, use of a radical scavenger 
which would reversibly combine with a growmg 
radical, but by itself would not add to the double bond 
and second, use a suitable transition metal compound 
which could reversibly complex with a growing radi 
cal and provide the necessary dormant species in 
equilibrium with the growing radical 10. 

One of the first examples of a controlled polym
erization of vinyl monomer using free radical chem
istry is due LO Otsu and Yashida ll have shown that 
certain compounds (e.g. tetramethylthiuram di ul
fide) when heated, fragment to form two dithiocar
bomate radicals which act both as primary radical' 
LO initiate polymerization <md as also radical chain 
transfer agents and terminators (iniferters) . Chain 
growth results from the repeated breaking of the 
polymer chain dithiocarbamate bond, addition of 
monomer followed by termination by the dithiocar
bamate radical. Molecular weight increased in a lin
ear fashion with reaction period and conversion. This 
result can be contrasted with a conventional free 
radical polymerization process in which high mo
lecular weight is obtained early in the reaction and 
remain more or less constant until the gel effect 
occurs ll . The polymerization obeys a fIrst order ki
netics in monomer as often observed for stationary 
state kinetics. However. these reactions do not qual
ify for being termed as living or controlled since they 
neither produce narrow polydispersity nor permit 
synthesis of polymers with predetermined molecular 
weights. Nevertheless, Nair and Clouet l 3 creatively 
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e ploiled this chemi try to make end functionalized 
polymers and diblock/mult iblock copolymers by 
suitable choice of the inifert rs . Many other initiators 
with features similar to those exhibited by iniferters 
have been reported in the literature. However, none 
of these reactions wou ld rigorously satisfy all the 
cri teria needed to qualify them as living or controlled 
polymerization. 

Reversible Combination of Radicals with Stable 
Free Roeli 'als 

The first xample o f a controlled free radical po
lymerization using a stable free radical (SFR) as a 
rad ical scaveng r to reversibly combine with a grow
ing radical appeared in 1993 and is due to the work 
of Georges t a/. 14 at Xerox R search Cent r, Can
ada. They used a nilroxide stable radical 2,2 ,6,6
tetramethy l- I-piper id inyloxy (TEMPO) to form 
weak adducts in dynam ic equilibrium with th grow
ing styry l radical. The advantage of stable free radi
cals like TEMPO isthat they themselves do not add 
to' double bond . Using benzoyf peroxide (BPO) as 

initiators at 123°C, styrene was polymerized in bulk 
(TEMPO/BPO = 1.2) to gi ve a 90% conversion to 
po ly(styrene) after 70 hours with a Nln =7800 and 
IVIw = 10,000 and a Mw/Mn = 1.27. Mn increased 

li nearly with lime and conversion (up to 70%). In
creasing TEMPO/BPO ratio to 3, resulted in reduced 
convers ion and molecular weight. However, polydis
persity values b came narrower. The polymerization 
rate was first order in monomer concentration. 

These resu lts are indicati ve of a lower stationary 
concentration of the growing polystyry l radical in 
dynamic equi librium wi th a thermally labile adduct 
of the p Iy tyryl radical with TEMPO. Fortuitous ly, 
it was observed that addition of camphor sul fonic 
acid (CSA) caused a dramatic increase in the rate of 
polymerization as well as mo lecular weight l5 . There 
was a sl ight broadening of polydispersity Typically, 
it was shown that heating a mixture ofCSA (0.OI8g) 
with TEMPO (0.0 13g) and BPO (O.OISg) in styrene 

(36g) at 127°C gave a poly(styrene) with NIw = 

147,4 12, Mn = 107,556 and IVIwIMn = 1.37 . CSA, 
presumably , reduces the autopolymerization of sty
rene, which, competes with stable free radical medi
ated polymerization. 1 ading to broadening of 
molecular weight distribution. More recently, 2
f1uoro- l -methylpyridinium p-toluenesulfonate has 

been demonstrated to result in a greater enhancement 
of the rate of polymerization compared to CSA, 
without broadening the molecular weight distribu
tion 16. The mechanism of action of this compound is 
yet unclear. 

The approach has been successfully applie.d not 
only 10 bulk homopolymerizalion and block copo
lymerization but also to suspension copolymeriza
tion and emulsion homopolymerization. 

The feasibility of preparing a stable, isolable poly
styrene end capped with a nitroxide stable free radi
cal was demonstrated. It was shown thaI this dormant 
species upon heating wi th fresh sl rene, undergoes 
chain extension with light broadening of molecular 
weight distribution 17. Such nitrox yl end capped poly
mers were cons idered as suitabk: precursors for the 
pr paration of block copolymers . 

