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ABSTRACT: The subject of this review is to present new synthetic methodologies recently developed by us, which
are applicable to both regular and asymmetric star polymers with well-defined architectures. The first methodology
involves the coupling reaction of a variety of living anionic polymers of styrene, α-methylstyrene, isoprene, tert-butyl
methacrylate, and ethylene oxide with novel chain-end- and in-chain-functionalized polymers with a definite number of
benzyl halide moieties intentionally designed as polymeric coupling agents. In the second methodology, we propose a
new concept based on iterative approach, with which star polymers can be successively and, in principle, unlimitedly
synthesized by repeating the iterative reaction sequence. Finally, a convenient synthesis of densely branched polymers
with starlike structures is presented by the quantitative coupling reaction of living anionic polymers with reactive benzyl
halide-functionalized backbone polymers based on a grafting-onto method.
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Star polymers are branched polymers in which more
than three linear polymer chains are linked together at
one end of each chain by a central core or a single
branch. They have physical properties in bulk, melt,
and solution quite distinct from linear analogues. For
this reason, star polymers have been widely studied
from both synthetic and theoretical points of view.1–9

It is of course essential to use star polymers with well-
defined structures for evaluating fundamental under-
standing regarding the effect of chain branching on
such physical properties.

At the present time, the most successful methodolo-
gies for the synthesis well-defined regular star poly-
mers have been developed mainly based on coupling
reactions of living anionic polymers of styrene and
1,3-dinene monomers with multifunctional chlorosi-
lane compounds as electrophilic coupling agents. A
variety of star polymers with a definite number of three
to eighteen arms have been synthesized.10–19 Further-
more, the successful syntheses of the 32-, 64-, and even
128-arm star polymers by using specially designed car-
bosilane dendrimers have been reported so far.20, 21

Currently, great attention has been paid to more com-
plex asymmetric star polymers whose arms differ in
molecular weight and chemical composition, since star
polymers of this type are expected to exhibit interesting
and unique physical performance originated from their
†To whom correspondence should be addressed.

branched architectures as well as heterophase struc-
tures.22–33 Synthesis of asymmetric star polymers is
generally more difficult than that of regular star poly-
mers. In the synthesis of regular star polymers, for ex-
ample, their arms can be simultaneously introduced by
one reaction. On the other hand, two or more high-
yielding reactions are required for introducing different
arms in molecular weight and chemical composition of
asymmetric star polymers. Furthermore, isolation of
intermediate polymers is often needed in each reaction
step. Therefore, different synthetic methodologies are
required for the synthesis of asymmetric star polymers.

Most of well-defined asymmetric star polymers have
now been synthesized mainly by the following two
methodologies: The first one involves the successive
linking reactions of living anionic polymers with mul-
tifunctional chlorosilanes by utilizing different reac-
tivities of living anionic polymers toward the Si–Cl
bonds. Various asymmetric stars of the type such as
AB2, AB3, ABC, ABCD, and A8B8 usually consist-
ing of polystyrene, poly(1,3-butadiene), and polyiso-
prene segments have been synthesized.34–46 The sec-
ond methodology involves the coupling reaction of
non-polymerizable macromonomers with living poly-
mers, followed by initiating the polymerization of ad-
ditional monomers. By developing this methodology,
the synthesis of ABC and A2B2 star polymers contain-
ing poly(alkyl methacrylate) segments have been real-
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ized.47–54 In addition, some other methods that are sim-
ilar in part to the above-mentioned methods have been
reported.55–64 Hadjichristidis and his coworkers have
well reviewed the recent advances of these synthetic
methodologies.65–67 Some other excellent reviews on
the same subject have also recently appeared.51, 68–74

Several research groups have widely studied the
methodology in which difunctional monomers such as
divinylbenzene and ethyleneglycol dimethacrylate are
reacted with anionic species present at the initiation or
termination stages of living polymerization to synthe-
size star polymers.75–94 Since well control of such re-
actions is difficult, the core parts of the resulting star
polymers have always some distributions. Accordingly,
the method is less suitable for the synthesis of well-
defined star polymers, but technologically important to
synthesize star polymers in industrial scale.

Several successful synthetic examples of asymmet-
ric star polymers with well-defined architectures have
so far been reported since 1988 despite their synthetic
difficulties. However, structural and architectural vari-
ation of asymmetric star polymers are still limited in
synthetic points of view and a new development of gen-
eral and systematic methodologies is desired even at the
present time.

In this article, we would like to present two new
synthetic methodologies based on living anionic poly-
merization recently developed by us, which are appli-
cable to both regular and asymmetric star polymers
with well-defined architectures. In addition, a conve-
nient synthesis of star polymers based on “grafting onto
method” is also described. In the first methodology,
various novel chain-end- and in-chain-functionalized
polymers with a definite number of benzyl halide moi-
eties are synthesized and employed as polymeric cou-
pling agents instead of low molecular weight coupling
agents in the reaction of living anionic polymers for
the synthesis of star polymers. These functionalized
polymers can be intentionally designed in number and
placement of benzyl halide moiety as well as in chain
structure. Accordingly, a variety of regular and asym-
metric star polymers can be synthesized by the combi-
nation of living anionic polymers with such functional-
ized polymeric coupling agents. In the second method-
ology, we propose a new concept based on iterative ap-
proach, with which star polymers can be successively
and, in principle, unlimitedly synthesized. The success
of this methodology strongly depends upon how many
times of the iterative reaction sequence can be repeated.

Finally, we present the synthesis of densely branched
polymers by the quantitative coupling reaction of liv-
ing anionic polymers with reactive backbone poly-
mers based on “grafting-onto” method. In the densely

branched polymers with longer branches relative to
backbone polymers, the core dimensions are smaller
than those of the outer branches. Therefore, such poly-
mers should be closer to starlike macromolecules rather
than molecular brush or comblike polymers. Their
arm numbers exactly correspond to the reaction sites
of backbone polymers. Thus, the methodology for the
synthesis of densely branched polymers also offers a
convenient synthesis of star polymers with many arms.

The star polymers herein synthesized are precisely
controlled in chain length of arm segment and well-
defined in architecture, since almost all the reaction
steps can be well controlled and living anionic poly-
mers are always used as arm segments and cores. Syn-
thetic possibility as well as generality and versatility of
such methodologies will be discussed.

SYNTHESIS OF STAR POLYMERS USING
BENZYL HALIDE-FUNCTIONALIZED
POLYMERS AS COUPLING AGENTS

For the synthesis of both regular and asymmet-
ric star polymers, we have recently developed a
new methodology using various chain-end- and in-
chain-functionalized polymers with a definite number
of benzyl halide moieties.95–98 These benzyl halide-
functionalized polymers are used as polymeric cou-
pling agents in the reaction of living anionic polymers.

The synthetic outlines are illustrated in Scheme 1.
If the number (n) of benzyl halide moieties are placed
at a chain-end, regular star polymers of the type An+1

and asymmetric stars of the types AA′n and ABn can be
synthesized from the same functionalized polymer (A)
only by changing the living polymer to be reacted in
the coupling reaction. In the case where benzyl halides
are placed at the middle of the chain, a series of asym-
metric star polymers of A2A′n and A2Bn can be synthe-
sized. Regular stars of the type An+2 are also obtained
by using the same living polymer as the functionalized
polymer in main chain. Furthermore, it is possible to
synthesize ABCn type asymmetric star polymers if ben-
zyl halides are placed between two blocks of the block
copolymer. Thus, various regular and asymmetric star
polymers can be synthesized by intentionally designing
the structures of benzyl halide-functionalized polymers
and selecting living polymers to be coupled.

Synthesis of Chain-End- and In-Chain-Functionalized
Polymers with a Definite Number of Benzyl Halide Moi-
eties

We have recently developed general and versa-
tile methodologies for the synthesis of the title ben-
zyl halide-functionalized polymers.72, 99, 100 Although
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Scheme 1.

the direct introduction of benzyl halide function into
living anionic polymers would be most effective,
it is not possible since benzyl halide functions are
highly reactive and incompatible with living anionic
polymers. Instead, we have at first employed the
anion-stable methoxymethylphenyl group as a precur-
sor of the benzyl chloride function during the re-
actions of living anionic polymers and subsequently
transformed the methoxymethylphenyl groups intro-
duced into benzyl chlorides. Representative syn-
thetic routes are illustrated in Scheme 2. The first
reaction step is to introduce a definite number of
methoxymethylphenyl groups at chain ends or in
chains by diverse modes of addition reactions of 1-
(3-methoxymethylphenyl)-1-phenylethylene (1), 1,1-
bis(3-methoxymethylphenyl)ethylene (2), and/or their
derivatives to living anionic polymers. In the sec-
ond step, the methoxymethylphenyl groups thus intro-
duced are quantitatively transformed into benzyl chlo-
ride moieties with BCl3.

Chain-end-functionalized polystyrenes with one and
two benzyl chloride moieties were synthesized by the
addition reaction of 1 and 2 to polystyryllithium in THF

at −78◦C for 0.5 h, followed by transformation reac-
tion with BCl3 in CH2Cl2 at 0◦C for 10 min. Both
the reactions quantitatively proceeded to afford the ex-
pected chain-end-functionalized polystyrenes with one
and two benzyl chloride moieties. For the synthesis of
chain-end-functionalized polystyrenes with three and
four benzyl chloride moieties, a polystyrene with two
methoxymethylphenyl and one 4-bromobutyl termini
was first prepared as a precursory polymer by the reac-
tion of polystyryllithium with 2, followed by treatment
with a 5-fold excess of 1,4-dibromobutane.101 The re-
sulting precursory polymer was then reacted with the
functionalized 1,1-diphenylalkyl anion prepared from
sec-BuLi and either 1 or 2 to quantitatively introduce
three or four methoxymethylphenyl groups. These
groups were then transformed into three and four ben-
zyl chloride moieties by treatment with BCl3.

