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ABSTRACT: Iniferters are initia-
tors that induce radical polymeriza-
tion that proceeds via initiation,
propagation, primary radical termi-
nation, and transfer to initiator. Be-
cause bimolecular termination and
other transfer reactions are negligi-
ble, these polymerizations are per-
formed by the insertion of the mono-
mer molecules into the iniferter
bond, leading to polymers with two
iniferter fragments at the chain ends.
The use of well-designed iniferters
would give polymers or oligomers
bearing controlled end groups. If the
end groups of the polymers obtained
by a suitable iniferter serve further
as a polymeric iniferter, these poly-

merizations proceed by a living rad-
ical polymerization mechanism in a
homogeneous system. In these
cases, the iniferters (COS bond) are
considered a dormant species of the
initiating and propagating radicals.
In this article, I describe the history,
ideas, and some characteristics of
iniferters and living radical polymer-
ization with some iniferters that con-
tain dithiocarbamate groups as pho-
toiniferters and several compounds
as thermal iniferters. From the view-
point of controlled polymer synthe-
sis, iniferters can be classified into
several types: thermal or photo-
iniferters; monomeric, polymeric, or
gel iniferters; monofunctional, di-

functional, trifunctional, or poly-
functional iniferters; monomer or
macromonomer iniferters; and so
forth. These lead to the synthesis of
various monofunctional, telechelic,
block, graft, star, and crosslinked
polymers. The relations between this
work and other recent studies are
discussed.© 2000 John Wiley & Sons, Inc.
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In 1951, I started to work under Professor M. Imoto at
the newly established Institute of Polytechnics, Osaka
City University, on the radical polymerization of vinyl
chloride (VC) with benzoyl peroxide (BPO)/dimethyla-
niline as an initiator, and I published two articles1 on the
initiation mechanism in 1955. In those days, two new
polymers, high-density polyethylene and isotactic
polypropylene, were discovered with novel initiators,
and the initiation mechanism for radical polymerization
was also discussed by several workers.2 In 1953, the
definition of block and graft copolymers was clarified by
Mark,3 who emphasized that some physical properties
were different from those of random and alternating
copolymers. After that, the synthesis of these polymers
has been attempted with several methods4 in which the
block copolymer of styrene (St) and methyl methacrylate
(MMA) is prepared with polymeric radical initiators5 and
the living polymer discovered by Szwarc6 in 1956.

This being the case, I had an interest in new initiators
and their mechanisms, and I focused my attention on the
unique reaction behavior of organic sulfur compounds,
which have been used as a thiyl radical source, an ac-
celerator, a modifier, a terminator for vinyl or diene
polymerization, and an accelerator for mastication and
vulcanization in the rubber industry.

In 1954, we began to examine the initiating ability of
these compounds in radical polymerization of St and
MMA and found in 1956 that various sulfides and dis-
ulfides (e.g., phenyl, benzoyl, benzothiazoyl, xantho-
gene, thiuram, and dithiocarbamate derivatives) could
serve as efficient photoinitiators.7,8 Among thiuram dis-
ulfides,9 tetraethylthiuram disulfide (1; R 5 C2H5) was
the most excellent photo- and thermal initiator. However,
for other monomers such as vinyl acetate (VAc), acry-
lonitrile, and VC,1 served as a weak initiator or termi-
nator, depending on the reactivities of the monomers.8,10

From kinetic studies,10–121 was found to act not only
as an initiator but also as a retarder, terminator, and
transfer agent. Data on sulfur analysis indicated that the
resulting polymers had nearly two initiator fragments (5
in eq 4) at the chain ends, as is shown in Table I.13

Therefore, the polymerization of the monomer (M) with
1 proceeds via the dissociation of1, initiation, propaga-
tion, primary radical (PR) termination, and chain transfer
(CT) to 1, according to eqs 1–5,12 respectively:
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The ordinary bimolecular termination is neglected be-
cause PR2 is less reactive for initiation and more reac-
tive for PR termination. The CT to1 also occurs because
the CT constants are high values,22 0.72 for St and 0.48
for MMA at 60 °C, yielding a relatively low molecular
weight (MW) polymer,5, with two sulfide end groups
similar to those in methylN,N-diethyldithiocarbamate
(6) that can act as a photoinitiator, as is shown in eq 6:10

R92NOCOSOCH3 ¡ 2 1 zCH3

i
S

6 (6)

After purification by reprecipitation twice, polymer5,
obtained from St, was found in 1957 to initiate the
photopolymerization of MMA13,14 and VAc to give
block copolymers (12 in eq 9). Alkaline hydrolysis of the
latter provided a new block copolymer consisting of a
hydrophobic poly(St) and a hydrophilic poly(vinyl alco-
hol).15

Moreover, when the polymers of St were allowed to
react with 1 in the presence or absence of BPO in
benzene at 60–100 °C, an appreciable amount of frag-
ments of1 was introduced. These polymers also induced
the photopolymerization of MMA, leading to graft co-
polymers.14 By this method, several graft copolymers
were prepared.16 At that time, however, the idea of
polymer design was not taken into consideration, but this
method has been applied for the preparation of various
block and graft copolymers.

After we published these results in several journals,
the study was interrupted because I worked with Profes-
sor Carl S. Marvel at the University of Illinois (Urbana,
Illinois). At that time, a new thermally stable polymer,
polybenzimidazole, was prepared by Vogel17 in the next
room. My research work on the synthesis of a ladder
polyquinoline was unsuccessful, and I felt an urge to
study the synthesis of new polymers.

RELATED WORKS AND THE PROLOGUE
TO NEW RADICAL POLYMERIZATION

After I returned to Osaka in 1960, we began to study
together with more than 10 coworkers. We went on from

Table I. Polymerization of St with 1a

1 (g) Yield (%)b Mn 3 1024
S

(%)f Ng Reference

1.0 20 3.3d 0.40 2.2 13
0.15 25 1.6d 0.78 1.7 13
0.20 32 1.2d 0.78 1.5 13
0.25 38 0.96d 0.74 2.2 13
0.15 28 8.2e — 2.0 22
0.30 35 5.3e — 2.0 22
045 39 4.2e — 2.3 22
0.10 23c 6.4e — 1.7 (2.1)h 22
0.18 10c 4.5e — 1.7 (2.1)h 22
0.25 18c 5.9e — 1.7 (2.1)h 22

a 10 mL of St, 4 h, 80 °C.
b 27 h (St) and 20 h (MMA).
c MMA was used.
d Determined by viscometry.
e Determined by membrane osmometry in toluene.
f Determined by the Carius method.
g Number of (C2H5)2NC(S)SO end groups per polymer determined by S (%) or UV spectrometry and Mn.
h Calculated with Mn determined by viscometry.
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sulfide initiators to various other synthetic studies, in-
cluding the synthesis and polymerization of various vinyl
sulfide monomers, copolymerization of vinyl sulfides
and olefins with maleic anhydride, stereospecific radical
polymerization with metal peroxides and metal-contain-
ing initiator systems (e.g., reduced nickel, metal chelates,
or metallocenes with various halides), monomer struc-
ture–reactivity relationship with the generalized Ham-
mett equation (Yamamoto–Otsu equation), initiation and
propagation mechanism by sector, spin trapping and
electron spin resonance techniques, and monomer-
isomerization polymerization of internal olefins to
poly(1-olefins) with Ziegler–Natta catalysts.