One of the competing processes that needs to be 
considered while conducting a free radical initiated 

styrene polymerization at 140- 150°C is the autopo
Iymerization . Autopolymerization of styrene has 
been extensively studied and is beli ved to occur by 
the Mayo mechanism l8 . The primary step in this 
mechanism is the Diels-Alder type reaction between 
two styrene molecule leading to an intermediate 
which by a two electron transfer process generates 
the free mdicals necessary for the initiation of polym
erization (Scheme I). It has been reported that strong 
acids (e .g . camphor sulfonic acid (CSA) can convert 
the Diels Alder product into the mnocuous product 
and thus inhibit autopolymerization . Recent studies 
by Georges el al. 19 have shown that benzoic acid is a 
more potent inhibitor of autopolymerizalion . 

+ 

( Pol y Slyrono) 

Scheme 1 - Mechanism of autopolymcrization of styrene 
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Autopolymerization of styrene at 130°C in the pres
ence of TEMPO and benzoic acid gave after 39 h, 
poJy(styrene) with Mw 10326 and rvIn 7304 and 
'!Vfw/fVfn = 1.41 (58<10 conversion). Under identical 
conditions but without benzoic acid poly(styrene) 
with NIn == 1658, NIw =4289, NIwlNfn =2.58 (32% 
conversion) was obtained. Autop Iymerization of 
styrene at 130° could be inhibited by benzoic acid up 
to 15 h. 

Addition of CSA increa es the molecular weight 
but also causes broadening of polydispersity . Perox
ide initiated slyrene polymerization gave the narrow
est polydispersity . Thus, the choice of BPO as 
initjalor turned out to be fortuitous since, benzoic 
acid is produced ill situ during the thermal decompo
sition of BPO. The primary rate enhancement mecha
nism due to organic acids , such as CSA, in nitroxide 
mediated polymerizations is proposed 10 involve the 
can umption of nitroxide radicals. The resulting re
duction in nitroxide concentration affects the equilib
rium between g rowi ng and dormant chains, 
in reasing the number of growing chains, and hence 
the polymerization rate20 . 

However, conflicting results have been reported 
by Matyjaszewski and coworkers 10. They showed 
Ihal addit ion of 0.02 - 0.1 2 M TEMPO to bulk po
lymerization of styrene at 120°C, result d in a linear 
plot of KIn versus conversion. The reaction was 
characterized by an induction peri od wh ich de
creased with increasing TEMPO concentration. lVfn 
up to 10,000 with polydispersity of 1.2 - 1.3 could be 
a hieved. Polydispers ity tend to broaden with in
creasing conversion. Thus, narrow polydispersity 
resins cou ld be obtai ned even in the absence of any 
acid additives. The amount of scavenger was re
ported to control polymerization rates and molecular 
weights. 

Styrene polymerization can 31 0 be initiated by 
azo-bi '- isobutyron itrile (AlliN) in the presence of 
TEMPO. However, rates of polymerization were 
slower than BPO ID. 

Modification in the structure of the stable free 
radical ha a significant effect on the course of AIBN 
initialed polymerization of styrene at 120°C. 4-Phos
phonoxy-TEMPO produced higher rates and higher 
molecular weight compared to TEMPO whereas 4
hydroxy TEMPO depressed both rate and molecular 
weight lO Using a more complex coordinated nitrox

ides, styrene polymerization was reported even at 

BO°C. Under similar conditions polymerization of 
vinyl acetate, methyl acrylate and methyl methacry
late were faster than styrene (bulk, AIBN, 0.03 M : 
TEMPO, 0.03M). 

Nitroxide mediated stable free radical polymeri
zation has been extended to the aqueous phase po
lymerizatIOn of sodium styrene sulfonate1 l . The 
polymerization was performed in 80% by volume 
aqueous ethylene glycol, using K2S20 s/Na HS01 as 
the initiator ([M]o =0 146 mol. [no = 6 mM K2S20 S• 

8 mM NaHSOJ• [TEMPO]o = 12 mM 120°C, 411). 
The conversion to polymer was 96%, Mn == 23000 
and MwlNI'n = 1.35. It was possible to isolate the 
nitroxide terminated poly(styrenesulfonic acid) (NIn 
8000, MwlMn = 1.08) as a solid powder, which upon 
redissolving in an aqueous EO solution containing 
additional monomer reinitiated the polymerization. 
Thus, the chain end is not only living, it is al 'o 
isolable and can be even stored! 

