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Combining Living Anionic Polymerization
with Branching Reactions in an Iterative
Fashion to Design Branched Polymers
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This paper reviews the precise synthesis of many-armed and multi-compositional star-
branched polymers, exact graft (co)polymers, and structurally well-defined dendrimer-like
star-branched polymers, which are synthetically difficult, by a commonly-featured iterative
methodology combining living anionic
polymerization with branched reactions to
design branched polymers. The methodology
basically involves only two synthetic steps;
(a) preparation of a polymeric building block
corresponding to each branched polymer and
(b) connection of the resulting building unit to
another unit. The synthetic steps were repeated
in a stepwise fashion several times to succes-
sively synthesize a series of well-defined target
branched polymers.
Introduction

Star-branched polymers, graft (co)polymers, and dendri-

mer-like star-branched polymers are representative

branched polymers and characterized by the number and

position of the branch point. These polymers have been

widely studied for a long time because of their interesting

properties and behavior in the solution, melt, and solid

states, different from corresponding linear polymers as well

as their synthetic challenge.[1–6] In the case of branched

polymers consisting of chemically different chains, these

chains are generally thermodynamically immiscible to
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exhibit unique phase and morphological behavior due to

the characteristic branched architectures, resulting in the

formation of periodically ordered nanostructures and

molecular assemblies that have many potential applica-

tions in the fields of nanoscience and technology, similar to

cases using block copolymers.[7–11]

In order to fundamentally understand the effect of chain

branching on polymer properties, behavior, and morphol-

ogy, the synthesis of branched polymers with with well-

defined structures and low degrees of compositional

heterogeneity is essential. Unfortunately, however, the

synthesis of well-defined branched polymers has been

difficult even now and met limited success. Moreover, a

variety of synthetic methodologies for such branched

polymers so far developed are individually and specially

designed on the basis of their own branched architecture.

The objective in this paper is to propose a novel

commonly-featured methodology applicable to any of
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Scheme 1. Repeating units of branched polymers.
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the three branched polymers and possibly other branched

polymers with well-defined structures and to demonstrate

the possible syntheses. From an architectural point of view,

these polymers have their own polymeric building units

and are made up of many units stretched throughout the

polymer molecules as a common feature and, therefore, can

possibly be synthesized by assembling them from their

own building units in a stepwise iterative fashion. Let us

consider the synthetic methodology of these branched

polymers based on their building blocks. As shown in

Scheme 1, a one-polymer chain, two-polymer chain (or AB

diblock copolymer chain), and another two-polymer chain

(or star-branched polymer chain) correspond exactly to the

polymeric building units for star-branched polymers, graft

(co)polymers, and dendrimer-like star-branched polymers,

respectively. These units should have reactive functional

groups capable of connecting to another unit at appropriate

position(s), such as chain-end and in-chain positions. In

order to synthesize branched polymers, the building unit is
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first prepared and the resulting unit is connected to another

unit in the second step. This synthetic sequence involving

two steps, the so-called ‘‘iterative process,’’ is performed a

number of times in a stepwise fashion to build-up the

desired branched polymer. The reaction product synthe-

sized by this iterative process automatically becomes

the starting material of the next reaction product. Thus,

the number of building units in the branched polymer

increases simply by performing the same iterative process.

As a result, a series of branched polymers composed of
DOI: 10.1002/marc.200900773
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many building units can be successively synthesized.

Needless to say, highly reactive, selective, and quantitative

reactions are required in the synthetic sequence to continue

the iteration many times.

The choice of a living polymerization system is the other

essential factor in order to synthesize branched polymers

with well-defined structures. Although various living

polymerization systems via different mechanisms have

been developed, especially in the past 25 years,[12–25] the

living anionic polymerization of styrene, 1,3-butadiene,

isoprene, 2-vinylpyridine, methyl methacrylate (MMA),[26]

and their derivatives with certain functional groups[27] are

still the best systems due to the following features:

(i) molecular weight can be precisely controlled in a wide

range from 102 to even 106 g �mol�1, (ii) extremely narrow

molecular weight distributions are attained, the Mw=Mn

values being less than 1.05 or even smaller, and (iii) their

living anionic polymers have highly reactive chain-end

carbanions or enolate anions which are capable of reacting

with various electrophiles in high yields, but stable enough

for a long time under appropriate conditions. Even at the

present time, such features have never been realized with

any other living polymerization systems. These character-

istics are ideally suited for the synthesis of branched

polymers with well-defined structures. Thus, our descrip-

tion herein is confined to branched polymers builtup by

using the above-mentioned living anionic systems, unless

otherwise stated.

In this paper, we report on the synthetic possibility of

many-armed and multi-compositional star-branched poly-

mers, exact graft (co)polymers, and structurally well-

defined dendrimer-like star-branched polymers, which
1st Iteration X Y

2nd Iteration Y

3rd Iteration Y

4th Iteration Y

Pol

Po

3-arm

4-arm

Scheme 2. Synthetic methodology for a series of star-branched po
iterative approach.
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are synthetically difficult, by developing a novel com-

monly-featured methodology combining living anionic

polymerization with branching reactions to in an iterative

fashion to design branched polymers.
Star-Branched Polymers

The physical properties, behavior, and morphologies of star-

branched polymers are dominated and dramatically

changed by the number of identical or different arm

segments.[28–44] Although many star-branched polymers

with well-defined structures have so far been synthe-

sized,[28–39,45–87] most of them are composed of less than

five arms in regular stars and less than three chemically

different arms in asymmetric stars. Thus, the availability of

many armed and compositional star-branched polymers is

quite limited.

In order to efficiently synthesize a variety of many armed

and compositional star-branched polymers, we have

demonstrated a new methodology based on the iterative

approach, which is very effective for such synthetic

purposes.[88–90] Although we briefly mentioned in the

introduction that one polymer chain with a functional

group is a polymeric building unit of a star-branched

polymer, a more detailed synthetic design is needed to

realize the stepwise iterative methodology. As illustrated in

Scheme 2, there are two functionalities, ‘‘X’’ and ‘‘Y,’’ which

are designed as follows: in the first step of the synthetic

sequence, X quantitatively reacts with a living anionic

polymer to link the polymer chain, and X is changed to Y.

The resulting Y is designed to be able to convert to X in the
X

X

X

ymer A2

lymer A

A3 Star

A4 Star

X

lymers based on
second step. The X thus regenerated can

be used as the next reaction site, capable

of reacting with a living anionic polymer

and, accordingly, the same iterative

process involving the two reaction steps

can be performed, resulting in 3-arm,

4-arm, and so on to many armed star-

branched polymers with an increase one

by one in the number of polymer chains

to be linked. Thus, the regeneration of

X is the key point to continue the

iterative process in the methodology.

The methodology also allows access

to the synthesis of asymmetric star-

branched polymers by linking a different

living anionic polymer in each process.

Accordingly, a variety of more complex

star-branched polymers with many

arms and/or compositions can be succes-

sively synthesized by performing the

two reaction steps in the iterative

process.
www.mrc-journal.de 1033
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Scheme 3. Synthesis of regular star PSs by iterative methodology using DPE functionality
and DPE-derived anion as ‘‘X’’ and ‘‘Y’’ functionalities.
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Iterative Methodology Using 1-(4-(4-
Bromobutyl)phenyl)-1-phenylethylene

The first successful iterative methodology is illustrated in

Scheme 3. This is based on the chemistry of 1,1-dipheny-

lethylene (DPE) toward anionic species and 1-(4-(4-bromo-

butyl)phenyl)-1-phenylethylene (1) is used as the key agent

to regenerate the DPE functionality.[91–93] The following

two reaction steps are employed for the iterative synthetic

sequence: (a) a 1:1 addition reaction of a living anionic

polymer to either DPE (first iteration) or a DPE-functiona-

lized polymer to link the polymer chains, and (b) an in situ

reaction of 1 with the DPE-derived anion produced at the

linking point by the (a) step to regenerate the DPE

functionality used as the next reaction site. By doing the

iterative process involving the two reaction steps, the

number of arms increases one by one. Accordingly, the DPE

functionality and DPE-derived anion correspond to the X

and Y functionalities shown in Scheme 2. In order to

examine the effectiveness of this iterative methodology,

the successive synthesis of regular star polystyrenes [(PS)s]

was first carried out.