In-chain-functionalized polystyrene with two or four
benzyl chloride moieties could be synthesized by the
reaction of the same precursory polymer with either
polystyryllithium or polystyryllithium end-capped with
2 followed by transformation with BCl3. In each of
both polymers, the benzyl chloride moieties introduced
were placed at the middle of the polymer chain, since
polystyryllithium was almost the same in molecular
weight as the precursory polymer. It is of course possi-
ble to place benzyl chloride moieties at essentially any
desired position in a polymer chain simply by chang-
ing molecular weights of both polystyryllithium and the
precursory polymer.

Chain-functionalized poly(styrene-d8 )s, poly(α-
methylstyrene)s, and poly(4-methylstyrene)s with a
definite number of benzyl chloride moieties could
also be synthesized in similar fashions. In-chain-
functionalized block copolymer, polystyrene-block-
poly(α-methylstyrene), with two or four benzyl
chloride moieties between two blocks could also
be synthesized by the reaction of the precursory
polymers with either poly(α-methylstyryllithium) or
poly(α-methylstyryllithium) end-capped with 2.

For the synthesis of chain-functionalized poly-
styrenes with six or more benzyl chloride moieties,
a new functionalized derivative, 1,10-dichloro-4,4,7,7-
tetra(3-methoxymethylphenyl)decane (3) was prepared
by the dimerization of 2 with potassium naphthalenide
followed by treatment with a 1.2-fold excess of 1-
bromo-3-chloropropane.100 The latter substitution re-
action was observed to undergo completely selective
monoalkylation with the bromide part as illustrated in
Scheme 3.

In order to synthesize chain-end-functionalized
polystyrenes with six and eight benzyl chloride moi-
eties, two functionalized precursory polymers with four
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Scheme 2.

Scheme 3.

and six methoxymethylphenyl and one 3-chloropropyl
termini were prepared by reacting a 2.0-fold excess
of 3 with polystyryllithium and polystyryllithium end-
capped with 2. The expected precursory polymers
were usually obtained in 75–93% yields along with
the formation of undesirable dimeric products formed
from two equivalents of the living polymers and 3 and

therefore isolated by fractionation with SEC or frac-
tional precipitation to remove the dimers. The isolated
polymers showed symmetrical monomodal SEC peaks
with narrow molecular weight distributions and quan-
titative functionalization degrees within analytical lim-
its. The terminal chlorides of the precursory polymers
were then converted to more reactive iodides by treat-
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Scheme 4.

ing them with NaI in acetone. The resulting iodinated
polymers, P-1 and P-2, were reacted with the function-
alized 1,1-diphenylalkyl anion prepared from 2 and sec-
BuLi to afford the expected chain-end-functionalized
polystyrenes with six and eight benzyl chloride moi-
eties after treatment with BCl3 (see also Scheme 3).

Using P-1 and P-2, in-chain-functionalized
polystyrenes with six, eight, twelve, and sixteen
benzyl chloride moieties were synthesized according
to the procedures as illustrated in Scheme 4. In-chain-
functionalized polystyrene with six or eight benzyl
chloride moieties was obtained by the reaction of
either P-1 or P-2 with polystyryllithium end-capped
with 2, followed by treatment with BCl3. In-chain-
functionalized polystyrenes with twelve and sixteen
benzyl chloride moieties were synthesized by the
coupling reaction of two equivalents of P-1 and P-2
with the functionalized dimeric dianion prepared from
2 and potassium naphthalenide. All of the reactions
efficiently proceeded to afford the expected in-chain-
functionalized polymers in almost quantitative yields.
The precursory polymers were usually used in slight
excesses in the reactions in order to force the reactions
to completion and therefore removed by fractional
precipitation or fractionation with SEC.

The representative results of all chain-functionalized
polystyrenes with benzyl chloride moieties thus synthe-
sized are listed in Table I. As can be seen, the resulting
polymers possess sharp, monomodal SEC distributions,
predictable molecular weights, and quantitative degrees
of functionalization within analytical limits.

It should be mentioned that a small high molec-
ular weight polymer (∼ 5%), which seemed dou-
ble the molecular weight of the objective polymer,
was often, although not always, formed in trans-
formation reaction with BCl3.99 Intermolecular poly-
mer coupling by a Friedel–Crafts alkylation reac-
tion catalyzed with BCl3 may be the most likely

Table I. Synthesis of chain-functionalized polystyrenes with
benzyl chloride moieties

Mn (kg mol−1) Mw/Mn Benzyl chloride functionality
Calcd SEC SEC Placement Calcd 1H NMR
2.70 2.80 l.05 End 1 1.00

5.20 5.14 1.04 End 2 2.00

6.50 6.24 l.09 End 3 3.10

6.53 6.91 1.09 End 4 3.99

3.50 3.70 1.06 End 6 5.90

5.24 5.80 1.04 End 8 8.24

9.61 10.4 1.01 In 6 5.88

7.70 7.41 1.02 In 8 8.00

12.0 12.0 1.03 In 12 12.0
12.2 10.7 1.04 In 16 15.3

Scheme 5.

cause for the high molecular weight polymer forma-
tion. The high molecular weight polymers, if formed,
were readily and completely removed by fractiona-
tion with SEC. The silyl derivative of 2, 1,1-bis(3-
tert-butyldimethylsilyloxymethylphenyl)ethylene (4),
can also be used in the same addition reactions
under the identical conditions. The introduced
tert-butyldimethylsilyloxymethylphenyl groups can be
transformed into benzyl chloride moieties with BCl3.
Furthermore, they can be transformed into benzyl bro-
mide and benzyl iodide moieties by treatment with
(CH3)3SiCl–LiBr and (CH3)3SiCl–NaI, respectively.
Fortunately, these transformation reactions cleanly and
quantitatively proceeded without undesirable poly-
mer coupling reaction observed in the reaction of
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Table II. Synthesis of chain-end-functionalized polystyrenes with two, four, eight, sixteen, and thirty-two benzyl bromide moieties

Type
Mn (kg mol−1) Mw/Mn Benzyl bromide functionality

Calcd SEC VPO SEC Calcd 1H NMR E.A.a

G1 4.79 4.23 4.80 1.04 2 2.00 2.14

G2 5.47 4.96 5.42 1.04 4 3.92 4.09

G3 6.85 5.60 6.78 1.03 8 8.08 8.33

G4 9.59 7.05 9.64 1.04 16 159 158

G5 15.0 8.54 14.8 1.03 32 320 321

aElemental analysis.

methoxymethylphenyl group with BCl3. Therefore, in
certain cases, benzyl bromide-functionalized polymers
are used instead of the benzyl chloride ones.

Very recently, an alternative methodology via an it-
erative approach has been developed for chain-end-
functionalized polymers with benzyl bromide moieties
as illustrated in Scheme 5.102–104 In this methodol-
ogy, only two sets of the reactions are needed for the
entire iterative synthetic sequence: a coupling reac-
tion of the terminal benzyl bromide moieties with the
functionalized 1,1-diphenylalkyl anion prepared from 4
and sec-BuLi and a transformation reaction of the tert-
butyldimethylsilyloxymethylphenyl groups into benzyl
bromide moieties by treatment with LiBr–(CH3)3SiCl.
Starting from a chain-end-functionalized polystyrene
with one benzyl bromide moiety, the two reactions in
the iteration were repeated five times. The results are
summarized in Table II.

As shown in Figure 1, all of the resulting polymers
obtained at the iterations exhibit sharp monomodal SEC
distributions. The peak moves to the higher molecu-
lar weight side as the iteration proceeds. These poly-
mers possessed observed molecular weights and de-
grees of benzyl bromide functionalization that agreed
quite well the predictable values. All analyses of 1H
and 13C NMR, IR, and elemental analysis (Br%) con-
firmed the expected structures of these functionalized
polymers. Thus, a series of five well-defined chain-
end-functionalized polystyrenes with two, four, eight,
sixteen, and even thirty-two benzyl bromide moieties at
the chain ends could be successfully synthesized. The
tert-butyldimethylsilyloxymethylphenyl group thus in-
troduced were always cleanly and quantitatively trans-
formed into benzyl bromide moieties with (CH3)3SiCl–
LiBr. In this transformation reaction, undesirable cou-
pling among polymers often occurred in the reaction
of methoxymethylphenyl group with BCl3was not ob-
served at all as mentioned before. At each stage in
the iteration, the number of benzyl bromide moieties
doubles. The benzyl bromide moieties are dendritically
distributed at the chain ends as can be seen in Scheme 5.
This method is especially effective for introducing a
large number of benzyl bromide moieties.

Figure 1. SEC chromatograms of chain-end-functionalized
polystyrenes with two, four, eight, sixteen, and thirty-two benzyl
bromide moieties (G1–G5).

In summary, various benzyl halide-functionalized
polystyrenes have been synthesized by the method-
ologies based on the addition reaction of liv-
ing anionic polymers to specially designed DPE
derivatives substituted with methoxymethyl or tert-
butyldimethylsilyloxymethyl groups in conjunction
with transformation reaction into benzyl halide func-
tions. A definite number of one to thirty-two ben-
zyl chloride or bromide moieties was introduced
at chain-ends or at the middle of chains. It is
also possible to place benzyl halide moieties at
any desired positions in chains. In addition to
polystyrene, poly(styrene-d8 ), poly(α-methylstyrene),
poly(4-methylstyrene), and their block copolymers
were functionalized by the similar routes. More re-
cently, we have successfully synthesized four-, six-, and
eight-arm star polystyrenes with two benzyl bromide
moieties at their cores, which will be described later.
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Coupling Reaction of Living Anionic Polymers with
Benzyl Halide-Functionalized Polymers

In the early years of star polymer synthesis, multi-
functional benzyl halide derivatives were often used as
coupling agents in the reaction of living anionic poly-
mers. Unfortunately, the coupling reactions were very
complicated by serious side reactions such as metal-
halogen exchange, benzyl proton abstraction, and sin-
gle electron transfer reactions. As a result, considerable
amounts of star polymers with lower and higher arms
than desired were formed.105, 106

Recently, Gauthier and Möller have reported
that the side reactions can be virtually elimi-
nated by end-capping polystyryllithium with DPE
in the reaction of chloromethylated polystyrene
with polystyryllithium.107, 108 More recently, Hirao
et al.109 and Hadjichristidis et al.110 have demon-
strated that both poly(chloromethylstyrene)s and
poly(bromomethylstyrene)s also couple quantitatively
with polystyryllithium and polyisoprenyllithium end-
capped with DPE in THF at −40◦C or under the similar
conditions. Thus, these results strongly indicate a quan-
titative nature of the coupling reactions of this type un-
der appropriate conditions. It is therefore expected that
the benzyl halide functionalized polymers herein syn-
thesized become effective coupling agents which can
quantitatively react with living anionic polymers to syn-
thesize star polymers.

