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GENERAL INTRODUCTION 

General Introduction 
 

Background 

Control of Polymer Primary Structure.  Natural polymers or macromolecules 

exhibit distinctive properties and functions mainly due to the regularity of their highly 

ordered structures, in which multiple primary components such as polymer chain lengths, 

stereochemistry of the polymers, and the sequence of the repeating units are regulated.  In 

contrast, general synthetic polymers have distributions in their structures, which are 

inherent to the industrial or conventional synthetic methods that cannot rival the natural 

polymer biosynthesis in terms of the precision control.  However, owing to the 

tremendous precedent researches for controlling the primary structures of synthetic 

polymers, the chain length and stereoregularity have now been controlled by living 

polymerizations and stereospecific or stereoregular polymerizations, respectively, both of 

which have had a great impact on the developments of polymeric materials based on their 

controlled primary structures. 

 

Living and Stereospecific Radical Polymerizations.  Living polymerization, 

defined as a chain polymerization without chain transfer and chain termination, is often 

used for the synthesis of polymer with controlled chain length and controlled architectures 

such as block copolymers.  Since the groundbreaking discovery of living anionic 

polymerization by Szwarc half a century ago,1 there have been noticeable progresses in 

living ionic polymerizations in terms of initiators, monomers, and various well-defined 

polymers such as block, tapered block or gradient, graft, and star or star-shaped 

copolymers.2  However, living ionic polymerization always requires cumbersome 

handling and rigorous purification of solvents and monomers due to the susceptible nature 

of the ionic propagating species to polar compounds such as water. 

On the other hand, radical polymerization is one of the most widespread methods in 

polymer synthesis because of many advantages, such as wide variety of monomers, mild 

reaction conditions, and tolerance to polar groups.  However, it had been difficult to 

control the molecular weights and molecular weight distributions of the resulting polymers 

due to the recombination and disproportionation reactions inherent to the neutral 

radical-growing species.3 
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GENERAL INTRODUCTION 

The first report for realizing living radical polymerization dates back to 1980s while 

the control of the molecular weights was still far from that by living ionic polymerization at 

that time.4  In 1990s, a great progress in the control was achieved by using nitroxide as a 

reversible capping agent for the growing carbon radical species, and the polymerization 

was termed as nitroxide-mediated polymerization (NMP), in which the highly active 

carbon radical species is transiently stabilized as the covalent carbon-oxygen bond while 

the covalent terminal can reversibly generate the growing carbon radical species on the heat 

stimulus (Scheme 1).5–7  Further developments in living radical polymerizations were 

achieved in the subsequent years by the emergence of metal-catalyzed living radical 

polymerization8–12 or atom transfer radical polymerization (ATRP) and reversible 

addition-fragmentation chain transfer (RAFT) polymerization,13,14 which have been used 

for not only the control of the molecular weights but also the synthesis of various polymers 

with controlled structures.  The general concept for all these living radical 

polymerizations lies in the introduction of the covalent dormant species that can reversibly 

generate the growing radical species on some stimuli such as heat, catalysts, and another 

radical species.  Among them, the metal-catalyzed living radical polymerization is one of 

the most widely employed methods mainly because of the high controllability, a wide 

variety of available monomers involving methacrylates, acrylates, styrene, acrylamides, 

and vinyl esters, and the stability and easy accessibility of the carbon-halogen bonds as the 

initiating sites.  This polymerization can be catalyzed by various transition metal 

complexes such as ruthenium, iron, and copper complexes, which reversibly activate the 

dormant carbon–halogen terminals via the one-electron redox reaction to generate the 

growing radical species (Scheme 1). 
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Scheme 1. Representative Living Radical Polymerizations. 
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Stereoregularity of polymers is another important factor of the polymer structures 

because it significantly influences their properties such as glass transition temperatures 

(Tgs) and strengths.  Stereoregularity had been also difficult to control by radical 

polymerization due to the non-stereospecific propagation of neutral radical-growing species 

with an sp2-like planar structure.  However, recent developments in stereospecific radical 

polymerization15 have allowed the control of the stereoregularity by several methods, in 

which vinyl monomers with bulky substituents,16 fluoroalcohols as solvents,17 or Lewis 

acids as additives are employed.18,19  Quite recently, a combination of the living and 

stereospecific radical polymerizations has enabled not only the simultaneous control of 

both molecular weights and stereoregularity but also the synthesis of stereoblock polymers 

consisting segments with different tacticities.20 
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Scheme 2. Solvent- and Lewis Acid-Mediated Stereospecific Radical Polymerizations.
 

Recent progresses in living and stereospecific radical polymerizations have thus 

widened their potentials for preparing a variety of polymers with multiple controlled 

architectures, which have not been synthesized. 