In the first step of the synthetic sequence, polystyr-

yllithium (PSLi) reacted with chain-end-DPE-functionalized

PS to link the two PS chains. As a new DPE-derived anion

was produced by the linking reaction, 1 was in situ reacted

with the anion in the second step. As is well known, a DPE-
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derived anion cannot react with a DPE

function at all under normal conditions

because of steric hindrance and the high

ceiling temperature. Therefore, the anion

selectively reacted with the 4-bromobu-

tyl substituent of 1 to introduce the DPE

function between the two PS chains.

Since the DPE functionality was thus

regenerated, the same synthetic

sequence involving (a) and (b) could be

repeated. In practice, the synthetic

sequence (or iterative process) was done

three more times to successively synthe-

size 3-arm A3, 4-arm A4, and 5-arm A5

star-branched (PS)s.

The SEC profiles of the reaction

mixture and the isolated polymer at

each iterative process are shown in

Figure 1. As can be seen, the reaction

mixture always shows two distinct

peaks corresponding to the linked

product and the PSLi used in excess in

the reaction, and the linked product

isolated by fractional precipitation

exhibits a narrow monomodal distribu-

tion in each case. The linking efficiency

in the (a) step in each iteration was
confirmed to be nearly quantitative by comparing the two

peak areas in the SEC profile of the reaction mixture. A 1.5-

fold excess of PSLi for the DPE function was used to drive

the addition reaction to completion in THF at –78 8C and

the linked product was always isolated in >80% yields by

fractional precipitation. The results are summarized in

Table 1. The molecular weights measured by VPO and SLS

agreed quite well with those calculated and narrow

molecular weight distributions (Mw=Mn � 1.02) were

attained in all polymer samples. In order to evaluate

the number of arm segments, their branching factors of g0

values, defined as the ratio of [h]linear to [h]star, were

determined and observed to be completely consistent

with those calculated from the theoretical equation.[94]

All of the analytical results clearly showed that the

resulting polymers all possessed the expected and well-

defined 3-, 4-, and 5-arm star-branched (PS)s. Thus, the

iterative methodology works as desired to successively

synthesize 3-, 4-, and 5-arm star (PS)s. Importantly, PSLi

quantitatively undergoes the 1:1 addition reaction with

the DPE-functionality and further more addition occurs at

all. Moreover, the 4-bromobutyl group of 1 selectively and

quantitatively reacts with the DPE-derived anion to

regenerate the DPE functionality. Since the final 5-arm

star PS had the same DPE functionality at the core, the

same reaction sequence could be repeated to afford a 6-

arm star and so on to stars with more arms.
DOI: 10.1002/marc.200900773
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Figure 1. SEC profiles of the reaction mixtures and the isolated polymers: chain-end-DPE-
functionalized PS (A) (a) and in-chain-DPE-functionalized PS (A2) (b), 3-arm A3 (c),
4-arm A4 (d), and 5-arm A5 (e) star-branched PSs.

Table 1. Synthesis of chain-end-DPE-functionalized PS (A), in-chain-DPE-functionalized P
branched PSs by iterative methodology using 1.

Type Mn Mn Mw=Mn D

kg �mol�1 kg �mol�1 C

Calcd SEC VPO Calcd SLS SEC

A 10.3 10.4 10.5 10.5 10.6a) 1.02

A2 21.5 21.4 21.0 21.9 21.8a) 1.02

A3 30.9 28.9 31.1 31.5 34.7 1.02

A4 42.4 39.1 45.1 43.3 44.1 1.02

A5 53.0 48.1 53.0 54.1 55.0 1.02

a)Measured by SEC.
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On the basis of the successful synth-

esis of regular star PS, the methodology

was applied to the successive synthesis

of asymmetric star-branched polymers,

as illustrated in Scheme 4, where a

different living anionic polymer was

used in step (a) of each iterative process.

By performing the iterative process four

times, an AB diblock copolymer plus 3-

arm ABC, 4-arm ABCD, and 5-arm ABCDE

asymmetric stars were successively

synthesized. Similar to the synthesis of

regular star (PS)s, the asymmetric stars

were almost quantitative in yield and

isolated in >80% yields by fractional

precipitation. Typically, the A, B, C, D, and

E arms were poly(4-trimethylsilylstyr-

ene) (PMSiS), poly(4-methoxystyrene)

(PMOS), poly(4-methylstyrene) (PMS),

PS, and poly(4-tert-butyldimethylsilyl-

oxystyrene) (PTBDMSiOS), completely

convertible to poly(4-vinylphenol). Excel-

lent agreement between the molecular

weights observed and calculated as well

as the compositions observed and calcu-

lated clearly indicate that the iterative

methodology also effectively works to

successively synthesize a series of asym-

metric star-branched polymers from 3-

arm ABC to 4-arm ABCD and 5-arm

ABCDE types. Living anionic polymers

of isoprene and 1,3-butadiene can also be

used in this iterative methodology. The 5-

arm ABCDE star herein synthesized is the

first successful asymmetric star-

branched polymer composed of five

different arms. Very recently, the
S (A2), 3-arm A3, 4-arm A4, and 5-arm A5 star-

PE-Functionality g(

alcd 1H NMR Calcd Exptl

1 1.03 – –

1 0.966 – –

1 ca. 1 0.83 0.84

1 ca. 1 0.71 0.73

1 ca. 1 0.63 0.64
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Scheme 4. Synthesis of asymmetric star-branched polymers by iterative methodology
using DPE functionality (X) and DPE-derived anion (Y).
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Scheme 5. Synthesis of asymmetric star-branched polymers by iterative methodology
using 3 and 1.
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synthesis of a 6-arm ABCDEF asymmetric star was

successfully synthesized by developing the same iterative

methodology using 4-methylene-5-hexenyl bromide (2)

instead of 1.[95]
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Iterative Methodology Using 1,3-
Bis(1-phenylethenyl)benzene and 1
or 1,1-Bis(3-(1-
phenylethenyl)phenyl)ethylene
and 1

The number of arm segments increases

one by one as the iterative process

proceeds in the methodology, as men-

tioned above. Herein, the methodology

designed in such a way that the number

of arm segments increases two by two by

performing the iterative process is

described.[96,97] For this purpose, 1,3-

bis(1-phenylethenyl)benzene (3) is used

as the starting core compound, as illu-

strated in Scheme 5.

The addition reaction of two equiva-

lents of a living anionic polymer to 3

resulted in the linking of two polymer

chains with the production of two DPE-

derived anions at the linking points. Two

DPE functionalities were readily regen-

erated by the in situ reaction of1with the

two DPE-derived anions. The in-chain-

(DPE)2-functionalized polymer thus pre-

pared was reacted with two equivalents

of another living anionic polymer, fol-

lowed by in situ treatment with 1, to

afford a 4-arm A2B2 asymmetric star-

branched polymer with two DPE func-

tionalities at the core. The repetition of

the same reaction sequence one more

time resulted in a 6-arm A2B2C2 star-

branched polymer with two core-func-

tionalized DPE moieties. Thus, the num-

ber of arm segments was increased two

by two in each iterative process by

using 3.

With the use of 1,1-bis(3-(1-pheny-

lethenyl)phenyl)ethylene (4) as the start-

ing core compound in the same iterative

methodology, it was possible to increase

the number of arms three by three by

performing the iterative process, as

shown in Scheme 6.[98] 3-Arm A3,

6-arm A3B3, and more complex

9-arm A3B3C3 asymmetric star-branched

polymers were successfully synthesized.

In addition, 3-, 6-, 9-, 12-, and even 15-arm
regular star (PS)s could be successively synthesized by doing

the iterative process five times with PSLi. This clearly

indicates that there is no steric hindrance even with the

introduction of up to 15 arms in the present system. All of
DOI: 10.1002/marc.200900773
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Scheme 6. Synthesis of asymmetric star-branched polymers by iterative methodology using 4 and 1.
the star-branched polymers synthesized by the iterative

methodology using either 3 or 4 in addition to 1 were

confirmed by the characterization results to be well-defined

in branch structure. Thus, the iterative methodology with

either 3 or 4 as the core compound also works satisfactorily.