In fact, we have successfully synthesized a variety
of both regular and asymmetric star polymers by the
coupling reactions of the benzyl halide-functionalized
polymers with living anionic polymers of styrene, α-
methylstyrene, and isoprene that are end-capped with
DPE.72, 95, 96, 104 The regular stars have also be syn-
thesized by using the same living polymers as poly-
meric coupling agents in main chain. The reactions
were usually fast in THF even at −78◦C and went es-
sentially to completion within 1 h. However, the re-
actions were in most cases carried out for 24–168 h
by way of precaution. A 1.2-fold or more excess of
living anionic polymer was used to ensure complete
coupling. The representative results are summarized
in Table III. As expected, the coupling reactions of
benzyl halide-functionalized polymers with DPE-end-
capped living polymers were virtually quantitative un-
der the conditions in THF at −40∼−78◦C. On the other
hand, undesirable star polymers with lower and higher
arms (∼ 10%) were formed in the coupling reactions
with direct use of polystyryllithium or poly(isoprenylli-
thium).95

Asymmetric stars of the types AA′n and ABn were
actually synthesized by the coupling reaction of chain-
end-functionalized polymers with another living an-

Table III. Synthesis of asymmetric star polymers using benzyl
halide-functionalized polystyrenes as polymeric coupling agents

Type A B C
Mw (kg mol−1) Mw/Mn

Calcd SLS SEC
AA′3 PSa 22.9 25.0 1.04
AB4 PS PIb 27.8 27.0 1.03
AA′8 PS 44.0 44.7 1.03
AB8 PS PI 40.5 41.2 1.02
AB8 PS PS-d8

c 44.4 46.4 1.02
AA′16 PS 88.1 87.6 1.05
AA′32 PS 190 196 1.02
A2B4 PS PI 28.4 30.5 1.05
A2B8 PS PI 54.1 51.0 1.04
A2B12 PS PI 88.4 83.2 1.04
AA′A′′2 PS 21.0 23.1 1.05
ABC2 PS PαMSd PI 22.7 23.0 1.04
ABC4 PS PαMS PI 36.4 39.9 1.04

aPolystyrene. bPolyisoprene. cPoly(styrene-d8).
dPoly(α-methylstyrene).

ionic polymers. Both A2A′n and A2Bn star polymers
were obtained when used in-chain-functionalized poly-
mers whose benzyl halide moieties were placed at
the middle of the chain. The synthesis of AA′A′′n
and AA′Bn stars were possible by using in-chain-
functionalized polymers whose benzyl halide moi-
eties were not located at the middle of the chain.
Furthermore, asymmetric star polymers consisting
of three different arms were synthesized by us-
ing in-chain-functionalized polystyrene-block-poly(α-
methylstyrene) with two or four benzyl chloride moi-
eties between two blocks in the coupling reaction
with polyisoprenyllithium end-capped with DPE. Thus,
ABC2 and ABC4 star polymers were obtained where
A, B, and C were polystyrene, poly(α-methylstyrene),
and polyisoprene segments, respectively. Star polymers
carrying a large number of arms such as AA′8, AB8,
A2B8, A2B12, AA′16, and AA′32 types were readily syn-
thesized without any practical steric limitation.

Less reactive living anionic polymers of tert-butyl
methacrylate and ethylene oxide could be coupled
with benzyl halide-functionalized polymers to quantita-
tively afford asymmetric star polymers under appropri-
ate conditions.98, 111 In these coupling reactions, ben-
zyl bromide functionality is more preferable than the
chloride counterpart. The results are summarized in Ta-
ble IV.

Thus, the proposed coupling reaction with use of
benzyl halide-functionalized polymers offers a new
general and versatile methodology for the synthesis of
both regular and star polymers with well-defined ar-
chitectures. The most advantageous feature of this
methodology is that the functionalized polymers can
intentionally and extensively designed and synthesized
prior to the coupling reaction. Thus, the structure, es-
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Table IV. Synthesis of asymmetric star polymers by coupling
reaction of benzyl bromide-functionalized polystyrenes with living

anionic polymers of tert-butyl methacrylate and ethylene oxide

Type A B C
Mw (kg mol−1) Mw/Mn

Calcd SLS SEC
AB2 PSa PtBMAb 14.9c 14.3d 1.05
AB3 PS PtBMA 48.5 47.0 1.04
AB4 PS PtBMA 72.7 74.0 1.05
ABC4 PS PαMSe PtBMA 33.2 33.4 1.03
AB16 PS PEOf 99.0 99.0d 1.02

aPolystyrene. bPoly(tert-butyl methacrylate). cCalculated
Mn. dDetermined by 1H NMR. ePoly(α-methylstyrene).
fPoly(ethylene oxide).

pecially the number of arm, can be easily controlled in
the star polymer synthesis. In particular, the use of such
functionalized polymers is advantageous for the syn-
thesis of asymmetric star polymers, since the structure
of the stars can be widely synthesized by independently
choosing functionalized polymers and living polymers
to be reacted. Asymmetric as well as regular star poly-
mers can be synthesized from the same functionalized
polymeric coupling agent only by changing the living
anionic polymers to be subsequently reacted. The pos-
sible use of a wide range of living anionic polymers
in the coupling reaction is also advantageous for the
synthesis of star polymers with chemical compositional
variation.

Coupling Reaction of Polymer Anions with Benzyl
Halide-Functionalized Polymers

In this section, we present a new development of the
above-mentioned methodology, in which polymer an-
ions consisting of two same or different polymer chains
instead of living anionic polymers are used in the cou-
pling reactions.97, 98 The synthetic outline is illustrated
in Scheme 6.

At first, a living anionic polymer is reacted with a
chain-end-functionalized polymer with DPE moiety to
prepare a polymer anion consisting of two polymer
chains. In this reaction, three kinds of polymer an-
ions of the type, A2, AA′, and AB, can be obtained by
changing the molecular weight and chemical composi-
tion of DPE-functionalized polymer or living anionic
polymer. The resulting polymer anion is in-situ reacted
with chain-end-functionalized polymer with two ben-
zyl chloride moieties, thus forming a star polymer hav-
ing five arms. Accordingly, two same or different poly-
mer chains are simultaneously introduced at each of the
two benzyl chloride moieties (also see in Scheme 6).
With use of polymer anions consisting of different two
chains, asymmetric star polymers of the types, AA′2A′′2
and AB2C2 can be obtained.

In order to investigate the usefulness of this method-

Scheme 6.

ology, the synthesis of an asymmetric five-arm AA′2A′′2
star polystyrene was first attempted. Polystyryllithium
(Mn = 3.1 kg mol−1) was reacted with a 1.1-fold excess
of a DPE-chain-end-functionalized polystyrene (Mn =

9.4 kg mol−1) to prepare a polymer anion consisting
of two polystyrene chains with different molecular
weights. The resulting polymer anion was then in-situ
reacted with a chain-end-functionalized polystyrene
with two benzyl chloride moieties (Mn = 5.5 kg mol−1).
The reaction was fast and complete within 10 min un-
der the conditions in THF at −78◦C. This is rather sur-
prising because the polymer anion appears to be more
sterically hindered than the corresponding living poly-
mer.

SEC profile of the reaction mixture is shown in
Figure 2(A). There appears a main sharp monomodal
peak along with two small peaks possibly for the un-
reacted or deactivated starting polystyryllithium, DPE-
chain-end-functionalized polystyrene, and polymer an-
ion. The objective star polymer isolated by SEC frac-
tionation was pure and free of its prepolymers as shown
in Figure 2(B).

The results are summarized in Table V. The re-
sulting star polymer possessed a predictable molecu-
lar weight with a narrow molecular weight distribu-
tion. The expected five-arm AA′2A′′2 asymmetric star
polystyrene with well-defined architecture was thus ob-
tained. Similarly, a five-arm AB2C2 star polymer was
successfully synthesized by coupling the same func-
tionalized polystyrene with a new polymer anion pre-
pared from polyisoprenyllithium and a DPE-chain-end-
functionalized poly(α-methylstyrene). The results are
also listed in Table V.

The methodology using polymer anions can be ex-
tended to the synthesis of nine-arm AA′4A′′4 and AB4C4

asymmetric star polymers.73 The coupling reaction of
a polymer anion consisting of two polystyrene chains
with a chain-end-functionalized polystyrene with four
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Figure 2. SEC chromatograms of AA′2A′′2 star polystyrenes be-
fore (A) and after (B) SEC fractionation.

Table V. Synthesis of asymmetric star polymers by coupling
reaction of polymer anions with benzyl halide-functionalized

polymers

Typea Mw (kg mol−1) Mw/Mn

Calcd SLS SEC
AA′2A′′2 31.6 31.8 1.05
AA′2A′′2 83.3 90.9 1.04
AB2C2 27.5 27.5 1.10
AA′4A′′4 55.0 57.8 1.03
AB4C4 49.3 49.4 1.02

aA, B, and C are polystyrene, poly-
isoprene, and poly(α-methylstyrene),
respectively.

benzyl chloride moieties efficiently proceeded to afford
a nine-arm AA′4A′′4 asymmetric star polystyrene in a
quantitative manner. An AB4C4 star polymer was also
synthesized by the coupling reaction of the same benzyl
chloride-functionalized polystyrene (A) with a poly-
mer anion consisting of polyisoprene (B) and poly(α-
methylstyrene) (C) segments.