It has been shown that the nitroxide mediated 
stable free radical polymerization does not show any 
gel or Tromsdorff effect because of the living nature 
of polymerization22 • The mechanism of living free 
radical polymerization using nitroxide radicals indi
cate that the polymerization is first order in monomer 
concentration. Furthermore, the termination of poly
mer chruns by radical combination is greatly re
due d -. Results obtained with bulk polymerization 
of styrene using stable free radicals are summarized 
in Table I. 

Mardare el al. 24 reported that methyl methacrylate 
(MMA) could be polymerized in a controlled manner 
using an organoaluminum ompound complexed 
with a stable free radical in the presence ofa bidentate 
Lewis base. For example, use of triisobutyl alurru
num in conjunction with TEMPO or TEMPO and 
bipyridyl caused a rapid polymerization of MMA at 
25°C in benzene. The semilogarithmic time - conver
sion plot was linear, indicating a constant cqncentra
tion of' active species . However. only the 
tricomponent system showed a linear increase in Mn 
conversion with a polydispersity of 1.25. The initia-
tor efficiency (Ieff) was 0.68. A maximum Kifn = 
15000 was reported under these conditions. A radical 
mechanism involving the growing PMMA radicals 
reversibly stab1lized by a neutral tri or pentacoordi
nated aluminum derivative wa<; proposed. 
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T able I 

" no, Styrene. g 
(mol) 

36 
(0.346) 

BPO. g 
(mmol) 

0.015 
(0,06) 

2 

3 

4 

15 
(0,144) 

12 
(0, 115) 

12 
(0,11 5) 

0,15 
(006) 

5 12 
(0.115) 

6 12 
(0, 115.) 

Bulk polymerization of styrene using TEMPOIBPO 

TEMPO. Acid,g Temp" Time,h % 
g (mmo!) (mmol) °C Cony, 

0.013 Camphor !27 3 
(0.08) sulfonic 

acid 
(0.018) 

O. 22a 145 3.5 
(1 2) 

0.10 130 39 32 
(0.64) 

0.10 Benzoic 130 39 58 
(0.64) acid 

0,08 
(0.66) 

010 Camphor 130 39 48 
(0.64) ulfonic 

acid 
0,076 
(0,32) 

0,30 120 -24 -80 
( 1.9) 

Mnx I 0- 3 Mwx 10- 3 MwIMn 

107,6 147.4 1.37 

11.7 14.3 1.22 

1.66 4.29 2,58 

730 10.33 IAI 

9,6 15,5 1.61 

L3 

A similar initiator system was also reported to be 
effective for the controlled polymerization of vinyl 

acetate25• AI : 1:2 complex of aluminum triisobutyl. 

2.2'-bipyridyl and TEMPO was polymerized in ben

zene at 20 to 60°C for J2-24 h. The reaction was first 
order in monomer as shown by the linear time 
conversion plot. Thus, (he monomer is involved in 

the rate limiting step and indicates a constant concen
tration of active species. !VIn also increased linearly 

with time. These observations indicate that the initia

tion is rapid and transfer/termination reaction is mini
mal. From the kinetic data, the order with respect to 

initiator was found to be 0.3. The apparent activation 
energies were found be 6.7 kcal mol- ! which is higher 

than that for the free radical polymerization of vinyl 
acetate (Ea =4.5 kcal mol- I). The higher activation 

energy could be due to the combined contribution of 
activation energy for radical propagation and the 
enthalpy of the equilibrium between the active and 

the dormant species. The polymerization rate was 

strongly accelerated in the presence of two equiva
lents of TEMPO. At four equivalents. the reaction 
was completely inhibited , Using a vinyl acetate con
centration of 2.5 M in benzene and a Al (iBu)3
2,2-bipyridine-TEMPO (1: I :2) and initiator concen

tration of 0.05 M or 0.3 M at 20 or 60°C resulted in 
a polymer with M'wlNIn < 1.3 with marginal broad
ening of distribution with increasing conversion. Kifn 
up to 30,000 could be obtained. 

These observations were rationalized based on a 
hexacoordinated aluminum bound to the bipy ligand 
and two molecules of TEMPO (dormant species) 
which is in equilibrium with an alkyl radical (active 
species) and a penta coordinated aluminum com
pound25• However, the Mn vs per cent conversion 
plot and In [M]J[M] vs time plot showed significant 
curvature, indicating that the concentration of active 
center was not constant throughout the reaction pe
riod. In the ca')e of MMA. severe transfer reactions 
were observed. Polydispersity values were not reo 
ported. The limitation of stable free radical mediated 
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polymerization has been discussed26 . Without pro
viding experimental details. it is claimed that ho