Once again, the DPE functionality and DPE-derived anion

are assigned to X and Y, illustrated in Scheme 2.
Iterative Methodology Using 3,5-Bis(3-(4-(1-
phenylethenyl)phenyl)propoxy)benzyl bromide

For increasing the number of arms at each stage by less

repetition of the process, 3,5-bis(3-(4-(1-phenylethenyl)-

phenyl)propoxy)benzyl bromide (5) was newly synthesized

and employed in step (b) instead of 1 in the same iterative

methodology.[99,100] This agent, 5, is designed to be capable

of regenerating two DPE reaction sites via one DPE-derived

anion and therefore the reaction site increases exponen-

tially with the iterative process. The synthesis of a series of

many-armed star-branched (PS)s was carried out by the

iterative methodology with the use of 5, as outlined in

Scheme 7. The methodology is the same as that developed

above, which involves only two reaction steps for the

linking of arm segments and regeneration of a DPE reaction

site in each iteration process.

The starting chain-end-(DPE)2-functionalized PS was

prepared by the reaction of 5 with PSLi end-capped with

DPE and then reacted with two equivalents of PSLi to link

two PS chains. Subsequently, 5 was in situ reacted with the

two DPE-derived anions produced by the linking reaction to

introduce four DPE moieties as the next reaction sites. Thus,

the desired core-(DPE)4-functionalized 3-arm star PS was
Macromol. Rapid Commun. 2010, 31, 1031–1059
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quantitatively synthesized. The second and third iterative

processes also proceeded essentially quantitatively to

afford core-(DPE)8-functionalized 7-arm star PS and then

core-(DPE)16-functionalized 15-arm star PS. Their well-

defined structures were confirmed by the analytical results

listed in Table 2. The iterative process was further

performed to successively synthesize core-(DPE)32-functio-

nalized 31-arm star PS and core-(DPE)64-functionalized 63-

arm star PS. Figure 2 shows the SEC profiles of the reaction

mixtures and the isolated polymers.

Since the synthetic ability of 5 to dramatically increase

the number of arms was obvious, the same methodology

was applied to the synthesis of many-armed asymmetric

star-branched polymers (Scheme 8). The living anionic

polymers used in the synthesis were PSLi, PaMSLi, PMSLi,

PMOSLi, and PMSiSLi. All of the iterative processes could be

done without any difficulty under the same conditions and

the desired asymmetric stars were synthesized essentially

quantitatively. The well-defined and expected structures of

the desired 3-arm AB2, 7-arm AB2C4, 15-arm AB2C4D8, and

31-arm AB2C4D8E15 stars with a high degree of homo-

geneity in molecular weight and composition were

confirmed by all of the analytical results summarized in

Table 6. Accordingly, the iterative methodology using 5 is

also effective for the successive synthesis of a series of

many-armed asymmetric star-branched polymers.
Iterative Methodology Using 1-(3-tert-
Butyldimethylsilyloxymethylphenyl)-1-
phenylethylene

In all of the iterative methodologies described above, the

DPE functionality(ies) corresponded to X and could be
www.mrc-journal.de 1037
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Scheme 7. Synthesis of star-branched PS with up to 63 arms by iterative methodology using 5.

Table 2. Synthesis of star-branched PSs by iterative methodology using 5.

Type Mn Mw Mw=Mn g(

kg �mol�1 kg �mol�1 SEC Calcd Exptl

Calcd SEC Calcd SLS

A3 31.1 29.3 32.2 33.7 1.03 0.83 0.85

A7 76.1 59.1 79.4 79.0 1.04 0.51 0.53

A15 155 75.4 163 166 1.05 0.27 0.28

A31 314 104 330 330 1.05 0.15 0.16

A63 607 129 625 623 1.03 0.083 0.10

1038
regenerated by the reaction of a DPE-functionalized agent

like 1 with the DPE-derived anion assigned to Y. Herein, an

alternative iterative methodology using a different X and Y

is introduced. This new methodology also involves the

following two reaction steps which are repeatable in the

process, as illustrated in Scheme 9:[101–104] (a) a coupling

reaction between an v-terminal-functionalized living

anionic polymer with a 3-tert-butyldimethylsilyloxy-

methylphenyl (SiOMP) group and a benzyl bromide

(BnBr)-functionalized polymer and (b) a transformation

reaction of the introduced SiOMP group into the BnBr

function.[105] Since the BnBr function is regenerated by step
Macromol. Rapid Commun. 2010, 31, 1031–1059

� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
(b), it may be possible to repeat the two reaction steps in the

process to successively synthesize a series of star-branched

polymers. Accordingly, the BnBr and SiOMP groups

correspond to X and Y, respectively. 1-(3-tert-Butyldi-

methylsilyloxymethylphenyl)-1-phenylethylene (6) is the

key agent in this methodology because it plays responsible

roles in the two reaction steps.

The effectiveness of the new methodology was first

examined by the possible synthesis of star PS. v-Terminal

BnBr-functionalized PS was prepared by a 1:1 addition

reaction of PSLi with 6 to introduce the SiOMP group at the

chain-end, and subsequent treatment with a 1:1 mixture of
DOI: 10.1002/marc.200900773
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Figure 2. SEC profiles of the reaction mixtures and the isolated star-branched (PS)s, A3
(a), A7 (b), A15 (c), A31 (d), and A63 types (e).
(CH3)3SiCl and LiBr to transform the SiOMP group into the

BnBr function. The first iterative process involved a

coupling reaction between the resulting chain-end-BnBr-

functionalized PS and v-terminal SiOMP-functionalized

living PS, prepared from PSLi and 6 in the same manner as

that mentioned above, and the subsequent transformation

of the SiOMP group into the BnBr function. The resulting in-

chain-BnBr-functionalized PS was used as the starting

material in the second iterative process, followed by the

third process under the same conditions. The polymers

obtained by this methodology were characterized by
1H NMR, SEC, and SLS to be the expected and well-defined

3- and 4-arm star (PS)s.

Next, the methodology using 6 was applied to the

successive synthesis of asymmetric star-branched poly-
Macromol. Rapid Commun. 2010, 31, 1031–1059
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mers. As illustrated in Scheme 10, the

synthesis starts from the same v-term-

inal-BnBr-functionalized PS. PaMSLi and

PMSLi were reacted with 6 and sequen-

tially used in the second and third

iterative processes, resulting in an in-

chain-BnBr-functionalized AB diblock

copolymer and a core-BnBr-functiona-

lized 3-arm ABC star-branched polymer.

Finally, a living anionic polymer of MMA

was coupled with the core-BnBr-functio-

nalized 3-arm ABC star to synthesize a 4-

arm ABCD asymmetric star-branched

polymer. The polymers all possessed

sharp monomodal SEC distributions.

Comparison of the compositions mea-

sured by 1H NMR with the calculated

values gave excellent agreement in all

polymer samples. All of the analytical

results clearly showed that a series of

symmetric star-branched polymers up to

the 4-arm ABCD type was successively

synthesized by the new methodology.

The success is undoubtedly attributed to

the facts that both the coupling and the

transformation reactions cleanly and

nearly quantitatively proceeded. Thus,

the BnBr and SiOMP groups are demon-

strated to be additional X and Y func-

tionalities capable of being realized by

the iterative methodology (Table 3).
Iterative Methodology Using
Polymer Anions as Building Blocks

The successive synthesis of star-

branched polymers by the iterative

methodology using a polymer anion
as a building block was recently reported by us.[106,107] As

illustrated in Scheme 11, in-chain-DPE-functionalized PS

was prepared in the first step by a coupling reaction

between PSLi end-capped with DPE and 1,1-bis(3-chlor-

omethylphenyl)ethylene (7). In the second step, the

resulting in-chain-DPE-functionalized PS was treated with

sec-BuLi to convert it to a DPE-derived anion, followed by

coupling with 7, resulting in a 4-arm star PS. The

successful syntheses of the expected 4-, 8-, and 16-arm

star (PS)s were confirmed by the results listed in

Table 4.

Very recently, we reported the successful use of in-chain-

DPE-functionalized AB block copolymers, 3-arm core-DPE-

functionalized A2B, or ABC asymmetric star-branched

polymers as the starting polymers in the same
www.mrc-journal.de 1039
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methodology.[107] With this methodology,

as illustrated in Scheme 12, 4-arm A2B2,

8-arm A4B4, 16-arm A8B8, 6-arm A4B2, 12-

arm A8B4, 6-arm A2B2C2, and 12-

arm A4B4C4 asymmetric star-branched

polymers were successfully synthesized.