Thus, the coupling reaction with use of polymeric an-
ion provides a new effective method that permits the
synthesis of asymmetric star polymers with architec-
tures characteristic of polymer anions. The key point of
this methodology is that two same or different polymer
chains can simultaneously be introduced by one reac-
tion step. Furthermore, the structure of polymer anion
can be advantageously designed by changing molecu-
lar weights and compositions of both the living anionic
and DPE-functionalized polymers. Therefore, in ad-
dition to AA′2A′′2 and AB2C2 stars, different six other
star polymers of the following types A5, A3A′2, AB4,

A3B2, AA′2B2, and AB2B′2 can be in principle syn-
thesized by the coupling reaction of a polymer anion
and chain-end-functionalized polymer with two benzyl
chloride moieties. As mentioned in section 1.1, a va-
riety of benzyl halide-functionalized polymers are now
available. Therefore, numerous combinations of such
functionalized polymers with polymer anions may be
possible in the coupling reaction. Another advantage
is that the synthesis of asymmetric star polymers is
always achieved in a one-pot reaction by the succes-
sive addition of DPE-functionalized polymer followed
by benzyl chloride-functionalized polymer to living an-
ionic polymer. It should be however considered that
steric hindering effect among polymer anions and reac-
tion sites of functionalized polymers becomes serious
as the number of the benzyl halide moiety in a polymer
chain increases.

SYNTHESIS OF STAR POLYMERS BASED ON
ITERATIVE APPROACH

Star Polymer Synthesis by Repeating Coupling and
Transformation Reactions

In the preceding chapter, we described a new
methodology based on the coupling reaction of novel
benzyl halide-functionalized polymers with either liv-
ing anionic polymers or polymer anions consisting of
two chains. A variety of regular and asymmetric star
polymers were synthesized by changing benzyl halide-
functionalized polymers and living polymers. The cou-
pling reaction is in itself a termination reaction and, as
a matter of course, cannot be further continued.

Herein, we have proposed a new concept based on it-
erative approach, in which reaction sites can be always
regenerated after the reaction and therefore further re-
actions can be repeated. With this iterative approach,
star polymers may possibly be successively and, in
principle, unlimitedly synthesized.

The first iterative approach applied to star polymer
synthesis is shown in Scheme 7.112 Only two sets of
reactions are needed for the entire iterative synthetic
sequence: a coupling reaction and a transformation
reaction. A starting polymer, in-chain-functionalized
polystyrene with two benzyl bromide moieties,
is prepared by the reaction of 1,4-dibromobutane
with two equivalents of polystyryllithium end-capped
with 1-(3-tert-butyldimethylsilyloxymethylphenyl)-1-
phenylethylene (5), followed by treatment with
(CH3)3SiCl–LiBr. At the first iteration, the in-
chain-functionalized polystyrene with two benzyl bro-
mide moieties thus synthesized is reacted with two
equivalents of polystyryllithium end-capped with 5
to afford a four-arm star polystyrene. Two tert-
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Scheme 7.

butyldimethylsilyloxymethylphenyl groups again in-
troduced at the core of the star polymer are subse-
quently transformed into benzyl bromide groups with
(CH3)3SiCl–LiBr. At the second iteration, the result-
ing four-arm A2A′2 star polystyrene with two benzyl
bromide moieties is employed as a starting material.
The same two reactions, the coupling reaction with
polystyryllithium end-capped with 5 and the transfor-
mation reaction with (CH3)3SiCl–LiBr, are repeated. A
six-arm A2A′2A′′2 star polystyrene with two benzyl bro-
mide moieties at the core can thus be obtained. If the
two reactions in the iteration can further be continued,
star polymers carrying eight, ten, or more arms will be
successively synthesized.

In order to investigate the feasibility of the succes-
sive star polymer synthesis by this iterative methodol-
ogy, the two reactions in the iteration were repeated
three times for synthesizing four-, six-, and eight-arm
star polystyrenes. As a matter of convenience for anal-
yses, polystyryllithiums with similar molecular weights
(Mn–10 kg mol−1) were used in these syntheses. A 1.5-
fold excess of polystyryllithium was used in the cou-
pling reaction to complete the reaction. The star poly-
mers were always isolated in ca. 90% yield by the frac-
tional precipitation. Figure 3 shows SEC profiles of
the resulting polymers obtained by the first, second,
and third iterations. As expected, these polymers ex-
hibit sharp monomodal SEC distributions and move in
turn to higher molecular weight sides. They possessed
predictable molecular weights and narrow molecular
weight distributions. The results are summarized in Ta-

Figure 3. SEC chromatograms of the resulting star
polystyrenes obtained by repeating coupling and transforma-
tion reactions three times.

Table VI. Synthesis of star polystyrenes by repeating coupling
and transformation reactions

Type
Mw (kg mol−1) Mw/Mn

Calcd SEC SLS SEC
2-Arm 19.9 20.6 20.1 1.02
4-Arm 38.5 32.2 37.9 1.02
6-Arm 61.2 39.7 61.2 1.05
8-Arm 85.9 48.9 80.0 1.06

ble VI.
The polymers thus synthesized can be regard as al-

most regular star polymers, since all of the arms consist
of similar polystyrenes in molecular weight as men-
tioned before. The ratios of the intrinsic viscosities
of star and linear polymers of equal molecular weight,
g′ = [η]star/[η]linear, are given as a function of arm
number ( f ) and several reliable equations between g′
and f value based on the theoretical model and a
semi-empirical theory have been proposed.113–118 Star-
branched architecture with respect to arm number can
be therefore demonstrated by the g′ value. The experi-
mental g′ values were obtained by the ratios of intrinsic
viscosities of the resulting stars measured in toluene at
35◦C with those of the corresponding linear polymers
obtained by the reported equation as shown below.119

[η] = 1.26 × 10−4 M0.71
w

The results are summarized in Table VII. The calcu-
lated g′ values are also listed in this table. As can be
seen, the overall experimental g′ values are in good
agreement with those calculated. This clearly indicates
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Table VII. Viscosities and g′ values of 4-, 6-, and 8-arm star
polystyrenes

Type
[η]star

a [η]linear
b g′

dL g−1 dL g−1 Exp. Calcdc

4-Arm 0.168 0.230 0.73 0.71
6-Arm 0.187 0.323 0.58 0.56
8-Arm 0.189 0.391 0.48 0.46

aIn toluene at 35◦C. bCalculated from [η] = 1.26×10−4M0.71.
cg′ = [(3 f − 2)/ f 2]0.58 × [0.724 − 0.015( f − 1)]/0.724.117

Scheme 8.

the expected star-branched architectures of the stars
synthesized by this iterative methodology.

Well-defined four-, six-, and eight-arm star
polystyrenes were thus successively synthesized
by repeating the iteration three times. At each stage in
the iteration, the number of arm increases to double.
Since the eight-arm star possesses two benzyl bromide
moieties at the core, the iterative reaction sequence
can further be continued. A series of asymmetric star
polymers of the type A2B2, A2B2C2, and so on may
possibly be synthesized simply by changing living
anionic polymers to be reacted in each iteration. If
a living polymer end-capped with 4 is used in the
coupling reaction, star polymers with a large number
of arms will readily be obtained as illustrated in
Scheme 8.

Star polymers obtained by this methodology possess
two benzyl bromide moieties at the cores and therefore
can also be utilized as polymeric coupling agents in the
methodology described before. Especially, the combi-
nation of such benzyl bromide-functionalized stars with
polymer anions may permit the synthesis of asymmet-
ric star polymers with more complex architectures that
are difficult to be synthesized by any other methods.

Star Polymer Synthesis by Repeating Living Linking
Reaction and Introduction of DPE Moieties

In the preceding section, we demonstrated the fea-
sibility of successive star polymer synthesis based
on an iterative approach. Well-defined, four-, six-,
and eight-arm star polymers were successively synthe-
sized by repeating the iterative reaction sequence three
times. Herein, we have developed an alternative iter-
ative methodology.120 As illustrated in Scheme 9, the
methodology also requires only two sets of the reac-
tions at each stage in the iteration: a living linking re-
action of DPE derivatives or DPE-functionalized poly-
mers with living anionic polymers and an in-situ reac-
tion of 1-[4-(4-bromobutyl)phenyl]-1-phenylethylene
(6) with the 1,1-diphenylalkyl anions generated by the
linking reaction to introduce two DPE moieties. Ad-
vantageously, the two reaction steps can be carried out
in a one-pot by successively adding living polymer fol-
lowed by 6 to DPE derivatives or DPE-functionalized
polymers. There is no need for the isolation of the in-
termediate polymer in each reaction step.

At the first iteration, the living linking reaction of two
equivalents of living anionic polymer with 1,3-bis(1-
phenylethenyl)benzene was carried out to afford a liv-
ing linked product having two 1,1-diphenylalkyl an-
ions newly generated at the junction point between two
polymer chains. These two anions were in-situ reacted
with 6 for introducing two DPE moieties exactly at the
middle of the polymer chain. At the second stage in
the iteration, the living linking reaction was again car-
ried out between two equivalents of another living poly-
mer and the resulting in-chain-functionalized polymer
with two DPE moieties, followed by in-situ treatment
with 6. As a result, a four-arm star polymer having two
DPE moieties at the core was obtained. Similarly, a six
arm star polymer having two DPE moieties could be
synthesized by repeating the same two reactions on the
four-arm star polymer obtained at the third stage of the
iteration.