The early work with disulfide initiators did not have a
chance to develop further until 1978, but we continued to
consider how to control the polymer end structure and
build a model for living radical polymerization. In 1968,
1971, and 1977, I published three text books18 on radical
polymerization, from which I learned that radical chain
polymerization has a number of advantages arising from
the characteristics of intermediate radicals, which are
formed from the monomer and initiator used; for exam-
ple, many monomers can polymerize with excellent re-
producibility, easy prediction of their reactivities from
the accumulated data on the elementary reaction mech-
anism and monomer structure–reactivity relationship,
utilization of water, and so on. From these advantages,
more than 70% of vinyl polymers (more than 50% of all
plastics) are produced industrially by radical polymeriza-
tion.

As shown in a recent article with almost the same
title,19 these advantages of radical polymerization result
in some disadvantages, one of which is the difficulty in
preparing polymers with well-controlled MWs, molecu-
lar weight distributions (MWDs), and primary structures;
these are now the most important problems.19 However,
the precision synthesis of these polymers through living
radical polymerization, without some new idea, had been
considered impossible until 1982.

As is known, the MW and end groups can be con-
trolled with a CT reaction. When an appropriate X–Y CT
agent is used in the presence of a radical initiator, two
types of oligomers or telomers,7 and8, are formed, as in
eq 7, depending on the CT constant,Ctr:

X-Y 1 nM O¡
R•

R–(M)–nOY 1 X–(M)–nOY

7 8 (7)

If Ctr is very high, telomer8 is mainly formed, and a
negligible amount of telomer7 is also formed, as is
known for the telomerization of ethylene with carbon
tetrachloride. In these polymerizations, bimolecular ter-
mination is negligible, and the polymerization proceeds

by an insertion of monomers in the X–Y bond, as shown
in eqs 1–5. When CT agents with a relatively lowCtr are
used, the amount of oligomer8 decreases, and that of
oligomer 7 increases, so that the end structure of the
oligomers is difficult to control by this method. How-
ever, if the initiator or Rz produced reacts more easily
with the CT agent than the monomers, the yield of
oligomer8 increases (see eqs 21 and 22).

In 1975–1979, I paid attention to the work of
Gomberg’s20 first discovery of stable radicals, He found
that trityl radical9 exists in an equilibrium mixture with
its dimer,10 (see58 in eq 29),20(c) as shown in eq 8:

(8)

Marvel et al.21 reported that when10 was allowed to
react with St, a telomer mixture,11 (n 5 1–2), was
isolated, similar to8 in eq 7, indicating that9 scarcely
initiates polymerization and then reacts with9 to give11,
which has two trityl end groups.

At that time, I realized that the scheme of eq 8 is quite
similar to our scheme shown in eqs 1–6, which can be
rewritten as eq 9:

RSOSR^ RSz 1 zSRO¡
nM1

RS–(M1)–n—SR^

1 2 2 5

RS(—M1)—–n21M
z 1 zSRO¡

mM2

RS—(M1)—n—(M2)—–m SR^¡

4 2 12

(9)

where RS is R92NC(S)S.1 and5 are the monomeric and
polymeric initiators, respectively, which can dissociate
into PR2 and propagating radical4, respectively.12 is
the resulting block copolymer.27,28These results seem to
provide the possibility of breaking through unsolved
problems for designing a living radical polymerization
(discussed later).

In 1979, we started the reexamination of old data
using new equipment and confirmed that the polymers
obtained from St and MMA with different amounts of1
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have two dithiocarbamate end groups like5 (see Tables
I and II).22–25The polymers isolated could further initiate
photopolymerization to give block copolymers,21–25and
the MW of the polymers increased with increased reac-
tion time,23–31 as shown in Figure 1.These radical po-
lymerizations seem to be a new radical polymerization,
different from those initiated by BPO or 2,29-azobi-
sisobutyronitrile (AIBN).

When we consider polymer formation by radical po-
lymerization, there are two extreme cases in regard to the
activity of the initiators used:

Case 1 is radical polymerization with the usual strong
initiators leading to high-MW polymers without
controlled end groups because bimolecular termi-
nation occurs by combination or disproportion-
ation. However, the bulk polymerization of St with
BPO or AIBN gives a polymer with two initiator
fragments, because the termination for St occurs
only by combination, which is a special case. In
these polymerizations, MW does not change prin-
cipally with reaction time, and these polymers have
been used for synthesizing various commodity
materials.

Case 2 involves weak initiators such as1 or CT agents
(eq 7) in which bimolecular termination is negli-
gible and the polymers with controlled ends are
formed by PR termination and CT reaction. These
polymerizations proceed by an insertion of mono-
mers (see eqs 7–9), and the MWs of the polymers
do not change or increase with reaction time. These
polymerizations might provide a new route for
preparing specialty polymers or oligomers.

INIFERTER CONCEPT

Definition and Classification

As described in Case 2, if initiators such as1 induce such
radical polymerization, polymers with two initiator frag-
ments at their ends, such as5, are obtained (see Tables I
and II) as the result of the monomer insertion (eq 9). The
use of well-designed initiators gives various polymers or
oligomers with controlled end groups, such as telechelic
and block polymers.19,22,24,28 The basic principles of
polymer synthesis with the iniferter technique are de-
scribed here, and some characteristics of polymerization
are discussed later.

Figure 1. Time–conversion and time–molecular
weight (M) relationships for the photopolymerization of
(a) St in bulk ([1] 5 7.7 3 1023 mol/L) and (b) MMA in
benzene ([MMA] 5 4.7 mol/L, [1] 5 4.6 3 1023 mol/L)
with 1 at 30 °C (from ref. 19).