A new DPE-functionalized agent, 1-(4-(5,5-

bis(3-bromomethylphenyl)- 7-methylno-

nyl)phenyl)-1-phenylethylene (8), was

also synthesized in order to reduce the

steric hindrance in the coupling reaction

between the polymer anions. Since the

contribution of the DPE-derived anion to

the mass of the product dramatically

decreased as the number of iterative

processes increased, the coupling yields

were significantly reduced with the

iteration. In general, isolation of the

desired polymer became more difficult

by increasing the number of arms. For

these reasons, the iterative methodology

presently developed works only at the

synthetic stage of star-branched poly-

mers having up to 12–16 arms.
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Exact Graft (co)Polymers

A graft copolymer is a branched polymer

consisting of two or more branch (grafted)

chains connected to the backbone chain and

the same number of branch points is present

along the backbone chain. Since the back-

bone and branch chains are in general

thermodynamically incompatible, most

graft copolymers are multiphase materials

which exhibit unique and interesting com-

position-sensitive behavior and morpholo-

gies.[108,109]

The structure of a graft copolymer can be

defined by the following four points:

(i) molecular weight of the backbone chain,

(ii) molecular weight of the branch chain,

(iii) distance (or molecular weight) between

the branch points, and (iv) number of the

branch points along the backbone chain. An

ideal graft copolymer, in which all of the

above points are perfectly controlled, is called

as ‘‘an exact graft copolymer’’ by Paraskeva

and Hadjichristidis.[110] Although several

attempts have been made to synthesize such

exact graft copolymers, most graft copoly-

mers so far synthesized were not completely

controlled in structure with respect to such

features.[111–121] As mentioned in the intro-

duction, exact graft (co)polymers can be

synthesized by first preparing a polymeric

building block unit with functional groups,

followed by connecting the unit to other

units in a stepwise iterative fashion to build

up the graft architecture.
Iterative Methodology Using Initiation
Reaction for Chain Growth

Hadjichristidis and Paraskeva reported the

first successful synthesis of an exact graft

copolymer composed of a poly(isoprene) (PI)

backbone chain and two PS branch chains by

a stepwise iterative methodology, as illu-

strated in Scheme 13.[110] The first step was

the addition reaction of poly(isoprenyl)-

lithium (PILi) to 1,4-bis(phenylethenyl)ben-

zene (9) to introduce the DPE moiety at the

chain end. The resulting v-terminal DPE-

functionalized PI was reacted with a stoichio-

metric amount of PSLi in a 1:1 addition

manner to link PS to the PI chain in the second

step. The resulting AB diblock copolymer

with the DPE-derived anion between the two
www.mrc-journal.de 1041
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Table 3. Synthesis of asymmetric star-branched polymers by iterative methodology using 5.

Typea) Mn Mw Mw=Mn Composition

kg �mol�1 kg �mol�1 wt.-%

Calcd SEC 1H NMR Calcd SLS SEC Calcd 1H NMR

A 11.9 11.6 11.7 12.3 11.9 1.02 100 100

3-Arm AB2 31.5 26.4 31.3 32.1 35.7 1.02 36/64 38/62

7-Arm AB2C4 75.5 55.5 73.3 77.0 79.2 1.02 16/28/56 17/27/56

15-Arm AB2C4D8 139 67.6 161 162 172 1.02 8/12/27/53 8/10/30/52

31-Arm AB2C4D8E16 332 97.9 309 339 363 1.02 4/6/13/27/50 4/7/15/29/46

a)A, B, C, D, and E were PS, PaMS, PMS, PMOS, and PMSiS, respectively.

Table 4. Synthesis of in-chain-DPE-functionalized PS (A2), 4-arm A4, 8-arm A8, and 16-arm A16 star-branched PSs by iterative methodology
using 7 based on ‘‘convergent’’ approach.

Type Mn Mn Mw=Mn DPE-Functionality g(

kg �nol�1 kg �nol�1 SEC Calcd 1H NMR Calcd Exptl

Calcd SEC VPO Calcd SLS

A2 21.1 20.8 19.8 21.5 21.1 1.02 1 0.990 – –

A4 41.2 35.1 40.0 41.6 41.7 1.01 1 ca. 1 0.71 0.72

A8 80.8 55.3 79.1 84.0 84.7 1.04 1 ca. 1 0.46 0.46

A16 168 85.2 168a) 170 170 1.01 1 ca. 1 – –

a)Determined by Mw (SLS) and Mw=Mn (SEC).
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blocks is a building unit in this synthesis. In the second

iteration, isoprene was in situ polymerized with this DPE-

derived anion to prepare a living 3-arm A2B star-branched

copolymer, followed by reacting with9 to introduce the DPE

moiety at the chain end. A stoichiometric amount of PSLi

toward the DPE moiety at the chain-end was reacted to

introduce the second branch. Finally, isoprene was poly-

merized with the DPE-derived anion to afford the desired

graft copolymer composed of two PS branch chains.

The narrow molecular weight distribution

(Mw=Mn ¼ 1.08) and predictable molecular weights

(Mn ¼ 233 kg �mol�1) and compositions were confirmed

by SEC, 1H NMR, and RALLS, respectively. The distances from

thea-terminal chain end to the first PS branch, between the

first and the second PS branches, and from the second PS

branch to the opposite v-terminal chain end are individu-

ally controlled by the molecular weights of the living (PI)s,

shown as (PI)a, (PI)b, and (PI)c in Scheme 13. The backbone

and branch chains are constructed by (PILi)s and (PSLi)s and

therefore precisely controlled in molecular weight. Thus, all

of the four factors are perfectly controlled in the resulting

graft polymer.
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This iterative methodology can offer potential for

providing a general procedure for exact graft copolymers

with more branch chains by repeating the same reaction

sequence. However, the synthesis worked only at the

introduction stage of the two branch chains. This is

probably because a perfect 1:1 stoichiometry, experimen-

tally very difficult, is always required in each

addition reaction of PSLi to the DPE moiety in the

polymer chain.

Very recently, Hadjichristidis and his coworkers synthe-

sized an exact graft poly(1,3-butadiene) (PB) having three

PB branch chains.[122] As illustrated in Scheme 14, a living

star PB with an anion at the v-terminus was first prepared

in the same manner mentioned above and then coupled

with either MeSiCl3 or 1-(4-dichloromethylsilyl)phenyl-1-

phenylethylene. The resulting coupled product having one

residual Si–Cl bond was reacted with PBLi to give an exact

graft PB having three PB branches. Similarly, the same

exact graft PB was synthesized by treatment of the above

coupled polymer having a DPE moiety with an exact

amount of sec-BuLi, followed by the polymerization of 1,3-

butadiene with the generated DPE-derived anion.
DOI: 10.1002/marc.200900773
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Scheme 13. Synthesis of exact graft copolymers composed of PI backbone and PS
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Unfortunately, this procedure is not based on the iterative

approach and therefore it is not possible to apply it to

the successive synthesis of graft polymers with more

branches.
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Iterative Methodology Using
Termination Reaction for Chain
Growth
We recently demonstrated the successful

synthesis of a series of exact graft (PS)s

having up to five PS branch chains by a

new iterative methodology.[123] In con-

trast to the methodology introduced

above, a termination reaction is used

for chain growth in this methodology, as

illustrated in Scheme 15. The following

three reaction steps are employed in each
iterative synthetic sequence: (a) a transformation reaction

of thea-terminal 3-tert-butyldimethylsilyloxypropyl (SiOP)

group into a 3-bromopropyl function via deprotection of the

SiOP group, (b) a coupling reaction of the resulting
www.mrc-journal.de 1043
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a-terminal 3-bromopropyl-functionalized PS with an a-

SiOP-v-DPE-functionalized living PS, resulting in an

a-terminal SiOP-in-chain-DPE-functionalized PS, and (c)

an addition reaction of PSLi with the DPE moiety to

introduce the PS branch chain. The polymeric building unit

with a functional group is prepared by the three steps and

the iterative process can be done by regeneration of the 3-

bromopropyl reaction site from thea-SiOP terminus by step

(a). A series of the desired exact graft (PS)s was actually

synthesized by performing the iterative process five times.