In each living linking reaction, a 1.2-fold excess of
living anionic polymer relative to DPE moiety was al-
ways used to go essentially to completion. The ob-
jective star polymers were always isolated in ca. 90%
yields by SEC fractionation. The two reactions in each
of the iterations were very fast and complete within
10 min in THF at −78◦C even in the third iteration ex-
cept for the first linking reaction of polystyryllithium
with 1,3-bis(1-phenylethenyl)benzene. This linking re-
action was carried out in tert-butylbenzene at room
temperature for 1 h, since Quirk and his coworkers pre-
viously reported that the same linking reaction was a
very efficient reaction in hydrocarbon solvents. In-
deed, the reaction quantitatively proceeded in tert-
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Scheme 9.

Table VIII. Synthesis of star polymers by repeating living
linking reactions and introduction of DPE moieties

Typea Mn (kg mol−1) Mw(kg mol−1) Mw/Mn

Calcd VPO SLS SEC
A2 21.2 22.1b 22.3 1.01

A2A′2 42.1 42.1 41.4 1.02
A2A′2A′′2 62.2 60.3 64.4 1.04

A2B2 41.5 41.7 41.8 1.02
A2B2C2 60.3 60.4 62.4 1.02

aA, B, and C are polystyrene, poly(α-methylstyrene), and
poly(4-methoxystyrene), respectively. bDetermined by SEC.

butylbenzene, while it was slow and incomplete in THF
at −78◦C for 24 h.49, 51

With this methodology, A2, A2A′2, A2A′2A′′2, and
A2B2, A2B2C2 asymmetric star polymers were suc-
cessively synthesized. In each of these stars, A, B,
C segments were polystyrene, poly(4-methoxystyrene),
poly(α-methylstyrene), or polyisoprene. The results
are summarized in Table VIII. As can be seen, the re-
sulting star polymers all possess predictable molecular
weights and narrow molecular weight distributions as
well as the expected compositions. Thus, the two re-
actions in each iterative sequence can be repeated three
times without problem. As the resulting six-arm star
polymers have two DPE moieties at the cores, the fur-
ther iteration may possibly be repeated. In addition to
the stars of the type A2A′2A′′2 and A2B2C2 herein syn-
thesized, it is possible to synthesize A6, A4A′2, A4B2,
A2A′2B2, A2B4, and A2B2B′2 star polymers at the third
stage of the iteration.

The methodology can be extended to the synthesis
of more complex star polymers by using 1,1-bis[3-(1-
phenylethenyl)phenyl]ethylene consisting of three DPE
moieties as a first core compound as illustrated in
Scheme 10.121 The reaction sequence at each stage of

Scheme 10.

the iterations is very similar to that used in the above-
mentioned methodology (see Scheme 9). The syn-
thesis of a series of star polymers of the types (A3)n,
(A3A′3A′′3 . . .), (A3B3C3 . . .), and their mixed structures
are expected.

The two reactions in the iteration were repeated five
times using polystyryllithiums having similar molecu-
lar weights (Mn–10 kg mol−1) (see also Scheme 10).
These reactions were always fast and went essen-
tially to completion within 10 min in THF at −78◦C
except for the first linking reaction of 1,1-bis[3-(1-
phenylethenyl)phenyl]ethylene with polystyryllithium
that was performed in tert-butylbenzene at 25◦C for 1 h.
The polymer yield was always quantitative in each case.
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Table IX. Synthesis of star polystyrenes by repeating living
linking reactions and introduction of DPE moieties

Typea Mw(kg mol−1) Mw/Mn

Calcd SEC SLS SEC
3-Arm 33.6 28.1 32.2 1.02
6-Arm 68.9 45.1 69.7 1.03
9-Arm 103 65.7 102 1.04

12-Arm 141 77.9 142 1.05
15-Arm 173 85.6 175 1.04

Figure 4. SEC chromatograms of the resulting star
polystyrenes obtained by repeating living linking and in-situ
reactions five times.

The results are summarized in Table IX.
As shown in Figure 4, the resulting polymers all

exhibit sharp monomodal SEC distributions without
any shoulders and tailings. The observed molecular
weights agreed quite well with those predicted and nar-
row molecular weight distributions were attained in all
samples. Excellent agreement between g′ values ob-
served and calculated was observed in each sample as
was seen in Table X. Accordingly, the two reactions
in the iteration could be repeated five times to afford a
series of the expected three-, six-, nine-, twelve-, and
fifteen-arm star polystyrenes with well-defined archi-
tectures. Very surprisingly, steric limitation was not

Table X. Viscosities and g′ values of 3-, 6-, 9-, 12-, and
15-arm star polystyrenes

Type
[η]star

a [η]linear
b g′

dL g−1 dL g−1 Exp. Calcdb

3-Arm 0.174 0.205 0.85 0.83
6-Arm 0.194 0.354 0.55 0.56
9-Arm 0.198 0.464 0.43 0.42

12-Arm 0.201 0.587 0.34 0.33
15-Arm 0.199 0.681 0.29 0.27

aIn toluene at 35◦C. bCalculated from [η] = 1.26×10−4M0.71.
cg′ = [(3 f − 2)/ f 2]0.58 × [0.724 − 0.015( f − 1)]/0.724.117

practically encountered even at the fifth iteration under
the conditions employed.

Similarly, well-defined A3B3, and A3B3C3 asym-
metric star polymers were also successively synthe-
sized starting from the same A3 star polystyrene.
The results are summarized in Table XI. In the
A3B3C3 asymmetric stars, their A, B, and C segments
were polystyrene, poly(4-methoxystyrene), poly(4-
tert-butyldimethylsilyloxystyrene), and polystyrene,
poly(4-methoxystyrene), poly(4-trimethylsilylstyrene),
and polystyrene, poly(4-methoxystyrene), polyiso-
prene, respectively.

The reliability and usefulness as well as the gener-
ality and potential versatility of the proposed iterative
methodologies are thus demonstrated by these success-
ful results. Since the reaction sites are always regener-
ated after each of the iterations, star polymers can be
successively and, in principle, unlimitedly synthesized
until serious steric limitation is encountered. The future
success of this methodology is strongly dependent on
how many times the iterative reaction sequences can be
repeated. The star polymers obtained at each stage of
the iterations are used as starting materials in the next
iteration. Accordingly, a series of star polymers with
same or different arms can be systematically synthe-
sized by changing living anionic polymers in the link-
ing reactions. The methodology can be further extend
to the synthesis of a wide variety of star polymers of
the types (Ax)n, (AxBxCx . . . ), (AxA′xA′′x . . .), and the
mixed architectures by using DPE derivatives consist-
ing of x DPE moieties as starting core compounds. The
intermediate star polymers having two anions will be
able to behave as star polymeric initiators to polymer-
ize additional monomers, thus forming star polymers
of different type. Any monomer, which undergoes liv-
ing anionic polymerization, can be used in the further
polymerization.
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Table XI. Synthesis of asymmetric star polymers by repeating living linking reactions and introduction of DPE moieties

Type A B C
Mn (kg mol−1) Mw (kg mol−1) Mw/Mn

Calcd VPO SLS SEC
A3B3 PSa PMOSb 65.8 64.2 66.7 1.03

A3B3C3 PS PMOS PSOSc 95.1 94.4 97.1 1.02
A3B3C3 PS PMOS PSSd 95.4 93.9 97.2 1.03
A3B3C3 PS PMOS PIe 96.7 96.6 103 1.04
aPolystyrene. bPoly(4-methoxystyrene). cPoly(4-tert-butyldimethylsilyloxystyrene).

dPoly(4-trimethylsilylstyrene). ePolyisoprene.

Scheme 11.

Synthesis of Star Polymers by Means of Radical Cou-
pling Reaction of DPE-Functionalized Polymers with
Potassium Naphthalenide

In the iterative methodology mentioned before, the
living linked product with two anions is one of the key
starting materials for the successive synthesis of star
polymers. We have recently synthesized structurally
similar in-chain functionalized polymers with two an-
ions by the radical coupling reaction of chain-end-
functionalized polymers with DPE moiety with alkali-
metal naphthalenides.122 Similar to the radical cou-
pling reaction of DPE and its derivatives, an in-chain-
functionalized polymer with two anions was formed
possibly via the formation of radical anion intermediate
followed by radical coupling between the intermediates
as illustrated in Scheme 11.

The radical coupling reaction of DPE-chain-end-
functionalized polymers was carried out in THF at
−78◦C with a 1.5-fold excess of potassium naph-
thalenide. The results are summarized in Table XII.
The reaction proceeded very fast and finished within
10 min. The chain-end-functionalized polystyrene with
a Mn value of 5.69 kg mol−1 was coupled in 96%
yield under the conditions. In the Mn range of 1.86–
9.47 kg mol−1, the yields always exceeded over 90%.
However, the yield gradually decreased with increasing
molecular weight and fell in 59% when used a polymer
of a Mn of 33.9 kg mol−1 in the reaction. Thus, the
molecular weight of DPE-functionalized polystyrene

Table XII. Radical coupling reaction of
DPE-chain-end-functionalized polymers with potassium

naphthalenide in THF at −78◦C for 1 h

DPE-chain-end-functionalized polystyrene
Dimer yield (%)

Type Mn(kg mol−1)a

PSb 1.86 98
PS 5.69 96
PS 6.12 92
PS 9.47 91
PS 15.8 84
PS 23.4 68
PS 33.9 59
PIc 4.95 95
PI 10.4 91
PI 20.8 60

PαMSd 4.47 91
aDetermined by SEC. bPolystyrene. cPolyisoprene. dPoly(α-

methylstyrene).

Scheme 12.

affected significantly the yield of coupling product.
Both DPE-chain-end-functionalized polyisoprene and
poly(α-methylstyrene) also underwent radical coupling
reaction under the same conditions. High yields more
than 90% were achieved with use of polymers of Mn

values of 4.47–10.4 kg mol−1. No difference in the
yield was observed by the difference of the main chain
among these polymers.