Table II. MW, MWD, and Number of End Groups
(N) of Poly(St) Obtained by 1, 18, and 21

Iniferter
(mol z L21) Time (h) Mn MWD N

1 (7.7 3 1023) 3 1.3 2.2 1.7
6 2.5 2.5 1.9

10 2.8 2.8 2.0
15 3.3 3.2 2.0

18 (7.8 3 1023) 3 2.1 2.1 0.9
6 3.2 2.1 0.9

10 4.5 2.3 1.0
15 6.3 2.9 1.0

21 (3.8 3 1023) 3 3.8 — 1.8
6 6.3 — 1.7

10 9.5 — 1.7
15 15.4 — 2.0
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In 1982, we proposed for these initiators the name
iniferter (initiator–transfer agent–terminator),22 and we set
forth a model for living radical polymerization in a homo-
geneous system23 with some iniferters. Several weak initi-
ators, including sulfides, phenylazo compounds, amines,
alkoxyamines, halides, and thiols for the A–B type (see eq
10), and peroxides, disulfides and tetraphenylethanes for the
C–C type (see eq 11) are used as iniferters.19,22–24,28

Similar to initiators, there are thermal or photoinifert-
ers, monomeric or polymeric iniferters, and single or
two-component (e.g., redox) iniferters. The iniferters are
divided from the structure of their bonds into A–B-type
and C–C-type iniferters, which serve as follows:

A-B ¡ A z 1 zBO¡
nM

A–(M)–nOB

13 (10)

C-C¡ Cz 1 zCO¡
nM

C–(M)–nOC

14 (11)

where A• in eq 10 is a reactive radical that participates in
initiation and then propagation, and B• is a less reactive
or nonreactive radical that principally enters into PR
termination to give polymer13. In the case of C–C-type
iniferters (eq 11), two Cz are less reactive radicals that
participate in both initiation and PR termination, leading
to polymer14, in whichn is the total number of inserted
monomer molecules. In the beginning of our reexamina-
tion in 1979, we used some thiuram and other disulfides
as a C–C-type photoiniferter to prepare various block
copolymers.25–27

As understood from eq 11, however, the C–C type has
several disadvantages compared with the A–B type, in-
cluding the inability to control the reactivity of Cz toward
M or PR and the iniferter function changing from the
C–C type to the A–B type during polymerization. An-
other disadvantage is that, for example, polymer5 pro-
duced from1 of the C–C type is unfavorable for prepar-
ing the controlled block copolymers because two dithio-
carbamate end groups are bonded to the different carbon
atoms of the terminal monomer untis to form thea and
v ends, as is rewritten by15. That is, the COS bond,
shown by an arrow, at thev end would be more easily
dissociated photochemically than that at thea end, as
was pointed out by Okawara et al.:32

where the structures of thea andv end groups bonded to
the terminal monomer units correspond to those of
2-phenethylN,N-diethyldithiocarbamate (16) and benzyl
N,N-diethyldithiocarbamate (18) , respectively, as A–B-
type model compounds. Therefore, radical dissociation
in 15, 16, and18 occurs at different bonds, as shown by
the arrows in eqs 12 and 13:

(12)

(13)

where16 acts as a weaker photoinitiator than18, which
serves as an excellent photoiniferter because a benzyl rad-
ical similar to the propagating radical of St is produced.25 If
18 is used as a monofunctional photoiniferter to yield the
monofunctional end-reactive polymer19, AB-type block
copolymer20 is obtained.25,27–30Similarly, if p-xylylene
bis(N,N-diethyldithiocarbamate) (21) is used as a difunc-
tional photoiniferter, difunctional polymer22 is obtained,
from which ABA block copolymer23 is also precisely
prepared, according to eq 14.27–30However, block copoly-
mers with a narrow MWD are not obtained with dithiocar-
bamate iniferter (discussed later):

(14)

Thus, the A–B-type iniferters are further classified, from
the viewpoint of controlled synthesis, that is, the number
of iniferter bonds (functionality) or double bonds intro-

2126 J. POLYM. SCI. PART A: POLYM. CHEM.: VOL. 38 (2000)



duced into the benzene nucleus of16, into several types:
monofunctional (16),25,29,30 difunctional (21),29,30 tri-
functional, tetrafunctional (24),31 pentafunctional, or
hexafunctional iniferters; monomer iniferter 4-vinylben-
zyl N,N-diethyldithiocarbamate (25);33 macromonomer
iniferter 26;33 polyfunctional iniferter27;33 multifunc-
tional iniferter 28;34 and poly(St) gel (PSG) iniferter
29,35,36 in which RS is (C2H5)2NC(S)S as follows:

With 18 (or 19), 21 (or 22), 24, 25 (or 27), 26, and28 as
photoiniferters, various monofunctional polymers, in-
cluding AB block (20), ABA block (23), star, graft (or
crosslinked), comb, and multiblock copolymers, respec-
tively, were prepared.38

Synthesis and Design of Block Copolymers

As shown before, it is a characteristic of the iniferter
technique that radical polymerization using an iniferter
with a definite functionality gives a polymer with the
same functionality. Therefore, various AB and ABA
block copolymers consisting of poly(St), poly(MMA),
and poly(VAc) were synthesized in good yields with18
and21 as monofunctional and difunctional photoinifert-
ers, respectively, as shown in eqs 13 and 14.28–30

When a similar technique was applied to copolymer-
ization, several AB and ABA block copolymers contain-
ing random and alternating copolymer sequences were
synthesized, including poly(St-co-MMA)- b-poly(VAc),
poly(VAc)-b-poly(St-co-MMA)- b-poly(VAc), poly(St)-
b-poly-(DiPF-alt-IBVE), and poly(IBVE-alt-MAn)-b-
poly(St)-b-poly(IBVE-alt-MAn),30 in which DiPF,

IBVE, and MAn are diisopropyl fumarate, isobutyl vinyl
ether, and maleic anhydride, respectively.