mopolymers of n- butylacrylate (Mn - 15.000, 

MwlMn =1.5) and poly(styrene) (Mn - 200,000 and 

NIw/Mn = 1.3) as well as random block copolymers 
of styrene and n- butylacrylate (65% conversion, MIl 
- 25,000 and NfwlMn = 1.5) can be prepared using 

nitroxide mediated polymerization. 
The behaviour of stable free radical mediated con

trolled radical polymerization can be best understood 
based on a mechanism. involving fast initiation by 
radicals generated by TEMPO assisted decomposi
tion of radical initiator followed by reversible trap
ping of the polystyryl radical by cavengingTEMPO 
to form dormant alkoxyamines. Alkoxyamines are 

thermally unstable at temperature> 120°C and can 
rever ibly decompose, generating polystyryl radical 
and releasing TEMPO. Thus, irreversible termina
tion by radical coupling is minimized. Because radi
cals are continuously generated, they will also react 
with the dormant alkoxyamines in a degenerative 
transfer process. The active and the dormant species 
exchange rapidly, resulting in linear growth of all 
chains with conversion and leading to polymers with 
narrow rolydispersities (Scheme 2) . The polydisper
sity in the bulk living free radical polymerization 
mediated by nitroxide is controlled by the exchange 
rate between the growing and dormant chains27 . 

The TEMPO molecule attached to chain ends is 
extremely stable and is resistant to hydro!ysis under 
all conventional polymer termination conditions. 
Even alkali treatment cannot hydrolyze the carbon
TEMPO bond! The only method currently available 
to eliminate the TEMPO molecule from the polymer 
chain end i by reaction of the polymer with a large 
excess of tri-n-butyltin hydride. 

Reversible Complexation of Radicals with 
Organometallic Compounds 

Carbon based radicals exhibit reversible com
plex.ation behaviour with several organo metallic 
compounds. Such complexes play an important role 
in biological systems as well as in ynthetic organic 
chemistry for the formation ofcarbon - carbon bonds. 
Metal mediated radical reactions can promote many 
C-C bond forming reactions in organic chemistry 
with a high degree of regio - and stereoselectivity28. 
It IS therefore not surprising that polymer chemists 

-., 

HAy 

0'l..-P)l6-f)

V 

••• ' ",-on'· 

Schem 2 - Mechanism of styrene polymermllion initiulcd by 
BPO in the presence of TEMPO 

have attempted to exploit the potential of this method 
for controlled synthesis of polymers. 

Aromatic diazonium salts decompose In the pres
ence of metal complex.es to yield radicals which 
initiate the polymerization of MMA with a rea on
able degree of control using 5 M MMA in THF 
acetone (1: 1) at 40°C, various metal acetate (Ce, Co, 
Cr. Rh) were found to in itiate polymerization using 
p- chlorobenzene diazonium tetraborofluorate. Ce 
(OAc)? gave the best results . The maximum fYIn Ihat 
could be obtained was 30,000 after 6 h29• The poly
dispersity index was in the range of 1.5 - t .8 in the 
conversion range of 20-80%. The polymer had a 
syndiotacticity of 65-70% as expected for conven
tional free radical polymerization. Under similar 
conditions, methyl acrylate gave uncontrolled po
lymerization. 

Kato et ai.30 have recently reported that the 
Kharasch reaction can be used to initiate the control
led polymerization of MMA. The Kharasch reaction 
involves the addition of CCI 4 to an unsaturated dOll
ble bond, giving the I: 1adduct in high selectivity and 
yields. The reaction proceeds by a radical mechanism 
in which th transient radical is confined in the coor
dination sphere of a transition metal atom and thus 
remains stabilized. Many metals have been used for 
the promotion of Kharasch reaction . I f the Kharasch 

http:complex.es
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reaction can be induced to occur successively with 
additional monomer then polymerization would oc
cur. However, using conditions under which CCI4 

can be activated. C-C1 bond cannot be activated. 
However, in presence of a Lewis acid , methylalu
minum bis -2 .6-di-t-butyl phenoxide, [Me Al 

(ODBP)2 I at 60°C, 90O/C conversion was obtained in 

4 h. The resulting PMMA had Mn - 5200 and poly

dispersity index of - 1.3. No polymerization was 
observed in th absence ofeither Ru or AI compound . 
The semilogarithmic plot of In(fMo]/[M] ) vs time 
was linear indicating that the reaction was first order 
in monomer. The plot of Mn v conversion deviated 
from linearity beyond 25o/c conversion and became 
progressively lower than Mn calculated. indicating 
the presence of distinct transfer reactions. Monomer 
resumption ex periment indicated that the chain ends 
were quasi living in nature. 