 

Graft Polymers.  Graft polymer is a class of branched polymers and is defined as 

a copolymer with one or more graft chains which is different from the backbone chains in 

chemical nature or composition.21  Graft copolymer is used in industry for several 

applications, such as compatibilizer, polymer modifier, and adhesive, because the two 

chemically different components connected through covalent bonds solve the interfacial 

problems between the different materials.  These industrially used graft copolymers are 

generally synthesized by generating radicals randomly on the backbone chain to initiate the 

graft polymerization.  However, this method suffers from side reactions such as coupling 

reaction of two graft chains and chain transfer accompanying the homopolymers to result in 

ill-controlled products in terms of the numbers, lengths, and positions of the graft chains.  
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However, progresses in living polymerization have now enabled the synthesis of 

well-defined graft copolymers, which may exhibit their distinctive properties and functions. 

 

Well-Defined Graft Copolymers by Living Polymerization  There are three 

general synthetic methods for well-defined graft copolymers with controlled backbone and 

graft chain lengths, i.e., “grafting-from”, “grafting-onto”, and “grafting-through” methods 

(Scheme 3).22  For all three methods, the dual use of living polymerizations is required in 

R

(a) "Grafting–from" Method

(b) "Grafting–onto" Method

(c) "Grafting–through" Method

Backbone Chain

Backbone Chain

Living Polymerization
from Backbone Chain

Coupling Reaction

Graft Chain

Macromonomer

Living PolymerizationInitiator
 

Scheme 3. Synthetic Methods for Well-Defined Graft Copolymers by Living Polymerization. 

 

the synthesis of both backbone and graft chains.  (a) The “grafting-from” method involves 

living graft polymerization from the backbone chains with multifunctional initiating sites, 

which were also prepared by living polymerization.  (b) The “grafting-onto” method is 

based on the covalent attachment of living polymers to backbone chains with controlled 

lengths and reactive groups, which are synthesized by living polymerization.  (c) The 

“grafting-through” method relies on living polymerization of macromonomers bearing a 

polymerizable end group prepared by living polymerization.  Although each method has 

its respective feature, the method (b) and (c) should often require cumbersome purification 

or fractionation of the products to separate the residual unattached chain polymers or 

unreacted macromonomers from the graft copolymers.  In contrast, the method (a) only 

needs simple separation of the graft copolymers from the unreacted low molecular-weight 

monomers in most cases.  Thus, the method (a) seems to be the most suitable for the 

 4



GENERAL INTRODUCTION 

synthesis of multiple controlled graft copolymers. 

 

 

Objectives 

The studies presented in this thesis thus aim to establish the synthetic methods of 

polymers with multiple controlled primary structures by living radical polymerization and 

stereospecific radical polymerization. 

The first objective of this study was to design well-defined graft polymers with the 

controlled lengths of backbones and graft chains and the controlled grafting positions.  

The author thus used living radical polymerizations for the “grafting-from” method [(a) in 

Scheme 3] to construct multiple controlled graft polymers [(I) in Scheme 4].  The 

backbone polymers with multiple initiating sites for the living radical polymerizations were 

prepared by free or living radical polymerizations, in which the control of the backbone 

lengths can be possible only for the latter [(I)-(1) and (I)-(2), respectively].  The important 
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Scheme 4. Synthesis of Multiple Controlled Polymers by Living Radical Polymerization.
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point in the synthesis of the backbone polymers is efficient and easy introduction of the 

multiple initiating sites for the living radical graft polymerizations.  The comonomers for 

the backbone chain should possess suitable groups such as dormant covalent bond that is 

intact during the first polymerization or the potentially reactive substituent that can be 

easily transformed into the dormant covalent bond after the first polymerization.  To this 

end, the author used two types of monomers for the grafting points, i.e., a monomer with 

C–ON pendant for the nitroxide-mediated graft polymerizations and another one with O-Si 

group, which can be changed into an ester moiety with C–halogen bond for the 

metal-catalyzed living radical polymerizations.  The living radical “grafting-from” 

polymerizations of various monomers were then examined under optimized conditions for 

the formation of the uniform lengths of the graft chains.  Further studies were directed to 

additional control of the grafting positions, for which AxBAx-type block–graft copolymers 

were synthesized by using metal-catalyzed living radical block and graft polymerization 

thus established [(I)-(3)].  Especially, hard segments were introduced as the outer graft 

chains (B) while soft segments as the middle parts (A) for a new thermoplastic material. 

The second objective of this study was to construct a fundamentally new type of 

polymers with multiple controlled structures in terms of chain length and stereochemistry 

of the polymers by a combination of living and stereospecific radical polymerizations.  

For this, stereogradient polymer, in which the tacticity continuously varies along the chain, 

was prepared by metal-catalyzed stereospecific living radical polymerizations [(II)-(4)]. 

The synthetic strategy was explored for this new type of polymers because of few 

precedent examples. 