At first,a-terminal 3-bromopropyl-functionalized PS was

prepared by living anionic polymerization of styrene with
PS
tBuMe2SiO

tBuMe2SiO

tBuMe2SiO

tBuMe2SiO

1) PS

tBuMe2SiO(CH2)3Li tBuMe2SiO

MeOH
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2.

1.

2.
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1.

2.
B

A

(b)

A

(c)

α-terminal SiOP-f

Exact graft PS with five PS branches (EG-5)

9

EG-1

EG-2

2) MeOH

Scheme 15. Synthesis of a series of exact graft (PS)s with up to five branches by iterative
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3-(tert-butyldimethylsilyloxy)-1-propyl-

lithium (SiOPLi), followed by transforma-

tion of thea-terminal SiOP group into the

3-bromopropyl reaction site by treat-

ment first with (C4H9)4NF and then with

Ph3P and CBr4. Next, the samea-terminal

SiOP-functionalized PSLi was prepared

by SiOPLi-initiated polymerization of

styrene as above and then reacted with

9, resulting in a-SiOP-v-DPE-functiona-

lized living PS. Similar to the addition

reaction of 9 to PSLi, only one of the two

double bonds of 9 reacted with the a-

terminal SiOP-functionalized PSLi in a 1:1
addition manner. In the second step, the resultinga-SiOP-v-

DPE functionalized living PS was in situ reacted with a-

terminal 3-bromopropyl-functionalized PS to link the two

PS chains, resulting in a-terminal SiOP-in-chain-DPE-

functionalized PS. Finally, PSLi was reacted with the DPE

functionality in PS to introduce a PS branch by step (c). Thus,

one building unit with thea-terminal SiOP group converted

to the 3-bromopropyl group for the next reaction site was

prepared.

Since the above-mentioned three reaction steps pro-

ceeded with essentially quantitative efficiency and the final

product had the same a-terminal SiOP group, the same
Br

(a)

Bu4NF

CBr4, Ph3P
Br

Bu4NF

CBr4, Ph3P

r

unctionalized PSLi (A)

methodology.
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Table 5. Synthesis of an series of exact graft PSs by iterative methodology.

Typea) Mn Mw Mw=Mn

kg �mol�1 kg �mol�1 SEC

Calcd SEC RALLS Calcd RALLS

EG-1 29.1 26.9 29.2 29.7 29.8 1.02

EG-2 51.2 45.0 54.3 52.2 55.4 1.02

EG-3 83.5 65.1 84.1 85.2 85.8 1.02

EG-4 102 78.5 103 105 106 1.03

EG-5 125 94.7 124 129 128 1.03

a)EG-n indicates an exact graft PS with n branches.
iterative process involving the three reaction steps could be

performed. Actually, an exact graft PS having two PS

branches could be synthesized by the iterative process, as

shown in the same scheme. Thus, the iterative process

results in an increase in the graft repeating units one by one

to buildup exact graft (PS)s with a number of PS branches.

The same iterative process were done four more times to

successively synthesize a series of exact graft (PS)s having

up to five PS branches. Needless to say, the four points are

perfectly controlled in all resulting graft (PS)s. The results

are summarized in Table 5.

When the reaction processes were monitored by SEC, it

was noticed that all graft (PS)s exhibited sharp monomodal

SEC distributions and their peaks were gradually moved to

higher molecular weight sides, as shown in Figure 3.

Agreement of the molecular weights between those

calculated and those determined by SEC-RALLS was quite

satisfactory in all polymer samples. Their molecular weight

distributions were very narrow, the Mw=Mn values being

1.03 or even smaller, as estimated by SEC. Thus, the expected

structures and high degrees of molecular homogeneity of

the resulting graft (PS)s were confirmed by these char-

acterization results. The position of the branch and distance

between the branches were precisely controlled by the

molecular weight of a-terminal SiOP-functionalized living

PS used in step (b) in each process and can be intentionally

changed by changing the molecular weight. In order to

examine the possible control of distance between branches,

the distances between the third and fourth branch points

and the fourth and fifth branch points in the final product

were set to be 20 000 and 6 000 g �mol�1, respectively, while

others were adjusted to be around 10 000 g �mol�1. The

results clearly showed such architectures.

The iterative methodology was successfully applied to

the synthesis of an exact graft copolymer composed of a PS

backbone and PI branches. The same iterative process,

except for the use of PILi in step (c), was performed as shown
Macromol. Rapid Commun. 2010, 31, 1031–1059
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in Scheme 16. The end-capping of PILi with a few units of

styrene was required in order to react quantitatively with

the DPE functionality incorporated in the PS main chain.
Iterative Methodology Using In-Chain-Functionalized
AB Diblock Copolymer Anion

The successful synthesis of an exact graft (PS)s having up to

five PS branches by the iterative methodology was

described, as stated in the preceding section. As was seen

in Scheme 15, the backbone and branch chains were

individually introduced to prepare one building unit and

the resulting unit was connected in a stepwise iterative

fashion by a functional group pre-introduced to buildup a

series of exact graft (PS)s. Very recently, we successfully

synthesized another series of exact graft copolymers

composed of poly(methyl methacrylate) (PMMA) backbone

chains and PS branches by developing a new iterative

methodology using in-chain-functionalized AB diblock

copolymer anions.[124]

In the new methodology, a specially designed AB diblock

copolymer (PS-block-PMMA) anion, in-chain-functionalized

with a SiOMP group between the PS and PMMA blocks, is

employed as the key polymeric building block unit, as

illustrated in Scheme 17. This unit with the SiOMP

functional group is designed to place both the backbone

and branch chains together and connect them to other units

via the SiOMP group. The following three steps were needed

for the iterative synthetic sequence: (a) living anionic block

copolymerization to prepare in-chain-SiOMP-functiona-

lized PS-block-PMMA anions, (b) a transformation reaction

of the SiOMP group to the BnBr reaction site, and (c) a

coupling reaction of the in-chain-SiOMP-functionalized PS-

block-PMMA anions obtained by step (a) with in-chain-

BnBr-functionalized PS-block-PMMA prepared by step (b).

The a-terminal SiOMP-functionalized repeating unit can be
www.mrc-journal.de 1045
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Figure 3. SEC profiles of a series of exact graft PSs with one
(a, EG-1), two (b, EG-2), three (c, EG-3), four (d, EG-4), and five
(e, EG-5) PS branches.
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prepared by step (a) and can be connected to other units by

step (c). Since the BnBr reaction site is regenerated by step

(b), the same iterative process involving the three steps can

be performed, resulting in an increase in the number of

building units.

In the first step of the reaction sequence, in-chain-SiOMP-

functionalized PS-block-PMMA anions were prepared by

living anionic block copolymerization where styrene, 1-(3-

tert-butyldimethylsilyloxymethylphenyl)-1-phenylethyl-

ene (10), and MMA were sequentially reacted in that order

in THF at �78 8C with sec-BuLi as the initiator. A three-fold
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excess of LiCl to PSLi was added prior to the polymerization

of MMA to narrow the molecular weight distribution.

Unless otherwise stated, the Mn value of the block

copolymer [PS (Mn)/PMMA (Mn)] was adjusted to be around

10 000 g �mol�1 (5 000/5 000). The block copolymer thus

prepared was treated with a 1:1 mixture of (CH3)3SiCl and

LiBr to quantitatively transform the SiOMP group into the

BnBr function. Finally, in-chain-SiOMP-functionalized PS-

block-PMMA anions separately prepared in the same

manner were coupled with the resulting in-chain-BnBr-

functionalized PS-block-PMMA in THF at �40 8C for 24 h.

The coupling efficiency was nearly quantitative under such

conditions. The coupled product, isolated in 85% yield by

fractional precipitation, exhibited a narrow molecular

weight distribution (Mw=Mn ¼ 1.03) and a Mn value that

agreed well with the calculated value, as listed in Table 6.

The composition ratio of PS and PMMA segments observed

by 1H NMR was consistent with that calculated from the

both block copolymers. Thus, all of the analytical results

clearly indicate that the coupling reaction was efficiently

carried out to afford the expected graft copolymers with

two PS branches.

Likewise, a series of exact graft copolymers with three,

four, and five PS branches was successively synthesized by

performing the same iterative process involving the three

reaction steps, (a)–(c), starting from a graft copolymer with

two PS branches. The successful formation of such graft

copolymers was confirmed by the analytical results listed in

Table 6. All reactions were monitored by SEC and found to

proceed cleanly and quantitatively. Figure 4 shows the SEC

peaks of all graft copolymers in addition to that of the

starting AB diblock copolymer. As seen, all polymers

possess sharp monomodal distributions without shoulders

or tailings.