A free radical mechanism was inferred from these 
and other results . The proposed pathway involve an 
equilibrium bet we n CI terminated PMMA chain 
end (dormant) and a PMMA radical stabilized by the 
coordination with the ruthenium atom . The role of 
the Lewi acid is to coordinate with the carbony l 
group of the ester ~nd thus activates the tertiary 
C-CI bond for homo[ys.i' by Ru ll (Scheme 3) . 

Instead of CCI4 • a -halocarbonylcompounds can 
be employed31 . Examples are ) . 1 ,I -trichloroacetone, 

a, a -dichloroacetophenone and ethyl-2-bro
moisobutyrate. Aluminum isopropoxide was found 

Ru 0 III M M A ~ 14~ • 
e CI . __ CI3 C-R u- Cl _ CI5C - CH2- ~ - Ru -CI 

COtCH, 

1 
CH, 
I 

~HS 

cl!e- CHt-~ - C I 0; ~ CI)C-CHZ-~ - C I 

C "'.,(-0 
o~ ....OC H 
. 5 

0)
Z 

COZCH) 

MIAI (Oarlz 

~.,. -MMA 
CISC -{ C HZ- ~-71C I 

eozCHs -
Scheme 3 - Mechanism of methyl methacrylate poly· 

meri zat ion initiated by Ru ll 

to be the best Lewis acid. Polymerization of MMA 

was conducted at 80°C in toluene using [MMA]o = 

2.0 M, [a-halocarbonyl compoundJo = 20 mM. 
[RuCh(PPh3))Jo = 10 mM. [AI(OiPr).]o = 40 mM. 
The time to reach 50% conver ion was about 9 h for 

ethyl 2- bromo- isobutyrate. 14 h for a. a- dichlo
roacetophenone and 16 h for I.) .I -lrichloroacetone. 
The polymerization showed familiar features of a 
living polymerization, namely constant concentra
tion of growing sp.ecies with time, KifwlIVIn < 1.2, 
linear increase of NIn with time and resumption of 
polymerization by addition offrcsh monomer, result
ing in increase in Mn. in direct proportion to mono
mer conversion and in good agreement with the 

calculated values . Furthermore, when using the Ct., a
dichloroacetophenone as initiator. tjuantitative incor
poration of phenyl group into the polymer was dem
onstrated . The number average end functionality of 
the initiat r moiety (phenyl group) was 1.0 I. indicat

ing that an Ct.-halocarbonyl compounds in fact serve 
as an initiator that forms one living poly(MM·\) 
chain per molecule. Results with Ru ll catalyzed 
MMA polymerization are summarized in Table 2. 

The above reaction. thu involves the reversible 
activation of a C-CI bond. at the growing end of the 
reaction. It thus bears a striking mechanistic resem
b[ance to the living cationic polymerization of is
obutylvinyJ ether with HCI /Zn [2 and 
isobutylene/styrene with cllmyl ch loride/BCl1 0 r 
TiCl4 systems . 

Cobaloximes and C -porphyrins react reversibly 
with primary and secondary alkyl radicals. Thus. 
they are useful initiators for the polymerization of 
acrylate . Harwood and coworkersJ2 have shown that 
a bisoxime complex of COlli photopo[ymerize elhy I 

acrylate in chloroform at 25°C. 100% conversion 
'could be obtained in 5 h. Various diagnostic tests 
were performed t ) show the living character of the 
chain end. These are: the absence of Tromsdorff 
effect, linear relationship between NIn vs conver ion 
and ability to functionalize the chain ends. Although 
the fea ibility of polymerizing both acrylonitrile and 
vinyl acetate as well as block copolymer synthesis by 
sequential monomer addition were mentioned, no 
experimental results were provided. A (letramethyl 
porphyrinato) cobalt neopenlyl has been shown to 
initiate the living free radical polymerization of acry
[ates.l3. Using methyl acrylate33 (2 .5 M in benzene) 
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Table 2 - Polymerization of methyl methacryl ate using Ru ll / halo compounds/Lewis ac ids 

[MMA ] 
M 

[RuCIz 
(PPh3hl 
mM 

Lewis acid 
mM 

Halogen 
Cpd., mM 

Temp, oC T ime, h Conv.% NJn x I 0 ~ 3 Mw/Mn 

2.0" 10 60 4 90 5.2 1.32 

2.0d 10 80 60--80 90 104 1.15 

a in n-heptane (2.S mL), bMethylaJuminiumbis(2,6----di-tert-butylphenoxide),cCCI4 

din tolu ene (2.5 mL). eAluminium isopropoxide, f a ,a,---dichloroaeetophenone 

k i 

Scheme 4 - Atom transfer radical addition reaction 

and (TMP) Co-CH2-C(CH))2 ( I x 10- 3 M), at 60°C, 
resulted in a polymer (70% conversion, NIwlNfn = 
1.21). The plot of 'KIfn vs con version was linear till 
about 70 to 80% conversion. The living nature of 
chain end was demonst rated by the synthesis of a 
methyl acrylate - buty l acry late copolymer by se
q uent ia l monome r addit ion (NIn (M A-b-BA) 
131 ,400, MwlMn = 1.29). 