Some multiblock copolymers can be synthesized by
successive polymerization and isolation with the iniferter
technique, but pure tri- or tetra-block copolymers free
from homopolymers could not be isolated because no
suitable solvents for separation were found.26 To break
through this point, we attempted to use a solid-phase
synthesis.35

Solid-Phase Block Copolymer Synthesis

In 1963, Merrifield37 reported a brilliant solid-phase syn-
thesis with a reagent attached to the polymer support. If
a similar idea can be applied to the iniferter technique,
pure block copolymers might be synthesized by radical
polymerization. The dithiocarbamate group attached to a
PSG through a hydrolyzable ester spacer was used as a
PSG photoiniferter (29), as shown in eq 15:

PSGOCH2OOOC
i
O

OCH2ClO¡
NaSR

PSGOCH2OOOC
i
O

OCH2SRO¡
mM1

PSGOCH2OOOC
i
O

OCH2–(M1)–nSRO¡
mM2

PSGOCH2OOOC
i
O

OCH2—(M1)—n—(M2—)m SRO¡
iM3

PSGOCH2OOOC
i
O

OCH2—(M1)—n—(M2—)m—

—(M3—)i SRO¡
Hydrolysis

PSGOCH2OH

1 HOOC
i
O

OCH2—(M1)—n—(M2—)m—(M3—)i SR

(15)

According to this scheme, after the photopolymerization
of the M1 monomer, the whole polymer was isolated and
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extracted with benzene to separate a homopolymer of
M1. The poly(St) grafted onto PSG was used for the
photopolymerization of M2 in the presence of1 as a
source of2. After the extraction and hydrolysis of the
graft–block copolymer attached to PSG30, a block
copolymer, poly(St)-b-poly(MMA), was isolated. Fur-
ther photopolymerization of M3 in the presence of1 with
30 as a PSG photoiniferter was undertaken. After hydro-
lysis and extraction, a pure triblock copolymer, poly(St)-
b-poly(MMA)-b-poly(St), was isolated.35 In a similar
way, poly(St)-b-poly(MMA)-b-poly-(ClSt) as a triblock
copolymer and poly(St)-b-poly(MMA)-b-poly(St)-b-
poly(MMA) and poly(St)-b-poly(MMA)-b-poly(EMA)-
b-poly(MOSt) as tetrablock copolymers,35,36 in which
ClSt, EMA, and MOSt arep-chlorostyrene, ethyl
methacrylate, andp-methoxystyrene, respectively, were
also prepared in good yields.

Synthesis and Design of Star, Graft, and
Crosslinked Polymers

1,2,4,5-Tetrakis(N,N-diethyldithiocarbamylmethyl)ben-
zene (24) was prepared as a tetrafunctional photo-
iniferter.31 The polymerization of St with24 was accom-
panied by the formation of benzene-insoluble polymers,
which decreased with the addition of1 as a generator of
2 to avoid mutual termination, but the reactivities of24
through an iniferter bond were the same as those in18
and21 (see Fig. 2).

A similar polymerization of MMA was performed to
give benzene-soluble polymers that contained more than

24% star polymers with more than three functionalities.
These polymers also served as a polyfunctional photo-
iniferter for St to give a star–block copolymer,21 which
then converted to a crosslinked polymer. From methyl
acrylate (MA) polymerization with24 in the presence of
1, a benzene-soluble star polymer was obtained.62

To synthesize graft, comblike, and crosslinked poly-
mers, monomer iniferter25,33 CH2ACHCH2OSR, and
CH2AC(CH3)COOCH2CH2OSR were prepared.39 In
the absence of light,25 easily homopolymerized and
copolymerized with St in benzene by AIBN to give
benzene-soluble polymer27, which also served as a
polyfunctional photoiniferter leading to graft and
crosslinked polymer formations. When the25 unit in the
copolymers with St decreased, the yield of the soluble
graft polymers increased.33

In the presence of light,25 polymerized without
AIBN to give low-MW benzene-soluble polymer26,
which contained a small amount of crosslinked polymer.
The photopolymerization of MMA with25 gave the
benzene-soluble polymers containing a styryl double
bond and a dithiocarbamate group at both polymer ends.
Macromonomer iniferter26 was copolymerized with
MMA in the presence of AIBN, and various designed
graft copolymers were synthesized.

Polymers with a dithiocarbamate photoiniferter group
in a side-chain end were also synthesized by a chemical
reaction. For example, when poly(VC) reacted with so-
dium dithiocarbamate (NaSR) in dimethylformamide,
the polymer that was 15 wt % SR group was prepared, as
with 31,40 which was then used as a photoiniferter for
preparing new antithrombogenic heparized polymers,41

which were commercialized. These iniferter techniques
have been used for the surface grafting of hydrophilic
monomers onto hydrophobic polymer surfaces.42 Re-
cently, surface grafting techniques using a dithiocarbam-
ate photoiniferter were applied to a precision processing
technology of polymer surfaces:43

Synthesis of Polymers with Thermal Iniferters

Some thermal iniferters have been known since 1939,
when Schulz45 used first 1,2-dicyanotetraphenylethane
(see36, X 5 CN) and phenylazotriphenylmethane (see
32) as an initiator.

Asymmetric Azo Compounds

Phenylazotriphenylmethane (32), which is known as a
phenyl radical source, has been used as an A–B-type
thermal iniferter22,44,45(b)(see Fig. 3), as in eq 16:

Figure 2. Time–conversion and time–molecular
weight (M) relationships for the photopolymerization of
St with 18 (E. h) and 21 (F, ■) in benzene at 30 °C. [St]
5 6.9 mol/L; [18] 5 7.8 3 1023 mol/L; [21] 5 3.8 3 1023

mol/L (from ref. 19).

2128 J. POLYM. SCI. PART A: POLYM. CHEM.: VOL. 38 (2000)



(16)

By the thermal decomposition of32 in St, a reactive
phenyl radical and a stable trityl radical, which partici-
pate in initiation and PR termination, respectively, lead-

ing to poly(St) (33), are produced, similar to1 (eq 10)
and 10 (eq 9), which does not serve below 80 °C as a
polymeric iniferter. When MMA, a 1,1-disubstituted
monomer, was used, however, poly(MMA) (33), with a
thermally weak bond at thev end to lead a living radical
polymerization, similar to36 and38 (see eqs 18 and 19,
respectively), was obtained (see the Living Radical Po-
lymerization in Homogenous Systems section).33 was
found to dissociate further to induce an ordinary radical
polymerization. The yield of block copolymers was not
so high because some undesirable side reactions might
occur (see the Features in Living Radical Polymerization
with Iniferters section).44

The other phenylazo compounds are phenylphenyla-
zosulfide (34; X 5 S)63(a) and 1,3-diphenyltriazene (34;
X 5 NH),63(b) which also serve as A–B-type thermal
iniferters leading to polymer35 (eq 17), in which35 (X
5 S) may serve as a polymeric photoiniferter, providing
a block copolymer:

(17)

Tetraphenylethanes

1,2-Disubstituted tetraphenylethane (36) also serves as a
C–C-type thermal iniferter leading to polymer37, as in
eq 18:

(18)

where X is CN,45(a),48C2H5,
46O(CH2)3O,46 OC6H5,

47

and OSi(CH3)3.
Because substituted diphenylmethyl radicals pro-

duced are less reactive for initiation but more reactive for
PR termination,3646–48 can induce the living radical
polymerization of MMA. The resulting polymer37,
which has a weak bond atv end, similar to33 (eq 16),
leading to the block copolymerization of St.48 A model
compound for this bond,38 was prepared and was found
to serve as a A–B-type thermal iniferter for the living
radical polymerization of MMA to give a polymer with
the same terminal group as39 (eq 19):

(19)

Figure 3. (a) Time–conversion and (b) time–molecu-
lar weight (M) relationships for the bulk polymeriza-
tion of MMA with 32 at 60–100 °C. [32] 5 1.0 3 1022

mol/L (from ref. 19).
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Sulfides

Some sulfides and disulfides have been expected to act as
a thermal iniferter.22 Endo et al.53 in our laboratory
found that some cyclic alkylene disulfides could induce
the living radical polymerization of St at 120 °C. The
MW and MWD of the polymers increased with reaction
time, and the block copolymers with MMA were also
obtained with the resulting poly(St) as a polymeric
iniferter.

Halides

As shown in eq 7, telomerization proceeds by an inser-
tion of monomer molecules into an X–Y bond in the
telogen. When chloroform is used, monomer molecules
are inserted into COH and COCl bonds in CHCl3, in the
presence of AIBN and amine low-valent metal chlorides
such as CuCl (amine) as initiators, to give40 and 41,
respectively (eqs 20 and 21):50(a)(b),51

Cl3COH 1 nM O¡
R•

Cl3C—(M)—n H

40 (20)

Cl2HCOCl 1 nMO¡
Cu(I)

Cl2HC—(M)—n Cl

41 (21)

In the latter case (eq 21),50,51it seems to serve as a redox
iniferter; that is, Cl2HCz and Clz, produced by one elec-
tron transfer in a metal complex with CHCl3, participate
in initiation and PR termination, respectively, to give a
telomer.19,50,51

Similarly, we have been studying since 1967 various
metal-containing initiator systems52 of reduced nickel
(50% Ni on Kieselguhr for the hydrogenation catalyst)
and many type of halides, RX (X5 Cl or Br), and found
that polymer42 was produced according to eq 22,53(e) in
which a halogen atom transfer occurs:

ROX 1 Ni0^ [R:XNi 07 RzX zNi07

RzX2:Ni1]O¡
nM

R—(M)—n X 1 Ni0 (22)

If benzyl halides (43) andp-xylylene dihalids (45) were
used together with reduced nickel as A–B-type mono-
functional and difunctional redox iniferters54,55 for St,
respectively, polymers that had monofunctional and di-
functional benzylic halide end groups bonded to one end
of 44 and both ends of46, respectively, were obtained.
These polymers of St,44 and46, served as monofunc-

tional and difunctional polymeric iniferters (eqs 23 and
24) that induced the living radical polymerization of
MMA, in the presence of nickel, to give block copoly-
mers poly(St)-b-poly(MMA) and poly(MMA)-b-
poly(St)-b-poly(MMA), respectively:

(23)

(24)

where X is chloride and bromide. Therefore, in a fashion
similar to the case of dithiocarbamate photoiniferters,
various type of polymers might be prepared. Recently,
some binary systems, similar to redox iniferter, transi-
tion-metal compounds, and alkyl halides, were reported
to induce living radical polymerization (discussed
later).65,66

LIVING RADICAL POLYMERIZATION WITH
INIFERTERS56–60

Characteristics of Radical Polymerization with
Iniferters

As shown previously, various functional polymers have
been synthesized with dithiocarbamate photoiniferters,
which can principally induce further radical polymeriza-
tion. Because radical polymerization proceeds by the low
selectivity of a reactive propagating radical, it seems that
relatively low-temperature (e.g., room temperature) pho-
topolymerization is better for the controlled synthesis.
Therefore, we mainly used photoiniferters in which di-
thiocarbamate compounds were adopted to easy prepa-
ration and functionalization. However, the iniferters can-
not always induce living radical polymerization, from
which the end groups of polymers produced from some
iniferters should further dissociate thermally or photo-
chemically into radicals, which can function as poly-
meric iniferters.

Similar to the relations in Figure 1, for example,
time–conversion or time–molecular weight relations in
the photopolymerization of St with18 and21, as mono-
functional and difunctional iniferters, respectively, and
relations in the polymerization of MMA, not St, with32
as a thermal iniferter, are shown in Figures 2 and 3,
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respectively. There are some characteristic phenomena in
radical polymerizations using these iniferters:19

1. The MW of the polymers increases as a function of
reaction time (Figs. 1–3, Table II).

2. The MWD of the polymers also increases with
time from a value of 2, which is obtainable for
ordinary radical chain polymerization (Table II).

3. The number of iniferter fragments bonded to the
polymer end is independent of reaction time (Table
II).

4. The block copolymers are synthesized with poly-
mers isolated from various stages of the polymer-
ization.

These results, except an item (2) that is discussed later,
are in agreement with the results of living anionic polymer-
ization, discovered by Szwarc,6 and other ionic or coordi-
nation polymerizations; accordingly, these polymerizations
seem to be performed via a living radical polymerization.

Living Radical Polymerization in Homogeneous
Systems

History (;1981)

As is well-known, free radicals are classified from their
lifetimes into long-lived, stable (less reactive) radicals and
short-lived, unstable (reactive) radicals. Trityl radical9 (eq
8) is long-lived radical that scarcely reacts with a mono-
mer,21 but it readily reacts with short-lived reactive radicals
such as the initiating or propagating radicals that exist in
concentrations as low as 1027–1029 mol z L21.

These stable radicals have been used as a terminator
of radical polymerization. However, some 1,2-disubsti-
tuted tetraphenylethanes (36; eq 18) were found early on
(e.g., 1939) by Schulz45(a) to serve as a weak initiator to
give a polymer that was later confirmed to be37 (X
5 CN; eq 18).47,48

In 1967, Borsig et al.46 reported that36 [X 5 C2H5

andO(CH2)3O] induced the radical polymerization of
MMA and that both the yield and MW of the resulting
polymers increased with increased coversion. These ob-
servations might suggest a possibility for living radical
polymerization. On the basis of these results and kinetic
results, they pointed out that this compound has two
functions: initiator and terminator.

In 1981, Bledzki and Braun47 also found that 1,2-
dicyano- and 1,2-diphenoxy-tetraphenylethanes (36)
could initiate the oligomerization of MMA to give a
functional oligomer (eq 18) that can further induce rad-
ical polymerization.