As illustrated in Scheme 12, the iterative reaction
sequence was carried out with use of the coupled
product with two anions, similar to Scheme 9. Two
DPE moieties were introduced into the coupled prod-
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Table XIII. Synthesis of star polymers by the iterative
approach using dimeric coupled product with two

1,1-diphenylalkyl anions

Type A B C
Mw (kg mol−1) Mw/Mn

Calcd SLS SEC
A2 PSa 12.7b 11.7c 1.01

A2A′2 PS 23.3 23.4 1.03
A2A′2A′′2 PS 33.1 33.9 1.05

A2 PId) 10.4b 11.0c 1.02
A2B2 PI P(αMS)e 20.8 21.0 1.02

A2B2C2 PI P(αMS) PS 34.8 31.8 1.06
aPolystyrene. b Mnvalue. cDetermined by SEC.

dPolyisoprene. ePoly(α-methylstyrene).

Scheme 13.

uct via the two anions by treatment with 6. The sec-
ond and third iterations were the same as those de-
scribed before. Asymmetric star polymers of A2A′2,
A2A′2A′′2 and A2B2, A2B2C2 were successfully synthe-
sized (see Table XIII). Thus, the coupled products ob-
tained by the radical coupling reaction of DPE-chain-
end-functionalized polymers could be used as starting
materials for iterative star polymer synthesis.

In the next attempt, the radical coupling reaction was
applied to in-chain-functionalized polymer with DPE
moiety. If the DPE-in-chain-functionalized polymer
undergoes radical coupling reaction, a four-arm star
polymer will be formed as illustrated in Scheme 13.
The resulting star polymer may have two anions at the
core, the structure of which is almost same as the inter-
mediate star polymer obtained at the second iteration
mentioned above (see Scheme 9).

In-chain-functionalized polymers with DPE moiety
can readily be obtained by the reaction of DPE-chain-
end-functionalized polymers with slight excess of liv-
ing anionic polymers followed by in-situ treatment with
6 as illustrated in Scheme 14. Since the starting DPE-
functionalized polymers and living anionic polymers
were designed to be very similar in molecular weight,
the DPE moiety thus introduced was placed nearly
at the middle of the chain in each polymer sample.
Two DPE-in-chain-functionalized polystyrenes with
different molecular weights and one DPE-in-chain-
functionalized polyisoprene were synthesized. In ad-

Scheme 14.

Table XIV. Synthesis of DPE-in-chain-functionalized
polymers

Typea Mn (kg mol−1) Mw/Mn DPE-functionality
Calcd SEC SEC Calcd 1H NMR

AA′ 9.56 9.33 1.01 1 1.00

AA′ 19.4 19.6 1.06 1 1.02

BB′ 20.1 21.7 1.03 1 1.05

AB 20.0 21.3b 1.04 1 1.03

aA and B are polystyrene and polyisoprene, respectively.
bDetermined by 1H NMR.

dition, a new in-chain-functionalized block copolymer
with DPE moiety between two blocks, polystyrene-
block-polyisoprene, was synthesized by the reaction
of a DPE-chain-end-functionalized polyisoprene with
polystyryllithium. As is shown in Table XIV, these
polymers possess predictable molecular weights, nar-
row molecular weight distributions, and quantitative
degrees of DPE-functionality.

The radical coupling reaction of in-chain-functiona-
lized polymer with a 2.0-fold excess of potassium
naphthalenide was carried out in THF at −78◦C for
2 h. The results are summarized in Table XV. In
each case, the SEC chromatogram of the reaction
mixture showed two distinct sharp peaks correspond-
ing to the coupled star product and unreacted precur-
sory DPE-in-chain-functionalized polymer. A typi-
cal SEC profile of the reaction mixture is represented
in Figure 5(A). When DPE-in-chain-functionalized
polystyrene with a Mn of 9.33 kg mol−1 was used in the
reaction, the coupling product of a four-arm star poly-
mer was obtained in 83% yield. Under the same con-
ditions, DPE-in-chain-functionalized polystyrene with
a Mn of 19.6 kg mol−1 was coupled in 77% yield.
Similarly, both DPE-in-chain-functionalized polyiso-
prene (Mn = 21.7 kg mol−1) and polystyrene-block-
polyisoprene (Mn = 21.3 kg mol−1) were coupled in
74% and 80% yields, respectively. Thus, the difference
of the main chain does not appear to play an observable
role in the extent of the radical coupling reaction.

Since all the coupling reactions were not complete,
the coupled products were isolated by fractional pre-
cipitation to remove their precursor polymers. The iso-
lated polymers possessed sharp monomodal SEC distri-
butions (see Figure 5(B)). Their well-defined architec-
tures of the resulting four-arm star branched polymers
were confirmed from their molecular weights, molec-
ular weight distributions, compositions, and arm num-
bers determined by SEC, 1H NMR, SLS, VPO, and vis-
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Table XV. Synthesis of star polymers by radical coupling reaction of DPE-in-chain-functionalized polymers with
potassium naphthalenide

Yield (%)

Star polymer

Typea Mn (kg mol−1) Mw (kg mol−1) Mw/Mn g′b

Calcd SEC VPO SLS SEC Exp. Calcdc

83 A2A′2 19.1 16.0 20.1 20.5 1.03 0.69 0.71
77 A2A′2 38.8 36.1 39.0 41.8 1.04 0.73 0.71
80 A2B2 40.0 43.0 40.5 41.6 1.03

aA and B are polystyrene and polyisoprene, respectively. bIn toluene at 35◦C. cg′ = [(3 f −
2)/ f 2]0.58 × [0.724 − 0.015( f − 1)]/0.724.117

Figure 5. SEC chromatograms of the coupling products before
(A) and after (B) SEC fractionation.

cosity measurement (g′ value) as were also seen in Ta-
ble XV.

Thus, the radical coupling reaction of in-chain-
functionalized polymers with DPE moiety with potas-
sium naphthalenide offers a useful method for synthe-
sizing well-defined four-arm regular and A2B2 asym-
metric star polymers. Since the resulting stars are
reactive star polymers with two anions at the cores,
they can be used in the iterative reaction sequence
in the methodology mentioned bofore. Despite the
steric hindrance around the anion, the yields of rad-
ical coupling reaction of DPE-in-chain-functionalized
polymers were good (∼ 80% yield) and, surprisingly,
similar to those of the corresponding DPE-chain-end-
functionalized polymers with nearly equal molecu-
lar weights. However, the relative low efficiency
of the radical coupling reaction of higher molecular
weight DPE-in-chain-functionalized polymers may be
predicted from the results of the coupling reaction of

chain-end-functionalized polymers with high molecu-
lar weights and thereby becoming the major barrier to
general development to the star polymer synthesis.

SYNTHESIS OF DENSELY BRANCHED
POLYMERS WITH STARLIKE STRUCTURES

Among branched polymers, the poly(macro-
monomer)s accessible by living polymerization of
well-defined macromonomers belong to the most inter-
esting class of branched polymers from an architectural
point of view, because they are considered as one of the
ultimate densely branched polymers that have single
branch in each repeating unit of backbone polymer and
precisely controlled backbone and branch segments in
chain length.123–131

It has been believed for a long time that such
densely branched polymers cannot be synthesized by
means of “grafting-onto” method because of seri-
ous steric hindrance of branches. However, Deffieux
and Schappacher have recently reported the first suc-
cessful synthesis of such densely branched polymers
by the coupling reaction of poly(2-chloroethyl vinyl
ether) with polystyryllithium based on a grafting-
onto method.132, 133 Quite surprising was that the re-
action proceeded in a quantitative manner to intro-
duce polystyrene segment into all repeating units of
the poly(2-chloroethyl vinyl ether) under appropriate
conditions. More recently, Hirao et al.109, 134, 135 and
Hadjichristidis et al.110 have also successfully synthe-
sized structurally similar densely branched polymers
by the coupling reactions of poly(halomethylstyrene)s
with living anionic polymers of styrene and isoprene
that are end-capped with DPE. The efficiencies of these
reactions were virtually quantitative and any steric lim-
itation was not practically encountered at all. These
densely branched polymers possess single branch in ev-
ery repeating unit and both precisely controlled branch
and backbone chains prepared via living polymeriza-
tions. Therefore, they are very similar in structure to
the poly(macromonomers) obtained by the living poly-
merization of macromonomers mentioned above.
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Scheme 15.

Scheme 16.

The structure of the densely branched polymers,
whose backbone chains are much lower in degree of
polymerization than branch chains, should be closer to
starlike macromolecules rather than molecular brushes
with rodlike stiff chain conformation, since the dimen-
sions of the backbone polymer cores are small rel-
ative to the outer branches (see Scheme 15). Their
arm numbers correspond to the polymerization de-
grees of the backbone polymers. Thus, the above-
mentioned methodology for the synthesis of densely
branched polymers may also become a convenient syn-
thetic methodology of star polymers. In this chapter,
our recent results on this subject have been presented.

Densely Branched Polymers Carrying Single Branch in
Every Repeating Unit

As reactive backbone polymers with precisely con-
trolled chain lengths, poly(3-halomethylstyrene)s were
synthesized by a living anionic polymerization of 3-
tert-butyldimethylsilyloxymethylstyrene (7) and a sub-
sequent transformation reaction into halomethyl func-
tions as illustrated in Scheme 16.

The anionic polymerization of 7 was carried out with
sec–BuLi in THF at −78◦C for 0.5 h. On addition of 7
into sec–BuLi, an immediate color change from color-
less to orange red, characteristic to the polystyrylan-
ion from 7, was observed and the color appeared to
remain unchanged during the polymerization. Three
sets of the polymerizations were performed at differ-
ent monomer to initiator ratios. The results are summa-
rized in Table XVI. SEC profiles of the resulting poly-
mers all showed symmetrical monomodal distributions,
their Mw/Mn values being very narrow less than 1.06 as
shown in Figure 6. The observed molecular weights by

Table XVI. Anionic polymerization of 7 in THF at −78◦C for
10–30 min

Mn (kg mol−1) Mw (kg mol−1) Mw/Mn
a

Calcd SECa 1H NMR SLS SEC
8.00 8.01 8.00 1.04

12.4 12.6 12.0 12.9 1.06
20.0 21.9 20.3 20.8 1.02

aDetermined by SEC relative to polystyrene.