Atom Ttransfer Rradical Ppolymerization (ArRP) 
Atom ITansfer radical addition (A TRA) is a well 

known method for C-C bond formation in organic 
sy nthesis34 . ATRA is also promoted by transition 
metal catal ysts28 . In these reactions, catalytic amount 
of transition meta l compound act as a carrier of the 
halogen atom in a redox process (Scheme 4). The 
high efficiency of metal catalyzed A TRA suggests 
that the pres nce of MtnlM ln H redox process provides 
a low concentration of free radicals resulting in re
duced te rmi nation reaction between radicals. 

The concept of ATRA has been extended to po
lymerization (atom transfer radical polymerization 
ATRP) (Scheme 5) of sty rene and methyl methacry
late j o. An alkyl ch loride. namely I-phenyl ethylchlo-

I NI TI ATION 

ki + M1 

PRO PAGA TION 

Scheme 5 - Atom transfer radical polymeri zation reaction 

ride, i an efficient initiator and a transition metal 

halide Cue l, complexed with 2,2'-bipyridine, an ef

ficient chlorine atom transfer promoter. For styrene 

polymerization at 130°C. NIn increased linearly with 

conversion . Furthermore, the polymerization wa 
first order in monomer concentration and NIwlNfn 

was in the range of 1.3- J.45. These results suggest a 

li ving polymerization proce s with a negligible 
amount of irreversible transfer and termination . In 

the absence of 1- phenylethyl chloride, CuCI or 2,2'

bipyridine, polymers with broad molecular weights 
distribution and ill- controlled molecular weight 
were obtained. The method is general and works well 

with both , tyreruc and acrylic monomers (Table 3) . 
The end group analysis of poly(methyl acrylate) 
initiated by 1- phenylethyl chloride by NMR con

firms the mechanism (Scheme 5). The polymer has 
an Ar-CH- CH] group at the head and a chlorine atom 

at the tail. 

http:catalysts28.In
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Table 3 - Atom transfer radical polymerization initiated with RX/CuX/2,2' -bipyridinea 

Monomer RX/C uX Temp. , oC "Mn(theory) Nln (SEC) "Mw/"Fiil'n 

Styrene I -Phenyle thy l 130 120,000 110,500 145 
chloride/CuCI 

I -PhenyJelhy l 100 97. 000 93, 300 1.50 
hromidc/CuBr 

I-Phenylethyl 80 8, 300 8,000 1.'25 
hromide/CuBr 

Methy l Ethy l 2- 130 30.500 31,000 140 

acrylate ch loropropionatel 


CuCI 


Elhy l 2- 80 19,100 21,500 125 
hromopropionatel 
CuBr 

Methyl2- 100 27, 500 29 , 100 1.14 
bromopropionatel 
CuBr 

Butyl Methy l 2- 130 15 ,000 13,500 1.50 

acrylate bromopropionatel 


CuB r 


ethyla Ethyl2- 100 10,000 9,800 140 
methacrylate bromoisobutyratel 

CuBr 

"Molar rat io of RX/CuX/2.2-bipyridine= I : 1 :3, b In cthylacetate, 50% by volume 

ATRP can also be initiated us ing conventional 

radical init iators, e.g. AIBN, instead of I-ph nylethy l 

hal ides~6 . In these cases, large excess of Cu(II)CI2 

and 2,2' -bipyridine are required . Typically, polym

erizat ion of styrene at 130°C, using ten-fold molar 

excess of CUll C b and twenty-fo ld molar excess of 

2,2'-bypyridine resu lts in well controlled polymeri

zat ion with 95% l ell and MwlNIn - 1.30. The higher 

molar excess r qui rement of CU ll C b was pre umably 

due to its poor solubility in the system. Cu" Cb is 

known to be an effic ient and strolfg inhibitor/retarder 

of rad ical polymerizat ion . How ver, at high tempera

tures and in the presence of a coordinative ligand 

such as bipyridine, a reversible ac tivation of the 

poly meric alky l chloride occll rs . 
Under ident ical condi tions, methyl acrylate failed 

to undergo controll d poly merization. However, lise 

of 2-chloropropion it rile as a coin itiator along with 

Cu" C h and 2,2'- bipyridine and 1 mol % AIBN 

re lative to 2-chloropropi on itrile resu lted in control

led polymerizati on of methy l acrylate. 