Thus, the new iterative methodology satisfactorily works

to successively synthesize a series of well-defined exact

graft copolymers with two, three, four, and five PS branches.

The distance between PS branches can be controlled by the

molecular weight of the PMMA block. The molecular

weights of the backbone and branch chains respectively

correspond to those of the PS and PMMA blocks and are

readily controlled by living anionic block copolymerization.

The number of building units increases with the perfor-

mance of the iterative process. Thus, obviously, the four

features are perfectly and intentionally controlled in

the graft copolymers synthesized by this iterative

methodology.

Since it is possible to prepare several in-chain-SiOMP-

functionalized AB diblock copolymers by living anionic

block copolymerization, a variety of exact graft copolymers

may be synthesized by developing the same iterative

methodology. For example, two different exact graft

copolymers having two branches composed of either

poly(2-vinylpyridine) (P2VP) or poly(2-perfluorooctylethyl
DOI: 10.1002/marc.200900773
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Scheme 16. Synthesis of a series of exact graft copolymers composed of PS backbone and PI branches.
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Scheme 17. Synthesis of a series of exact graft copolymers composed of PMMA backbone and PS branches by iterative methodology using in-
chain-functionalized AB diblock copolymer anion.
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Figure 4. SEC profiles of in-chain-functionalized PMMA-block-PS
(a) and a series of exact graft copolymers composed of PMMA and
PS having one (b), two (c), three (d), and four (e) PS grafts.
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methacrylate) (PF17MA) as the backbone chain, and PS as

the branch, were successfully synthesized by using in-

chain-SiOMP-functionalized PS-block-P(2VP) or PS-block-

PF17MA) anions.

Thus, the excellence as well as the versatility of the

present iterative methodology using the AB diblock

copolymer anions as a polymeric building block has been

demonstrated. The choice and setting of the three reaction

conditions used in the iterative process are critical to

achieve successive synthesis. Since the final products have

the same SiOMP groups in the polymer chains, the same

process can be further repeated to increase the number of

building units.
Dendrimer-Like Star-Branched Polymers

Dendrimer-like star-branched polymers, recently appeared

as a new class of hyperbranched polymers, resembling

dendrimers in branch architecture, but comprising den-

dritically branched polymer chains emanating from a

central core, and two or more branches at every junction as

repeating units.[89,125–128] Moreover, they can be differ-

entiated from usual hyperbranched polymers by their

structural perfection. Since dendrimer-like star-branched

polymers are composed of many polymer chains which are

regularly branched in their architecture, they are much

higher in molecular weight and much larger in molecular

size than dendrimers. Therefore, they are recognized as

nano-ordered globular macromolecules from their

branched architectural models and some analytical results.

In order to make the image of dendrimer-like star-branched

polymer clear, a fifth-generation (5G) dendrimer-like star-

branched polymer is shown as a representative example

(Figure 5).

Because of such branched architectures, dendrimer-like

star-branched polymers have many characteristic features
Figure 5. 5G Dendrimer-like star-branched polymer.
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Scheme 18. Synthesis of dendrimer-like star-branched polymers by iterative divergent
methodology using initiation reaction for chain growth.
such as hierarchic hyperbranched and

generation-based radial structures,

layers composed of branched repeating

units, different branch densities between

the core and outer layer, and many

branch points and end groups. It is also

possible to synthesize a variety of block

copolymers with the same branched

architectures by introducing different

polymer segments at each generation.

These block copolymers are expected to

be phase-separated at the molecular

level, followed by self-organizing, gen-

erating unique and characteristic nano-

structured domains, and supramolecular

assemblies. The formation of alternative

or several separated layer structures is

highly probable.

As can be seen in Figure 5, dendrimer-

like star-branched polymers are made up

of a number of generation-based layers of

branched units emanating from a core.
Similar to the synthesis of star-branched polymers and

exact graft (co)polymers, there are two reaction steps in the

synthesis, as follows: a polymeric building unit with

appropriate functional group(s) is prepared in the first step

and then connected to other units via the functional

group(s) in the second step. By repeating the two steps, a

series of dendrimer-like star-branched polymers is succes-

sively synthesized. At the present time, several examples of

dendrimer-like star-branched polymers have been synthe-

sized by two complementary iterative methodologies

based on ‘‘divergent’’ and ‘‘convergent’’ approaches, similar

to dendrimer synthesis.[129] The use of living polymer(s) as

well-defined polymer chain(s) linked between the junctions

is required in order to synthesize well-defined dendrimer-

like star-branched polymers. Accordingly, either a core-first
Table 6. Synthesis of a series of exact graft copolymers composed o

Typea) Mn

kg �mol�1

Calcd SEC NMR

Blockb) 12.5 11.7 12.6

EGC-1 22.2 17.9 22.5

EGC-2 33.8 31.9 35.4

EGC-3 43.5 33.5 46.1

EGC-4 56.2 41.3 56.0

a)EGC-n indicates an exact graft copolymer with n branches; b)the sta
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initiation or an arm-first termination reaction is used for

chain growth.
Iterative Divergent Methodology Using Initiation
Reaction for Chain Growth

The synthesis of dendrimer-like star-branched polymers by

the iterative divergent methodology using an initiation

reaction for chain growth was reported first by Gnanou

and coworkers,[130–139] and soon after by Hedrick and

coworkers,[140–148] and Percec et al.[149–151] As shown in

Scheme 18, a multifunctional initiator is first prepared as

the core, with which an appropriate monomer is poly-

merized in a living manner, and then each of the

propagating chain-ends is modified to convert them to
f PMMA and PS having up to five PS grafts.

Mw=Mn Composition

wt.-%

RALLS SEC Calcd 1H NMR

12.6 1.03 50/50 48/52

23.6 1.03 51/49 50/50

34.6 1.02 50/50 49/51

45.6 1.04 49/51 50/50

55.0 1.04 50/50 50/50

rting in-chain-SiOMP-functionalized PMMA-block-PS.
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Table 7. Representative dendrimer-like star-branched polymers synthesized by iterative divergent methodology using initiation reaction for
chain growth.

Polymer segment Generation Number

of branch

Number

of total

segment

Mn Mw=Mn Literature

Core Layer kg �mol�1

RALLS 1H NMR SEC

PEO 2 3 2 9 28.0 1.30 130

8 3 2,2,2,2,2,2,2 765 650 1.18 135

PS 3 8 2,2 56 141 1.27 136

7 4 2,2,2,2,2,2 508 1 920 1.04 139

poly(e-caprolactone) 2 6 8 54 221 1.12 140

3 6 2,2 42 158 1.14 141

Poly(L-lactide) 3 6 2,2 42 101 1.26 148

PMMA 4 3 2,2,2 45 456 1.23 149

PEO-b-PS 2 4 2 12 117 – 131

PEO-b-PtBA 2 3 2 9 17.5 1.28 133

poly(e-caprolactone)-

b-(PMMA-co-PHEMA)

2 6 4 30 76.0 1.19 142
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two or more initiation sites in the second step. Thus, this

methodology involves the following two reaction steps: (a)

living polymerization of an appropriate monomer and (b)

chain-end modification. The building block unit is prepared

in step (a) and the reaction sites are regenerated in step (b).

The iterative synthetic sequence involving steps (a) and (b)

is performed to successively synthesize a series of

dendrimer-like star-branched polymers in an outward

direction.

A variety of dendrimer-like star-branched polymers and

their structural analogous amphiphilic block copolymers

have been synthesized by this methodology in conjunction

with living/controlled radical polymerizations and/or
CH3SiCl3

SiCl4

PS

PI
PIPI

Li 2G

2G

Li Li
PS

Scheme 19. Synthesis of dendrimer-like star-branched polymers by iterative convergent
methodology using termination reaction for chain growth.
living anionic polymerization of vinyl

and cyclic monomers. Some representa-

tive synthetic examples are summarized

in Table 7 (core and branching number).