Figure 6. SEC chromatograms of poly(7)s.

1H NMR or SLS were in good agreement with the cal-
culated values. These results as well as red coloration
in the system clearly indicate the living character of the
anionic polymerization of 7 under the conditions em-
ployed.

The tert-butyldimethylsilyloxymethyl group of the
resulting poly(7) was transformed into the corre-
sponding chloromethyl, bromomethyl, or iodomethyl
group by treatment with BCl3, (CH3)3SiCl–LiBr, or
(CH3)3SiCl–NaI. A comparison of SEC profiles of the
starting poly(7) and the polymers obtained after the
reactions is shown in Figure 7. In each of all samples,
the narrowness and monomodal SEC distribution of
the starting polymer remained almost unchanged upon
the transformation reactions. IR, 1H and 13C NMR,
and elemental analysis confirmed the expected struc-
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Figure 7. SEC chromatograms of poly(3-halomethylstyrene)s
obtained by transformation reactions of poly(7) (Mn = 8.00
(kg mol−1), Mw/Mn = 1.02): (A) parent poly(7); (B) poly(3-chloro-
methylstyrene); (C) poly(3-bromomethylstyrene); (D) poly(3-iodo-
methylstyrene).

tures of poly(3-halomethylstyrene)s. Thus, poly(3-
chloromethylstyrene), poly(3-bromomethylstyrene),
and poly(3-iodomethylstyrene) with well-defined struc-
tures have successfully been synthesized (Table XVII).
For the synthesis of densely branched polymers with
starlike structures, the poly(3-halomethylstyrene)s with
relatively short chains (DPw = 33, Mw/Mn = 1.04)
were usually employed in the next coupling reaction.

Under the conditions in THF at −40◦C for 24 h, the
poly(3-bromomethylstyrene) (DPw = 33) readily cou-
pled in a quantitative manner with DPE-end-capped
polystyryllithium (PSDLi) (Mw = 8.00 kg mol−1,
DPw = 77). Figure 8(A) shows the SEC chromatogram
of the reaction mixture. There are two distinct sharp
monomodal SEC peaks corresponding to the expected
coupling product and deactivated polystyrene used in
excess in the reaction. The objective coupling product
isolated by fractional precipitation was pure and free
of its branch segment as was seen in Figure 8(B). The
results are summarized in Table XVIII.

The molecular weight distribution was narrow, the
Mw/Mn value being 1.02. The Mw value estimated by
SEC was much smaller than that calculated as expected
from the highly branched structure. The absolute Mw

value determined by SLS agreed well with that calcu-
lated. Accordingly, the coupling reaction quantitatively
proceeded to afford a densely branched polymer car-
rying single branch in every repeating unit. Similarly,
the coupling reaction of poly(3-chloromethylstyrene)

Table XVII. Characterization of poly(3-halomethylstyrene)s

Polymer
Mn (kg mol−1) Mw/Mn Functionalitya

Calcd 1H NMR SEC Halogen %
Poly(7) 8.00 8.01 1.04

Poly(CMS)b 4.95 4.94 1.04 Cl 100
Poly(BMS)c 6.35 6.49 1.04 Br 100
Poly(IMS)d 7.40 7.32 1.04 I 100

aDetermined by 1H NMR. bPoly(3-chloromethylstyrene).
cPoly(3-bromomethylstyrene). dPoly(3-iodomethylstyrene).

Figure 8. SEC chromatograms of the resulting products ob-
tained by coupling reaction of poly(3-chloromethylstyrene) with
PSDLi before (A) and after (B) fractional precipitation.

(DPw = 33) with PSDLi (Mw = 6.90 kg mol−1,
DPw = 66) also proceeded in a quantitative manner. In
contrast, the reaction of the poly(3-iodomethylstyrene)
with PSDLi was not complete along with the forma-
tion of a considerable amount (∼ 25%) of dimeric by
product under the identical conditions. In this reaction,
the possible side reactions such as Li–I exchange and
single-electron transfer reactions followed by coupling
among intermediate polymers were not completely sup-
pressed by end-capping of polystyryllithium with DPE.

Surprisingly, a polystyrenes with a Mw value up to
68.8 kg mol−1 (DPw = 660) quantitatively coupled
with the same poly(3-bromomethylstyrene). Polyiso-
prenyllithium end-capped with DPE and less reactive
living anionic polymers of 2-vinylpyridine and tert-
butyl methacrylate also underwent coupling reaction
with quantitative efficiency. These results are also sum-
marized in Table XVIII.

As mentioned before, these densely branched poly-
mers are considered to be starlike macromolecules
from their structures. In order to ascertain their star-
branching structure, the intrinsic viscosities of the three
polymer samples consisting of polystyrene chains were
measured in toluene at 35◦C to determine the g′ values.
The overall experimental g′ values of the three polymer
samples were in the range of 0.11–0.16 as summarized
in Table XIX. Assuming that the three samples are star
polystyrenes carrying thirty-three arms, the g′ value can
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Table XVIII. Synthesis of densely branched polymers with starlike structures by coupling reaction of poly(3-halomethylstyrene)s
with living anionic polymers

Backbone Living polymer Branched polymer

Halogen DPw Type
Mw (kg mol−1) Mw (kg mol−1) Mw/Mn CE (%)a

SEC Calcd SEC SLS SEC
Cl 33 PSDLib 8.00 267 96.0 281 1.02 100
Cl 33 PSDLi 21.8 723 230 706 1.03 98
Br 33 PSDLi 25.2 836 284 877 1.02 105
Br 33 PSDLi 68.8 2274 578 2310 1.03 102
I 33 PSDLi 6.89 231 70.0 172 1.05 75

Br 33 PIDLic 7.30 245 89.0 255 1.02 104
Br 33 PIDLi 24.5 812 315 847 1.02 104
Cl 35 P2VPLid 6.90e 246 132 236 1.03 96
Br 89 P2VPLi 16.3e 1461 502 1490 1.02 102
Br 89 P(tBMA)Kf 31.6 2823 481 2930 1.02 104

aCoupling efficiency (CE) based on the Mw by SLS. bDPE-end-capped polystyryllithium. cDPE-
end-capped polyisoprenyllithium. dLiving anionic polymer of 2-vinylpyridine initiated with sBuLi.
eCalculated by Mn (1H NMR) and Mw/Mn (SEC). fLiving anionic polymer of tert-butyl methacryate
initiated with diphenylmethylpotassium.

Table XIX. Viscosities and g′ values of densely branched
polystyrenes

DPw [η]star
a [η]linear

b g′

Backbone Branch dL g−1 dL g−1 Exp. Calcdc

33 76 0.15 0.93 0.16 0.14
33 209 0.25 1.79 0.14 0.14
33 660 0.47 4.16 0.11 0.14

aIn toluene at 35◦C. bCalculated from [η] = 1.26× 10−4M0.71.
c log g′ = 0.36 − 0.80 × log f .118

be calculated to be 0.14 from the equation proposed
by Roovers based on the experimental results.118 Thus,
agreement between g′ values observed and calculated
is satisfactory in every case. This strongly indicates
the starlike structures of the resulting densely branched
polymers.

On the basis of these results, the coupling re-
action using poly(3-chloromethylstyrene)s or poly(3-
bromomethylstyrene)s of short chains as cores based
on a grafting-onto method has been shown to provide a
convenient method for synthesizing star polymers with
many arms. The degrees of polymerization of the cores
corresponding to the arm numbers are extremely nar-
rowly distributed, but not definite. In a strict sense, the
structure of the resulting polymers is not best described
as a star polymer with well-defined architecture and
relatively less monodisperse than that of star polymers
synthesized before. The advantage of this methodology
is that the time-consuming synthesis of core materials
with many functional groups can be eliminated. It is
also advantageous for the large-scale synthesis of star
polymers with many arms. Roovers et al.,136 Deffieux
et al.,132, 133 and Hadjichristidis et al.110 have reported
the same subject on star polymer synthesis mentioned
in introduction of this chapter.

Table XX. Synthesis of PS-2Br

DPw
Mn (kg mol−1) Mw(kg mol−1) Mw/Mn

a

Calcd SECa 1H NMR SLS SEC
18 12.0 7.36 11.9 12.0 1.01
54 33.8 17.3 34.8 35.5 1.02
91 56.4 26.8 56.6 59.6 1.02

aDetermined by SEC relative to polystyrene.

Densely Branched Polymers Carrying Two Branches in
Every Repeating Unit

In this section, the synthesis of more densely
branched polymers with starlike structures was at-
tempted by the similar coupling reaction using novel
functionalized polystyrenes with two benzyl bromide
moieties in each monomer unit, PS-2Br.137, 138 The
synthetic outline is illustrated in Scheme 17.

The synthesis of PS-2Br is very similar to
that of poly(3-bromomethylstyrene). At first, a
new functionalized polystyrene with one ben-
zyl bromide moiety, PS-1Br, was obtained by
the living anionic polymerization of 4-[3-(4-tert-
butyldimethylsilyloxymethylphenyl)propyl]styrene (8)
with sec-BuLi in THF at −78◦C, followed by treatment
with (CH3)3SiCl–LiBr. The resulting PS-1Br was
reacted with the functionalized 1,1-diphenylalkyl anion
from 4 and sec-BuLi, followed by treatment with
(CH3)3SiCl–LiBr to afford an objective functionalized
polystyrene with two benzyl bromide moieties in each
monomer unit, PS-2Br. Three polymer samples with
different molecular weights were synthesized. The
results are summarized in Table XX.