ATRP can also be initiated by other reactive haJ
ides. Recently, Percec and Barboiu34 have hown that 
arenesulfonyl chloride in the presence of CUi CI and 

2,2'-bipyridine initiates the bulk polymerization of 
styrene37 • Good molecular weight control was ob
tained. The polydispersities were in the range of 1.50 
- 1.80. Botb arylsulfonyl and chlorine groups were 
detected at the terminal end of the polymer. 

One of the disadvantages of the CUi/CUll alkyl 
halide or arenesulfonyl halide ystems i that they are 

heterogeneous. 2,2'-Bipyridine only partially solu
bilizes the catalyst system. Thi limits the complete 
monomer conversions using the above catalysts . It 

has been found that 4,4' -dinonyl - 2,2'-bipyridine 
forms a very soluble complex with CUI CI and can be 
used for the homogeneous polymerization38• Use of 
h mogeneous catalysts improves the molecular 
weight distribution (1 .30 vs 1.4 for heterogeneous 
cataly ts) . Recently. ,the kinetic features of ATRP of 
methyl acry late and styrene have b en elucidated39 . 

ATRP, thus, is a simple, inexp nsive and general 
melhod for controlled radical polymerization of sty
rene and acrylate monomers . The presence of a cata· 
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lytic amount of growing radicals and fast equilibra
tion between grow ing radicals and dormant species 
are essential for successful atom transfer radical po
lymerization. Under well-defmed conditions, ATRP 
can produce poly(sty rene) with l\ifw/Nln =1.05 (rvln 
= 8,777 and conver ion = 78%)40. 

Synthesis of Polymers with Controlled Struc
tures/Archite~tures Using Living Radical Po
lymerization 

The availability of controlled methods for polym
erization opens the doors for new polymer synthesis. 
It is, therefore, not surpris ing that availability of 
efficient methods for controlled radical polymeriza
tion has stimulated renewed interest in this area. 
Novel strategies have been explored for the synthesis 
of end functionalized polymers41.42, graft and star 
pol ymers 42.4\ hyperbranched polymers44-.u;, random 
and block copolymers47.48. Using nitroxide mediated 
stable free radical polymerization block copolymers 
of poly(styrene) and t-butylacrylate and 4-vinyJ 
pyridine have been synthesized. Triblock copoly 
mers of poly(styrene) - poly(isoprene) - poly(sty
rene) we re pre pared by sequential monomer 
addition49. 

Functionalized unimolecular initiators derived 
from monoadducts of benzoyl peroxide, styrene and 
TEMPO were prepared (Scheme 6). Using these 
functionalized initiators, hydroxy and amino end 
functionalized poly(styrene)s were prepared41 . Pos
sibilities of synthesizing fU[lctionalized polymers us
ing ATRP have been pointed out42. Use of initiators 
sllch as Y-R-X, where Y = -C02H, -OR, -CN, C=C, 
naphthyl and X =C I, Br, should yield polymers with 
end functionalization Y. Block copolymers ofmethyl 
acrylate with styrene by ATRP has been reported42 . 
Polymerization of methyl acry late by I-phenylethyl 

chloride/Cui C l/bipyridy l at 1300 
, re ulted in a 

poly(methyl acrylate) with a terminal chlorine end 
group. Addition of styrene and further polymeriza
tion resulted in a block copolymer, poly[(methyi 
acrylate)-b-styrene 1.The Mn of poly methyl acrylate) 
block was 2080 (l\ifwlNln =1.25), whereas that of the 
pOly(slyrene) block was 6240 (M wl!Vfn = 1.35). 
ATRP has been applied to homopolymerization of 
acrylonitrile and its block copolymerization with n
butyl acrylate and 2-ethylhexylacrylate5o. 

o 

I.) ( cl'o-r, + 

( .) 

,,' [-..o~-@-.41 + ~ + o._p 
j'sooc 

12h,. 

t_8.o-,rNH-@-O~H3oX(

o eN 

0. 