Most of the samples so far synthesized are

limited to 4G stages except for the two

cases (7G and 8G) reported by Gnanou

et al., and 105 g �mol�1 orders in molecular

weight because of practical difficulties in

repeating the living polymerization gen-

eration by generation. The synthesis of

the 7G dendrimer-like star-branched PS

was recently reported by Matmour and

Gnanou.[139] Since the resulting polymers

have predictable high molecular weights

and extremely narrow molecular weight

distributions (Mw=Mn � 1.05) and the
Macromol. Rapid Commun. 2010, 31, 1031–1059
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synthetic potential seems very attractive, once again there

is no description of the uniformity of the branch segment.

Although the defined structures are generally suggested

in most of the polymers so far reported, there always

remains a serious problem with the uniformity of all

polymer chains propagated from multi-initiation sites at

each generation. Furthermore, as the number of initiation

sites increases exponentially with generation, it is not

possible to accurately determine how many reaction sites

work, especially at higher generation. Gnanou and cow-

orkers have demonstrated that MALDI-TOF mass spectro-

scopy is a powerful technique for monitoring the

structural imperfection.[152] Detailed analysis of several
DOI: 10.1002/marc.200900773
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Scheme 20. Synthesis of 3G dendrimer-like star-branched PB by iterative convergent
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Scheme 21. Synthesis of 3G dendrimer-like star-branched PS by iterative convergent
methodology using a, v-XY2 PS macromonomers.

HO N N3
2) NaN3

Br Br
O

HO
N3PS

1)
N

2G

Scheme 22. Synthesis of 2G dendrimer-like star-branched PS by means of click reaction.
low-molecular-weight poly(ethylene oxide) (PEO) samples

clearly shows that the hydroxyl termini could be quantita-

tively modified and uniform growth of PEO was performed,

strongly indicating that the polymerization of ethylene

oxide and chain-end-modification reaction worked satis-

factorily. However, the problems still remain in the

synthesis of high-generation and high-molecular-weight

polymers.

Given an appropriate choice of living polymerization and

chain-end modification, the isolation step in each iterative
Macromol. Rapid Commun. 2010, 31, 1031–1059
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process is not necessary and therefore this

methodology is suited for easy and large-

scale preparation. However, because of

the incomplete initiation and heteroge-

neous propagation mentioned above,

structural defects increase significantly

with generation.
Iterative Convergent Methodology
Using Termination Reaction for
Chain Growth

In order to overcome the above-

mentioned problem, Chalari and Hadji-

christidis developed an alternative

iterative methodology based on a con-

vergent approach for the synthesis of

dendrimer-like star-branched poly-

mers.[153] A termination reaction was

used for chain growth. The synthetic

outline is illustrated in Scheme 19. A

living anionic off-center graft copolymer

used as the building block unit was first

prepared by the linking of an v-styryl

macromonomer with a living anionic

polymer of styrene or isoprene, followed

by living polymerization of isoprene with

anions produced in the linking reaction.

Then, the resulting living off-center graft

copolymer anions were coupled in situ

with either MeSiCl3 or SiCl4, resulting in

the formation of 2G polymers. Also, 3G

polymers have been synthesized by

extending the above-mentioned metho-

dology, as illustrated in Scheme 20.[154]

Similarly, a 3G dendrimer-like star-

branched PS was synthesized by Hutchings

and his coworkers with use of a,v-XY2

PS macromonomers (X and Y were

different functionalities), as illustrated in

Scheme 21.[155] The 3G polymer was built

up into dendritic structures by a series of

Williamson reactions and subsequent end-

group modification reactions. Recently,
Monteiro and coworkers reported that 2G dendrimer-like

star-branched polymers could be synthesized by a combina-

tion of atom-transfer radical polymerization and ‘‘click’’

reactions (see Scheme 22).[156]

The structure of the dendrimer-like star-branched

polymer synthesized by the iterative convergent metho-

dology herein employed can be readily checked by

comparing the molecular weight of the final product with

that of the building unit prepared by pre-made living

polymers of known molecular weights. The results of some
www.mrc-journal.de 1051



T. Higashihara, K. Sugiyama, H.-S. Yoo, M. Hayashi, A. Hirao

Table 8. Representative dendrimer-like star-branched polymers synthesized by iterative convergent methodology using termination
reaction for chain growth.

Polymer

segment

Generation Number of

branch

Number of

total segment
Mn Mw=Mn Literature

Core Layer kg �mol�1

RALLS SEC

PI 2 4 2 12 245 1.07 153

PB 3 3 2,2 21 380 1.09 154

PS 3 3 2,2 21 299 1.05 155

PS-b-PI 2 3 2 9 167 1.07 153

PS-b-PtBA 2 3 2 6 57.0 1.19 156
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synthetic examples by this methodology are listed in

Table 8. Their structures are completely verified by good

agreement of the molecular weights between those

calculated from the building unit and those observed.

The agreement also clearly indicates the structural perfec-

tion of the resulting polymers.

The linking reaction among the building units is required

at the final stage in this methodology, but becomes

increasingly difficult with each generation increment

because the molecular weight of the unit essentially

multiplies. This means that the iterative convergent

methodology is not suited for the synthesis of high-

generation dendrimer-like star-branched polymers, espe-

cially those with high molecular weights.
O

O

Si

Si

11

sec-BuLi MMA

O

O

Si

Si

Scheme 24. Preparation of a-terminal (SiOMP)2-functionalized living anionic PMMA.

(a) (b)

O Si Br

1G

2G

(a) (b)

Scheme 23. Synthesis of 2G dendrimer-like star-branched PMMA by iterative divergent
methodology using termination reaction for chain growth.
Iterative Divergent Methodology
Using Termination Reaction for
Chain Growth

Several difficulties arose in the synthesis

of dendrimer-like star-branched poly-

mers by the aforementioned two meth-

odologies. To overcome such difficulties

in synthesizing high-generation and

high-molecular-weight dendrimer-like

star-branched polymers with well-

characterized structures, we recently

developed a new iterative methodol-

ogy.[89,125,128,157–162] In this methodol-

ogy, a divergent approach was adopted

and a termination reaction with a pre-

made living anionic polymer of known

molecular weight was employed for

chain growth to prepare the building

block unit, like the iterative convergent

methodology described in the preceding

section.
Macromol. Rapid Commun. 2010, 31, 1031–1059
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The synthetic outline is illustrated in Scheme 23.[158]

Basically, two reaction steps are needed for the iterative

synthetic sequence: (a) a linking reaction between an

a-terminal (SiOMP)2-functionalized living anionic polymer

and either a core compound having four BnBr functions

(only for the first iterative process) or ana-terminal (BnBr)2-

functionalized polymer and (b) a transformation reaction of

the SiOMP groups into BnBr functions. Typically,a-terminal

(SiOMP)2-functionalized living anionic PMMA was used as a

well-defined polymer chain linked between the junction,

which was prepared in THF at �78 8C by living anionic

polymerization of MMA with the initiator from 1,1-bis(3-

tert-butyldimethylsilyloxymethylphenyl)ethylene (11)

and sec-BuLi, as illustrated in Scheme 24. A three-fold

excess of LiCl was added prior to the polymerization to
DOI: 10.1002/marc.200900773
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Scheme 25. Synthesis of a series of dendrimer-like star-branched (PMMA)s up to 7G by iterative divergent methodology using termination
reaction for chain growth.
narrow the molecular weight distribution. In step (b), the

resulting PMMA was treated with (CH3)3SiCl-LiBr to trans-

form the two a-terminal SiOMP groups into two BnBr

reaction sites.[105] Then, a 1.5-fold excess of a-terminal

(SiOMP)2-functionalized living anionic PMMA was reacted

with the resulting a-terminal (BnBr)2-functionalized

PMMA in THF at �40 8C for 24 h. Thus, the building unit

was prepared by step (a). Since both steps proceeded nearly

quantitatively, they could be repeated at least seven times

to afford a series of well-defined dendrimer-like star-

branched (PMMA)s up to 7G in nearly 100% yields, as

illustrated in Scheme 25.

The resulting polymers all have four branch chains

emanating from the core and two branch points in all of the

layers from 1G to 7G. As can be seen in step (a), in each of the

iterative processes where the termination reaction is used

for chain growth, incomplete initiation, and heterogeneous

propagation from multi-initiation sites and linking reac-

tions among high-molecular-weight repeating units are

completely avoided. Accordingly, high-generation and

high-molecular-weight polymers with well-defined struc-

tures were successfully synthesized. Furthermore, the

expected and well-defined structures of the resulting

polymers from 1G to 7G were completely verified by

agreement of the molecular weights between the building
Macromol. Rapid Commun. 2010, 31, 1031–1059
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unit prepared from the starting pre-made living PMMA and

the final polymer obtained at each generation.