The resulting PS-2Br samples exhibited sharp
monomodal SEC distributions without any shoulders
and tailings despite the fact that the multistep modified
reactions were performed. Their molecular weights de-
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Scheme 17.

termined by 1H NMR and SLS agreed quite well with
those calculated. 1H and 13C NMR, IR, and elemental
analysis (Br%) analyses confirmed the expected struc-
ture of PS-2Br. Thus, a novel well-defined polystyrene
with two benzyl bromide moieties in each monomer
unit was successfully synthesized. Needless to say, the
molecular weight of PS-2Br can be readily controlled
at the stage of the living anionic polymerization of 8.
The PS-2Br sample (DPw = 18) having a short chain
was employed for the star polymer synthesis. In this
sample, the reaction sites are thirty-six in average num-
ber.

It is of particular interest to study the coupling re-
action of PS-2Br with PSDLi because two benzyl bro-
mide moieties present in every monomer unit as reac-
tion sites appear to be more sterically hindered. Sur-
prisingly, the coupling reaction of PS-2Br (DPw = 18,
reaction site = 36) with a 1.5-fold excess of PSDLi
(Mw = 9.40 kg mol−1, DPw = 90) quantitatively pro-

ceeded in THF at −40◦C for 1 h. More surprisingly,
even a high molecular weight PSDLi with a Mw value
of 93.0 kg mol−1 (DPw = 892) quantitatively coupled
with the same PS-2Br. Both DPE-end-capped polyiso-
prenyllithium and living poly(tert-butyl methacrylate)
also underwent coupling reaction with the PS-2Br with
quantitative efficiency. Thus, a variety of two polymer
chains could be introduced into every repeating unit via
two benzyl bromide moieties without any steric limita-
tions by the coupling reaction of the PS-2Br with living
anionic polymers. These results are summarized in Ta-
ble XXI.

The resulting branched polymers may also adopt
starlike structures with thirty-six arms. With four
branched polystyrene samples thus synthesized, their
intrinsic viscosities were measured to determine the g′
values. These results are listed in Table XXII. The ex-
perimental g′ values were in the range of 0.09–0.15
and agreed with the calculated value of 0.13, assum-
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Table XXI. Synthesis of densely branched polymers with starlike structures by coupling reaction of PS-2Br with
living anionic polymers

Backbone Living polymer Branched polymer

DPw(RS)a Type
Mw (kg mol−1) Mw (kg mol−1) Mw/Mn CE (%)b

SEC Calcd SEC SLS SEC
18(36) PSDLic 9.40 351 128 365 1.03 104
18(36) PSDLi 22.9 843 293 859 1.02 102
18(36) PSDLi 55.1 2015 628 2000 1.03 99
18(36) PSDLi 93.0 3394 915 3490 1.01 103
91(182) PSDLi 9.40 1744 291 1710 1.03 98
91(182) PIDLid 13.3 2450 444 2500 1.02 98
91(182) P(tBMA)Ke 8.12 1513 216 1540 1.02 102

aNumber of reaction site. bCoupling efficiency (CE) based on the Mw by SLS. cDPE-end-capped
polystyryllithium. dDPE-end-capped polyisoprenyllithium. eLiving anionic polymer of tert-butyl
methacrylate initiated with diphenylmethylpotassium.

Table XXII. Viscosities and g′ values of densely branched
polystyrenes

DPw(RS)a [η]star
a [η]linear

b g′

Backbone Branch dL g−1 dL g−1 Exp. Calcdd

18 (36) 90 0.16 1.12 0.15 0.13
18 (36) 219 0.30 2.06 0.14 0.13
18 (36) 529 0.52 3.75 0.14 0.13
18 (36) 892 0.52 5.57 0.090 0.13

aNumber of reaction site. bIn toluene at 35◦C. cCalculated
from [η] = 1.26 × 10−4M0.71. d log g′ = 0.36 − 0.80× log f .118

Scheme 18.

ing that they are thirty-six-arm star polymers. Interest-
ingly, there is a remarkable consistency between g′ val-
ues of branched polystyrenes carrying single and two
branches. This suggests that the starlike structures of
both the branched polymers are very similar. Similar
to the reaction using poly(3-halomethylstyrene)s men-
tioned above, this coupling reaction using PS-2Br also
provides a convenient method for the synthesis of star
polymers with many arms.

The methodology herein developed has been ex-
tended to the synthesis of asymmetric star polymers by
the coupling reaction of reactive backbone polymers
with polymer anions consisting of different two poly-
mer segments.139 The synthetic route is illustrated in
Scheme 18. Both poly(3-bromomethylstyrene) and PS-
1Br were used as reactive backbone polymers. The
coupling reaction with two kinds of polymer anions
consisting of polystyrene (PS) and polyisoprene (PI)
was attempted in THF at −40◦C. Their Mw values

were 11.7 kg mol−1 (Mw (PS) = 5.50 kg mol−1 and Mw

(PI) = 6.15 kg mol−1) and 25.8 kg mol−1 (Mw (PS) =
5.50 kg mol−1 and Mw (PI) = 20.3 kg mol−1), respec-
tively.

The reaction of poly(3-bromomethylstyrene) with
these polymer anions was not complete under the con-
ditions even after a longer reaction time to one week.
The reaction efficiencies were around 50%. Several at-
tempts failed to achieve quantitative efficiency of this
coupling reaction. On the other hand, the coupling
reaction of PS-1Br (DPw = 18) with the same poly-
mer anions quantitatively proceed in THF at −40◦C
for 24 h to simultaneously introduce polystyrene and
polyisoprene segments in every repeating unit. The
results are summarized in Table XXIII. The resulting
polymers exhibited sharp monomodal SEC distribu-
tions and possessed observed Mw values and composi-
tions that agreed with predictable values. The branched
polymer thus synthesized can be regarded as 36-arm
A18B18 asymmetric star polymers. The presence of the
spacer between reactive site and main chain is thus ef-
fective by comparing the results of the coupling reac-
tions with poly(3-bromomethylstyrene) with PS-1Br.

CONCLUDING REMARKS

Although, until now, several well-defined asymmet-
ric star polymers have been synthesized mainly by
means of living anionic polymerization, general and
systematic methodologies have not well established
yet. In addition, most of the star polymers so far synthe-
sized are relatively limited in arm number and chemical
composition.

We have herein proposed two new methodologies
that permit the general and systematic synthesis of
both regular and asymmetric star polymers with well-
defined architectures. In the first methodology, vari-
ous chain-functionalized polymers with a definite num-
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Table XXIII. Synthesis of densely branched copolymers with starlike structures by coupling reaction of PS-2Br with polymer anion
consisting of polystyrene and polyisoprene chains

Backbone Polymer anion Branched polymer

DPw
Mw (kg mol−1)a Mw (kg mol−1) Mw/Mn CE (%)b

PSLic PIDd Total Calcd SEC SLS SEC
18 6.15 5.50 11.7 229 92.2 239 1.02 104
18 20.3 5.50 25.8 502 192 528 1.03 105
aDetermined by SEC. bCoupling efficiency (CE) based on the Mw by SLS. cPolystyryllithium. dDPE-

chain-end-functionalized polyisoprene.

ber of benzyl halide moieties has been introduced in
the synthesis of star polymers as quite new polymeric
coupling agents that can be intentionally and exten-
sively designed and synthesized. These benzyl halide-
functionalized polymers quantitatively reacted with a
wide variety of living anionic polymers of styrene,
isoprene, 2-vinylpyridine, tert-butyl methacrylate, and
ethylene oxide to afford various new well-defined star
polymers. In the second methodology, we have pro-
posed a new iterative concept, in which reaction sites
can be always regenerated after the synthetic reaction
and therefore further reactions can be repeated. With
this iterative methodology, star polymers may possibly
be successively and, in principle, unlimitedly synthe-
sized. The feasibility of this methodology is strongly
indicated by the fact that three-, six-, nine-, twelve-,
and fifteen-arm star polymers were successively syn-
thesized by repeating the iteration five times. Both reg-
ular and asymmetric star polymers could also be syn-
thesized by changing living anionic polymers at each
stage of the iterations. Furthermore, the intermediate
star polymers produced at each of the iterations are re-
active star polymers having two benzyl bromide moi-
eties or two and three anions at the cores that can un-
dergo further reactions and polymerizations leading to
even more complex star polymers.

Finally, we presented a convenient synthesis of star
polymers with many arms by means of quantitative na-
ture of the coupling reactions of living anionic poly-
mers with reactive benzyl halide-functionalized back-
bone polymers used as cores. The resulting densely
branched polymers with shorter backbone chains rel-
ative to branches can be regarded as star polymers with
many arms. Their arm numbers exactly correspond
to the numbers of reaction sites of the functionalized
backbone polymers.

By combining these methodologies, it is possible to
synthesize a variety of asymmetric star polymers with
more complex and even almost all kinds of architec-
tures. The present methodologies are also applicable
to difunctional living polymers and polymer anions in
which anions are located in chains. In such cases, star-
linear-star, linear-star-linear, and linear-star-linear-star-

Scheme 19.

linear type polymers will be synthesized as illustrated
in Scheme 19.

Many kinds of living anionic polymers of function-
alized styrenes, 1,3-dienes, alkyl methacrylates, and
some other monomers are now available. Novel asym-
metric star polymers consisting of functionalized arm
segments in part and/or all arms may possibly be syn-
thesized by employing these living polymers in the
proposed methodologies. Topologically functionalized
star polymers in which cores are quite different in char-
acter from the outer branches can be synthesized by
using living anionic functionalized block copolymers
of the type AB, ABA, ABC etc. Such star polymers
are expected to form self-organized monomolecules or
molecular assemblies with three-dimensional ordered
structures that can be controlled by the structures of
star polymers. These well organized macromolecules
are attractive and useful building blocks and/or materi-
als for the future nano-ordered technology.
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