Scheme 6 - End functionalized polymers by table free radical 
mediated polymerization 

Star shaped polymers have been successfully syn
thesized using both stable free radicals mediated and 
atom transfer radical polymerizations (Scheme 7). 

mailto:t_8.o-,rNH-@-O~H3
http:copolymers47.48
http:polymers41.42
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11(b) 0-0'"'"N 

2 6 

M n SEC = 624 00 , loin th.oq - 60,000 

"'1'1 / "',' ~ 1 '2~ 

Schem 7 - Branched polymers using living free radical 
polymerizalions 

Three-arm poly(styrene)s and six arm poly(sty

rene)s, poly(methyl acrylate)s and poly(methyl 

methacry late) ha ve been s ynthesized42.43 . Three arm 

poly(styrene)s with arm molecular weights Mn 

(SEC) = 22,000, Mn (theory) = 24,000 and MwlMn 

= 1.09 were prepared in 88% yield. The interesting 

feature of the six=arm polymers prepared by A TRP 

that every arm contains a halogen terminal group, 

capable of being further functionalized (Scheme 7b). 

0);1
HO'): )( 

rg + ~ ,):1
'(; ~x' 

1 
AIBN 
7HF 
6:'>'C 

o J. 0 Y oJ) 

1 ~~,.c."" 
[©[(~:y

©© 
Scheme 8 - Graft copolymerization of ~lyrene usi ng living 

free radical polymerization 

Grart copolymers have also been prepared using 

living free radical polymerization techniques 

(Scheme 8) . Random copolymers of styrene with 

methyl methacrylate or n-butyl acrylate have been 

synthesized (Scheme 9). Traditional methods such as 

anionic, cationic or group transfer polymerization 

techniques are not suitable for the synthesis of ran

dom copolymers from disparate vinyl monomers 

such as ·tyrene and acrylates. Polymers with a range 

of composition, controlled molecular weight and end 

functionality and narrow polydispersities (Ll - 1.6) 

have been reported. 
Recently, Frechet and coworker 44 have proposed 

a new class of vinyl polymerization, namely, self

condensing vinyl polymerization, which promises to 

be a simple method for the synthesis of complexed 

branched polymer structures (Scheme 10). This prin

ciple has been applied to controlled and living radical 

polymerization of suitable45,46 precursor monomers 

(Scheme II) to y ield hyperbranched polysty

renes45.46 . 

i 

http:renes45.46
http:ynthesized42.43
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/H 
+ H2C=C n 

1H~'~:"~ ' 

HO 
o-Q 

Mn 9000 

Mw/Mn: 1'22 

Yield : 81-/. 

Scheme 9 - Random copolymeriZlltion of styrene and butyl 
acry late using living free radical polymerization 

(Scheme 11) to yield hyperbranched poly ty
renes45,46 . 

Concluding Remarks 
The emergence of the living radical polymeriza

tion chemistry capable of producing polymers with 
controlled molecular weights and narrow molecular 
weight distributions within the last three y ars has 
opened up new horizons in polymer synthesis. In a 
very short duration, chemists have explo ited th is 
technique, creatively, for the synthesis of polymers 
with well detined architectures and novel functional 
polymers, previously obtainable only under syntheti
cally more rigorous living anionic or cationk polym
erization cond itions . More significantl y, the 
emergence of this chemistry, has further unified the 
mechanistic concepts underlying many of the well 
k.nown living polymerization processes, namely an
ionic polymerization of methyl methacrylate, cat
ionic polymerization of styrene, isobutylene and 
isobutyl vinyl ether and group transfer polymeriza
tion of methyl methacrylate51• In every case, en
hanced livingness with negligible contributions from 
chain breaking or termination reactions has been 
achieved by invoking the concep t of "reversible ter

- --... CH2-CH 
A t: tivot iOt1 I 

B

B 

r+Yf;l'erbronc hed pol ymer 

w ith m any 'ioct lllli ch ai n ends 

Scheme 10 - Self-condensing vinyl polymcri~alion 

mination "in olvingan "active" species in rapid equi · 
librium with a dormant species. 
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Abhreviations 
AlBN =Azo-bis-isobutyronitrite; BPO =Benzoyl 

peroxide; [C*] =Concentration of active specie:: 
DPn =Nu mber average degree of polymerizat ion: leff 

=Initiator efticiency, defilled as the ratio of Mn. as 
detem1ined by SEC to Mn, calculated from IMlo and 
Lno; [Io]. t lnitial initiator concentration~; Kp = Rat~ 

constant of propagation; Kt = Rate constant for ter
mination; Mn = Number average molecular weight: 
[MJ o =lnitial initiator concentration; Mw = Weighl 
average molecular weight; Mw /Mn = Polydispersity 
index , ratio of weight average to number average 
molecular weights; Rr =Overall rate of polymeriza · 
tion ; SEC = Size eXcitL ion chromatography: 
TEMPO =2.2.6.6-tetramethyl- J-piperiu inyl\lxy . 
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Scheme II - Li vi ng free rad ical self-condensing vinyl po lymerization approach (0 hyper-branched poly (styrene)s 
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