As shown in Figure 6, all of the polymers from 1G to 7G

exhibit sharp monomodal SEC distributions. The character-

ization results are summarized in Table 9. Two series

polymers were synthesized and their branch chains,

composed at each generation, were around 4 000 and

10 000 g �mol�1 in molecular weight. Good agreement of

the molecular weights between those calculated and

observed, and narrow molecular weight distributions

(Mw=Mn � 1.03) were attained in all polymer samples.

The 7G polymer in the first series was a huge macro-

molecule possessing a predictable Mn value of 2 million

g �mol�1 and consisting of 508 polymer segments with 512

termini.[158] In the case of the second polymer series, the

molecular weight reached 1.4 million g �mol�1 even in the

5G polymer.[161]

A series of highly branched dendrimer-like star-branched

(PMMA)s were also successfully synthesized by the same

methodology using a-terminal (SiOMP)4-functionalized

living PMMA as the new building block, as illustrated in

Scheme 26.[159,162] The final 3G polymer possesses four

polymer segments branched from the cores as well as from

all branch points, and a loading capacity of 256 BnBr

termini, which is exactly equal to the number of BnBr
www.mrc-journal.de 1053



T. Higashihara, K. Sugiyama, H.-S. Yoo, M. Hayashi, A. Hirao

Figure 6. SEC profiles of dendrimer-like star-branched (PMMA)s
from 1G to 7G.

Table 9. Synthesis of dendrimer-like star-branched (PMMA)s by
iterative divergent methodology using termination reaction for
chain growth.

Generation Mn Mw Mw=Mn

kg �mol�1 kg �mol�1

Calcd SEC 1H NMR Calcd SLS SEC

1Ga) 14.6 13.8 14.2 14.9 14.8 1.02
2Ga) 43.0 36.9 42.9 43.9 44.2 1.02
3Ga) 97.3 66.1 98.4 99.2 105 1.02
4Ga) 219 115 219 223 230 1.02
5Ga) 452 178 449 462 472 1.03
6Ga) 980 282 974 1 000 1 060 1.02
7Ga) 1 960 414 1 940 1 980 1 970 1.02
1Gb) 44.4 36.2 44.9 45.3 45.3 1.02
2Gb) 131 93.1 131 134 134 1.02
3Gb) 298 171 300 304 305 1.02
4Gb) 639 301 649 658 661 1.03
5Gb) 1 390 512 1 430 1 430 1 500 1.03

a)Molecular weights of arm polymers is �4.00 (kg �mol�1); b)Mol-

ecular weights of arm polymers is �10.0 (kg �mol�1).

(a) (b)

1G

3G

(a)

(a) (b)

Scheme 26. Synthesis of highly branched dendrimer-like star-branche
PMMA.
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termini of the 6G polymer mentioned above. Furthermore,

by appropriately choosing a-functionalized living anionic

PMMA with either two or four SiOMP groups in each

iterative process, three 4G polymers with different

branched architectures could also be synthesized, as shown

in Figure 7.[160,162] Their well-defined and characterized

structures were confirmed by the analytical results of all

polymer samples.

Very recently, the successful synthesis of a series of

dendrimer-like star-branched (PS)s and block copolymers
O Si

Br

2G

(b)

d (PMMA)s using a-terminal (SiOMP)4-functionalized living anionic

DOI: 10.1002/marc.200900773
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Figure 7. 4G Dendrimer-like star-branched (PMMA)s composed of two and/or four
branches at each junction.
alternately composed of PS and PMMA during generation

was reported.[163] Furthermore, a variety of 4G block

copolymers with functional groups was synthesized by

the linking reaction of living anionic polymers having

functional groups with brominated 3G polymers

(Scheme 27).[162]

The success of the present methodology is undoubtedly

attributed to the choice of the two reactions which proceed

cleanly and essentially quantitatively. It is surprising that

the precise synthesis of huge macromolecules having Mn

values of over several million has been achieved simply by

repeating the two reaction steps.

Conclusion and Future Remarks

In this paper, we have demonstrated the successful

synthesis of many-armed and multi-compositional star-

branched polymers, exact graft (co)polymers, and dendri-
Li

COOR
n

Br

3G

4G

OH

N

R : ,

,

Si(OR)3

Scheme 27. Synthesis of 4G dendrimer-like star-branched block copolymers with function
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mer-like star-branched polymers with

well-defined structures by developing a

commonly-featured methodology which

involves a series of the stepwise iterative

methodologies with its stepwise assem-

bly of polymeric building block units. In

the methodology, living anionic poly-

merization is combined with branching

reactions to design branched polymers. It

always involves the following two syn-

thetic steps: (a) preparation of the poly-

meric building block unit for the parent

branched polymer and (b) connection of

the building unit to other identical units.
These two synthetic steps, the so-called iterativeprocess, are

repeated several times in a stepwise fashion to successively

synthesize a series of branched polymers.

Because a number of iterative processes is needed to

buildup branched polymers composed of many building

units, clean and quantitative reactions are required in the

iterative processes. Furthermore, the reactions should

proceed under mild conditions where polymer chains

remain completely intact without chain cleavage or cross-

linking. For this reason, we have carefully selected the

reactions which adequately satisfy such criteria through-

out the overall syntheses. It may also be possible to

construct more complex branched polymers by intention-

ally selecting either of these building blocks and assembling

from them. Some future examples are illustrated in Figure 8.

For recent 20 years, applications of the morphological

suprastructures and molecular assemblies produced from

block copolymers to nanoscience and technology have been
OH
OH

C8F17

O O OR

CN

,,

,

,
Fe

,

al groups.
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Figure 8. Branched polymers with complex architectures.
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received much attention. Branched polymers will have

more possibility in this respect in the same fields because

of their complexity, branched architectures, and more

structural variables. However, their utility has been necked

by their synthetic difficulties. Throughout this paper, we

have demonstrated that the commonly-featured metho-

dology herein introduced is applicable to a variety of

branched polymers and, in fact, many-armed and multi-

compositional star polymers, exact graft (co)polymers, and

structurally well-defined dendrimer-like star-branched

polymers, which are synthetically difficult, are successfully

synthesized by this methodology. Such branched polymers

may be utilized as next generation polymers leading to

nanomaterials. For instance, it may be expected that these
Macromol. Rapid Commun. 2010, 31, 1031–1059
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polymers will be used as enzyme and

catalyst carrying nanoreactors, multi-

compartment micelles, carriers of drugs

and genetic materials, shape-persistent

nanodevices, biomimetic molecules,

nanosurface modifiers, etc.
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[129] S. M. Grayson, J. M. J. Fréchet, Chem. Rev. 2001, 101, 3819.
[130] J. L. Six, Y. Gnanou, Macromol. Symp. 1995, 95, 137.
[131] S. Angot, D. Taton, Y. Gnanou, Macromolecules 2000, 33,

5418.
[132] Y. Gnanou, D. Taton, Macromol. Symp. 2001, 34, 333.
[133] S. Hou, E. L. Chaikof, D. Taton, Y. Gnanou, Macromolecules

2003, 36, 3874.
[134] R. Francis, D. Taton, J. L. Logan, P. Masse, Y. Gnanou, R. S.

Duran, Macromolecules 2003, 36, 8253.
[135] X. S. Feng, D. Taton, E. L. Chaikof, Y. Gnanou, J. Am. Chem. Soc.

2005, 127, 10956.
[136] B. Lepoittevin, R. Matmour, R. Francis, D. Taton, Y. Gnanou,

Macromolecules 2005, 38, 3120.
[137] R. Matmour, B. Lepoittevin, T. J. Joncheray, R. J. El-khouri,

D. Taton, R. S. Duran, Y. Gnanou, Macromolecules 2005, 38,
5459.

[138] X. S. Feng, D. Taton, R. Brosali, E. L. Chaikof, Y. Gnanou, J. Am.
Chem. Soc. 2006, 128, 11551.

[139] R. Matmour, Y. Gnanou, J. Am. Chem. Soc. 2008, 130, 1350.
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A. P. Gast, Macromolecules 2003, 36, 5765.
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