Our Model

As pointed out in eq 8, the trityl radicals (9) exist in
equilibrium with the dimer, hexaphenylethane (10).20

This means that a precursor of radical9 is 10, which is a
covalent compound, that is, a dormant species of9.
Similarly, for eq 9 the dormant species (precursor) of
intermediate radicals2 and 4 are the stable covalent
compounds1 and5, respectively.

On the basis of these considerations and several ex-
perimental results shown previously, we proposed in
1982 a model for living radical polymerization using
some iniferters,23 as is shown in eqs 2525 and 26. In our
original article,23 we wrote the following:

In order to find a system of living radical polymerization in
homogeneous solution, one must try to form propagating poly-
mer chain ends which may dissociate into a polymer A with a
radical chain end and small radical B, which must be stable
enough not to initiate a new polymer chain. Such a radical
polymerization would proceed via a living mechanism, accord-
ing to Scheme 1.

As an extreme case, if the polymerization proceeds via a
stepwise insertion of one monomer molecule into the COB
bond (eq 1), (i.e. repeated cycles of slow dissociation, fast one
monomer addition and fast recombination), it would result in a
successive polymerization in which the propagating radical is
represented by an intermediate radical paired with a stable
small radical.

(25)

M—M2BO¡
M
M—MM2BO¡

M

M—MMM 2 BO¡
M

- - - – - - - (26)

where eq 26 is the same with eq 1.23 47 is a polymeric
iniferter that is a dormant species of propagating radical
48 (A in Scheme 123), which reacts competitively with
monomers and the less reactive or nonreactive radical49
(B in scheme 123 to reproduce47. The number of in-
serted monomer molecules is determined by the reactiv-
ity of radical 49 because in the case of dithiocarbamate
photoiniferters,49 (i.e., 2) is a less (not non-) reactive
radical that can react with a monomer to initiate poly-
merization. The probability of entering into PR termina-
tion seems to be not so high compared with stable
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nitroxide (see eq 27), although CT to the iniferter does
occur, as shown previously. From the results of no for-
mation of the polymers with a narrow MWD under
various conditions, and the MW of the polymers pro-
duced initially, more than 30 of St monomers seem to be
inserted, by a chain mechanism, every dissociation of
COB bond (eq 25). This insertion reaction is greatly
dependent on the reactivities of the intermediate radicals,
48 and 49, and the concentrations of monomer and
iniferter used.

As shown in eq 16, phenylazotriphenylmethane (32),
which decomposes into a reactive phenyl radical and a
nonreactive and stable trityl radical (9), as a thermal
iniferter could induce the living radical polymerization
of MMA, not St, as is described in the Features in Living
Radical Polymerization with Iniferters section, with a
good living nature (Fig. 3) to give poly(MMA) with a9
end44 (i.e., 56). Similar results were also observed for
3648 and 38.49 In these cases, a dormant species is a
sterically hindered, bulky hexasubstituted ethane bond
(56; see the Features in Living Radical Polymerization
with Iniferters section) at a terminal end.44,48,49 How-
ever, the poly(St) end, which has a less sterically hin-
dered pentasubstituted ethane bond (57; see the Features
in Living Radical Polymerization with Iniferters section),
cannot decompose further below 100 °C.

Because the polymerizations of MMA with36 and38
proceeded with a relatively low living nature, some side
reactions, such as disproportionation and substitution to a
benzene nucleus in9 (see the Features in Living Radical
Polymerization with Iniferters section), seem to have oc-
curred during the recombination between the propagating
MMA radical and9,44,48as is seen from a model (eq 25).

Other Models and a Comparison

In 1984, Rizzardo64 reported a living radical polymer-
ization with some alkoxyamines (50) at temperatures
greater than 100 °C that dissociate into reactive alkyl or
propagating radical (51) and stable nitroxide (52), which
participates only in PR termination to give polymer53as
an iniferter, according to eq 27:

(27)

In this case, a dormant species is a COO bond. The
reaction scheme in eq 27 interested us because it was

quite similar to our model but superior in its results. This
technique was developed by Georges et al.67 in 1993
from the recent nitroxide technique using 2,2,6,6-tetra-
methyl-1-piperidinyloxy (TEMPO), by which nitroxide
groups can easily be introduced into various polymers.
These nitroxide compounds, as thermal iniferters, induce
living radical polymerization of St at temperatures
greater than 100 °C, according to eq 27, to give polymers
with the controlled MW and MWD of poly(St) chains.
This technique was the first successful example of pre-
paring poly(St) with a narrow MWD by radical polymer-
ization.

The other initiators for living radical polymerization
are systems consisting of transition-metal compounds. In
1984, Mun and Sato68 in our laboratory pointed out the
possibility of a living radical mechanism for the poly-
merization of MMA using cobaltocene-bis(ethylaceto-
acetonato) copper(II), but more detailed results were not
obtained. In 1993–1995, some promising initiator sys-
tems were found independently by three groups.

In 1994, Wayland’s69(a) group discovered the living
radical polymerization of acrylates mediated by organo-
cobalt porphyrin complexes. Davis et al.69(b) both pre-
dicted and used some cobalt complexes for acrylate
polymerization and obtained polymers with narrow
MWDs (;1.2). They assumed, as Wayland’s group dem-
onstrated, that the COCo(III) bond is a dormant species.
Sawamoto66 and Matyjaszewski65,70 independently re-
ported that the binary systems of alkyl halides and tran-
sition-metal compounds, RuCl2(PPh3)3 and CuCl(dipy),
respectively, induce living radical polymerization in
which a dormant species is a COX bond, which can
dissociate via one electron transfer in the metal com-
plexes with X. For this polymerization, Matyjaszewski70

coined in 1995 the termatom transfer radical polymer-
ization, which was applied to the preparation of various
functional block and graft polymers with narrow MWDs.
In the same year, Percec’s71 group discovered that aryl
and alkyl sulfonyl halides act as universal initiators for
the living radical polymerization of methacrylates, acry-
lates, and styrenes.

Features in Living Radical Polymerization with
Iniferters

Dithiocarbamate Photoiniferters

As stated previously, dithiocarbamate compounds, which
have a diethylthiocarbamyl-thiyl group [RS in R
5 (C2H5)2NC(S)] including thiuram disulfides (1) and
sulfides (54) and can easily be prepared, purified, and
handled, have several advantages and a few disadvan-
tages as iniferters in radical polymerization as
follows.(61)a
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First, 1(RS-SR) and54 (R-SR) can serve as C–C and
A–B-type thermal and photoiniferters for block copoly-
mer synthesis, as in eqs 1 and 28, respectively:

(28)

In the presence of1 and BPO without light, oligomer55
is produced, similar to7 in eq 7, which can act as an
A–B-type polymeric photoiniferter and is also applied
for the AB block polymer synthesis:

These results show that1 is an efficient CT agent, and the
derived RS serves as a PR terminator, an inhibitor for a
bimolecular termination or crosslinking reaction, and a
crossrecombinator to reform the RS end group (see the
Living Radical Polymerization in Homogeneous Sys-
tems section).

Second, the RS group in dithiocarbamates, which has
a lmax value of 282 nm and an« value of 10,500,
functions as an A–B-type iniferter under the irradiation
of light. RSz shows the same reactivity toward the mono-
mer.29,31 When suitable RS compounds were used as
monofunctional iniferter18, difunctional iniferter 21,
and tetrafunctional iniferter24, the observed rates by21
and2431 were two and four times faster than those by18,
respectively, as shown in part in Figure 2. For example,
when the concentrations per one iniferter were kept con-
stant, that is, [18] 5 [21]/2 5 [24]/4, all of the yields
observed were on the same yield–time curve, but the
MW of the polymers by21 were two times higher than
those by18.

These results strongly suggest that18 and21 induced
living monoradical and diradical polymerizations to give
AB and ABA block copolymers, respectively. When24
was used for St, gelation occurred; however, the MW for
the MMA polymerization by24, which proceeded with-
out gelation, was 2.7 times higher, but not 4 times, than
those by18, because of uncertainties in the formation of
microgel and in the MW determination.31 From these
results, the iniferter techniques using a selected dithio-
carbamate are very useful method for various controlled
polymer syntheses.

Third, an important disadvantage is no polymer being
formed with a narrow MWD, as discussed previously

(see the Living Radical Polymerization in Homogeneous
Systems section).

Fourth, a typical A–B photoiniferter such as18 dis-
sociates into a RSz and benzyl radical similar to the
propagating poly(St) radical, but 1-phenethyl radical de-
rived from the photolysis of the respective dithiocarbam-
ate is more similar to this. Therefore, several photo-
iniferters, which give radicals quite identical to the re-
spective propagating radicals produced from some
monomers (St, MMA, MA, VAc), were prepared.61 All
these photoiniferters induced the living radical polymer-
ization of St. The observed results were almost the same
as those with18.

Fifth, another limitation of this technique is the struc-
ture of the monomers. St and MMA and their derivatives
can easily be polymerized by a living radical mechanism,
but VAc and MA are polymerized with a low living
nature or no living nature. The addition of1, as a source
of RSz, greatly improved the living nature.61,62

Thermal Iniferters

As stated in the Synthesis of Polymers with Thermal
Iniferters and Living Radical Polymerization in Homo-
geneous Systems sections, some thermal iniferters,32,
36,and38, induced the living radical polymerization of
1,1-disubstituted ethylenes such as MMA to give
poly(MMA), 33, 37, and39, receptively, which can serve
as polymeric iniferters for the living radical polymeriza-
tion of MMA or the radical polymerization of St. How-
ever, these iniferters and34 initiated the radical chain
polymerization of monosubstituted ethylenes such as St
to give poly(St),33, 37, 39, and35, respectively, which
cannot induce polymerization.

The dormant species for the living radical polymer-
ization of MMA is a C–C bond (56). However, 57,
produced from the radical polymerization of St, is not a
dormant species that does not decompose (see the Living
Radical Polymerization in Homogeneous Systems sec-
tion):

where R1 5 C6H5 and R2 5 C6H5 or CN. Therefore, in
these thermal iniferters, the use of 1- or 1,1-substituted
ethylenic monomer would control whether ordinary or
living radical polymerization occurs.

The polymerization of MMA with36 and 38 pro-
ceeded with a relatively low living nature to give poly-
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mers37 and39, respectively, which led to block copol-
ymer formation with St, even if in a low yield. From
these observations, we remembered that the dormant
species of trityl radicals (9) is not only hexaphenylethane
(10) but 1-diphenylmethylene-4-triphenylmethyl-2,5-cy-
clohexadiene (58), as was pointed out by Lankamp et
al.20(c) in 1968, which then converts to59by an intramo-
lecular or intermolecular hydrogen transfer (substitu-
tion), as in eq 29:

(29)

where R is C6H5.
Therefore, in the cases in which these thermal inifert-

ers are used, some undesirable side reactions such as the
disproportionation (eq 30) and substitution of the prop-
agating poly(MMA) radical into the benzene nucleus of
9 (eq 31) seem to occur:

(30)

(31)

where R1 5 C6H5 and R2 5 C6H5 or CN. In the case of
redox iniferters, these reactions seem unlikely.

These thermal iniferters have several disadvantages:
preparation and functionalization are difficult, the block
polymer yield is not so high because of side reactions,
and 1,1-disubstituted monomers are only effective for
living radical polymerization.

CONCLUSION

The history, ideas, and some characteristics of iniferters
and living radical polymerization using some iniferters,
which was proposed in 198222,23 for controlled polymer
synthesis, have been described. Three types of iniferters,
dithiocarbamates, phenylazo or tetraphenylethanes, and

binary systems of halide-reduced nickel, have also been
proposed and used as photo-, thermal, and redox inifert-
ers, respectively. Among these iniferters, the well-de-
signed dithiocarbamates are the most efficient photo-
iniferters, inducing living radical polymerization that
leads to various functional, block, graft, star, and
crosslinked polymers with a normal MWD. For several
years, some excellent iniferters and their systems of
nitroxides,64 using TEMPO67 and containing some tran-
sition-metal complexes,65,66,70,71have been developed
for a precise living radical polymerization to synthesize
various vinyl polymers with controlled MWDs and end
structures.

More than 40 years have passed since the discovery of
living polymers by Szwarc6 in 1956. Living radical po-
lymerization, in which a living radical exists as a dor-
mant species, that is, an iniferter, has now been estab-
lished.

Moreover, 100 years have also passed since
Gomberg’s20 first discovery of long-lived stable trityl
radical, whose dormant species is its dimer hexaphe-
nylethane (10), which is an iniferter. Thereafter, pheny-
lazotriphenylmethane and tetraphenylethanes, which are
derivatives of10, were used as the first initiators in 1939
by Schulz.45 Therefore, the discovery of free radicals by
Gomberg20 was that of a weak initiator, that is, an
iniferter, and the origin of a new radical polymerization,
as stated in Case 2, which seems to be making a break-
through and is now advancing into controlled specialty-
polymer synthesis.

However, because ordinary radical polymerization, as
shown in Case 1, has a number of advantages arising
from the characteristics of intermediate radicals, which
are electrically neutral and short-lived radicals, these
radical polymerizations are the most effective technique
for large-scale preparation, which may indicate a mature
radical polymerization. More than 70% of the various
vinyl polymers have been prepared industrially to be
used as commodity materials.

The author is deeply indebted to his coworkers for this work,
too many to be cited here, but whose names appear in the
references. He also thanks his many coworkers who collabo-
rated on other radical polymerization projects in the polymer
laboratory of Osaka City University. This article and a recent
review article (ref. 19) were made possible by a grateful col-
laboration with Associate Professor Akikazu Matsumoto,
Osaka City University.
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Belluš, D, Pure Appl Chem 1985, 57, 1827.

51. Asahara, T.; Seno, M.; Wu, C. C. Kogyo Kagaku
Zasshi 1969, 72, 1818.

52. (a) Otsu, T.; Yamaguchi, M.; Takemura, Y.;
Kusuki, Y.; Aoki, S. J Polym Sci 1967, B5, 697; (b)
Otsu, T.; Aoki, S.; Nishimura, M.; Yamaguchi, M.;
Kusuki, Y. J Polym Sci 1967, B5, 835; (c) Otsu, T.;
Yamaguchi, M. J Polym Sci A-1 1968, 6, 3075; (d)
Otsu, T.; Yamaguchi, M. Bull Chem Soc Jpn 1968,
71, 2931; (e) Otsu, T. Radical Polymerization (I),
Elementary Reaction Mechanism; Kagaku Dojin:
Kyoto, Japan, 1971; p 56.

53. (a) Endo, K.; Murata, K.; Otsu, T. Macromolecules
1992, 25, 5554; (b) Endo, K.; Murata, K.; Otsu, T.
Polymer 1992, 33, 3976.

54. (a) Otsu, T.; Tazaki, T. Polym Prepr Jpn 1985, 34,
108; (b) Otsu, T.; Tazaki, T.; Takemura, Y. Polym
Prepr Jpn 1985, 34, 1194.

55. Otsu, T.; Tazaki, T. Memoirs of Faculty of Engi-
neering Osaka City University 1989, 30, 103; (b)
Otsu, T.; Tazaki, T.; Yoshioka, M. Chem Express
1990, 5, 801.

56. (a) Otsu, T. High Polym Jpn 1979, 38, 593; (b) Otsu,
T.; Ohya, T. Chemistry 1983, 38, 142; (c) Otsu, T.
High Polym Jpn 1984, 35, 222; (d) Otsu, T.; Matsu-
moto, A. High Polym Jpn 1986, 35, 1050; (e) Otsu,
T. J Soc Rubber Ind Jpn 1986, 59, 658; (f) Otsu, T.
Synthesis and Application of Reactive Polymers;
Endo, T., Ed.; CMC: Tokyo, 1989; pp 341–349.

57. Otsu, T.; Matsunaga, T.; Kuriyama, A.; Yoshioka,
M. Eur Polym J 1989, 25, 645.

58. Otsu, T.; Matsumoto, A.; Yoshioka, M. Precision
Polymerization; Chemical Society of Japan, Ed.;
Gakujutsu Shuppan Center: Tokyo, 1993; Chem
Rev Ser No. 18; pp 3–18.

59. Otsu, T.; Matsumoto, A.; Yoshioka, M. Ind J Tech
1993, 31, 172.

60. Otsu, T.; Matsumoto, A. Macromolecular Design:
Concept and Practice; Mishra, M. K., Ed.; Polymer
Frontiers International: New York, 1994; pp 471–
486.

61. (a) Otsu, T.; Matsunaga, A.; Doi, T.; Matsumoto, A.
Eur Polym J 1995, 31, 67; (b) Otsu, T.; Matsunaga,
T. Polym Prepr Jpn 1985, 34, 105, 1201.

62. Doi, T.; Matsumoto, A.; Otsu, T. J Polym Sci Part
A: Polym Chem 1994, 32, 2961.

63. (a) Reynolds, R. B. Ind Eng Chem 1950, 42, 1905;
(b) Haward, R. N.; Simpson, W. Trans Faraday Soc
1951, 47, 212.

64. (a) Rizzardo, E. 14th Australian Polymer Sympo-
sium, Old Ballart Village, Preprints, 1984, p 36; (b)
Solomon, D. H.; Rizzardo, E.; Cacioli, P. Eur. Pat.
Appl. 135280, 1985; Chem Abstr 1095, 102,
221335q.

65. Matyjaszewski, K.; Gaynor, S.; Greszta, D.; Mar-
dare, T.; Shigemoto, T. Macromol Symp 1995, 22,
1649.

66. Sawamoto, M.; Kamigaito, M. Trends Polym Sci
1996, 4, 371.

67. Georges, M. K.; Veregin, R. P. N.; Kazmaier, P. M.;
Hamer, G. K. Trends Polym Sci 1993, 2, 66.

68. (a) Mun, Y.-U.; Sato, T.; Otsu, T. Makromol
Chem 1984, 185, 1493, 1507; (b) Mun, Y.-U.;
Sato, T.; Otsu, T. J Macromol Sci Chem 1984,
A21, 1535.

69. (a) Wayland, R. B.; Poszmik, G.; Mukerjee, S. L.
J Am Chem Soc 1994, 117, 7943; (b) Davis, T. P.;
Kukulj, D.; Haddleton, D. M.; Maloney, D. R.
Trends Polym Sci 1995, 3, 365.

70. Wang, J. S.; Matyjaszewski, K. J Am Chem Soc
1995, 117, 5614.

71. (a) Percec, V.; Barboiu, B. Macromolecules 1995,
28, 7970; (b) Percec, V.; Barboiu, B.; Kim, H.-J.
J Am Chem Soc 1998, 120, 305; (c) Percec, V.;
Barboiu, B.; van der Sluis, M. Macromolecules
1998, 31, 4053.

2136 J. POLYM. SCI. PART A: POLYM. CHEM.: VOL. 38 (2000)


	RELATED WORKS AND THE PROLOGUE TO NEW RADICAL POLYMERIZATION
	Table I.
	Table II.

	INIFERTER CONCEPT
	Figure 1.
	Figure 2.
	Figure 3.

	LIVING RADICAL POLYMERIZATION WITH INIFERTERS56–60
	CONCLUSION
	REFERENCE AND NOTES