 

 

Outline of This Study 

With the aforementioned objectives in mind, the author carried out a series of 

studies that are described in the present thesis.  Part I (Chapters 1–4) deals with the 

multiple controlled graft polymers with controlled backbone and graft chain lengths and 

controlled grafting positions by living radical polymerization.  Part II (Chapter 5) 

discusses stereogradient polymers with controlled chain length and stereoregularity by 

stereospecific living radical polymerization. 
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In Part I, Chapter 1 focuses on the control of graft chain length by 

nitroxide-mediated polymerization (Scheme 5).  A backbone chain was prepared at a 

lower temperature by free radical copolymerization of methyl methacrylate (MMA) and a 

monomer with a nitroxyl group on the side chain (1), and was subsequently employed as a 

multifunctional macroinitiator for the nitroxide-mediated graft polymerizations of styrene 

(St) or n-butyl acrylate (BA) at a higher temperature to form the graft chains with the 

controlled length. 

 

Chapter 2 describes the control of both backbone and graft chain lengths by 

ruthenium-catalyzed living radical polymerization (Scheme 6).  The backbone chain with 

the controlled chain lengths was first synthesized by ruthenium-catalyzed living radical 

random copolymerization of MMA and 2-(trimethylsilyloxy)ethyl methacrylate 

(TMSHEMA).  The obtained polymer was allowed to react in situ with an acid bromide 

with another C–Br bond and was efficiently changed into the multifunctional initiator with 

C–Br bonds via the direct transformation of the silyl group into the ester without isolation 

and deprotection procedures.  The obtained multifunctional macroinitiator was then 

employed for the ruthenium-catalyzed “grafting-from” radical polymerization of 

methacrylates, acrylates, and styrene to form the graft copolymers with controlled 

molecular weights (Mw/Mn ~ 1.1) by optimization of the conditions.  The detachment of 

PSt graft chains from the backbone chains showed the uniform length of the graft chains 

(Mw/Mn ~ 1.3) to prove the control of both backbone and graft chains. 
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Scheme 5. Graft Polymers of Styrene and Acrylate: Control of Graft Chain Lengths.
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Chapter 3 and 4 deal with the synthesis of AxBAx-type block and graft copolymers 

with the controlled grafting positions in addition to the controlled backbone and graft chain 

lengths (Scheme 7).  Especially, the AxBAx-type block–graft copolymers were designed to 

have the outer hard grafts and middle soft segments for a new type of thermoplastic 

elastomers.23  On the basis of the molecular design, MMA (Chapter 3) or St (Chapter 4) 

was employed as the hard outer graft segments while dodecyl methacrylate (DMA) with a 

long alkyl chain (C12H25) as the middle soft segment. 

A multifunctional macroinitiator (IxBIx) was first prepared in one pot by the 

ruthenium-catalyzed living radical block copolymerization of DMA (B segment) and 

TMSHEMA initiated by a bifunctional initiator followed by direct transformation of the 

silyloxyl group into the ester with a C–Br bond.  The IxBIx multifunctional initiator, 

isolated only by precipitation, was then employed for the ruthenium-catalyzed 

“grafting-from” living radical polymerization of MMA or St as A segments to afford the 

AxBAx copolymers with the controlled backbone and graft chain lengths.  A series of 

AxBAx copolymers were prepared by varying the numbers and/or lengths of the graft 
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chains. 

The resultant AxBAx copolymers were characterized by a variety of measurements, 

i.e., NMR, size-exclusion chromatography (SEC), multiangle laser light scattering 

(MALLS), differential scanning calorimetry (DSC), dynamic viscoelasticity, tensile test, 

transmission electron microscopy (TEM), transmission electron microtomography (TEMT), 

and atomic force microscopy (AFM).  Especially, a single molecule visualization by AFM 

revealed the dumbbell-like structure of the AxBAx copolymers for the first time.  The 

morphologies of styrene–methacrylate-based AxBAx copolymers were analyzed by TEM 

and TEMT to show different features from the corresponding ABA triblock copolymers, as 

well as the differences in their mechanical properties.  Thus, the author developed and 

evaluated the AxBAx copolymers as new thermoplastic materials. 

 

In Part II, the author decided to design a fundamentally new type of multiple 

controlled polymers in terms of chain length and stereochemistry by a combination of 

living and stereospecific radical polymerization. 

Chapter 5 is therefore directed to the synthesis of stereogradient polymers by 

stereospecific living radical copolymerization of two monomers that have different 
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stereospecificities and reactivities (Scheme 8).  The strategy is based on 

ruthenium-catalyzed living radical copolymerizations of 2-hydroxyethyl methacrylate 

(HEMA) and the silyl-capped HEMA [(tert-butyldimethylsilyl)-HEMA] in bulky 

fluoroalcohols, in which the former was polymerized faster than the latter while the 

syndiotacticity was higher for the latter.   

This resulted in the stereogradient poly(HEMA) with controlled molecular weights 

(Mw/Mn ~ 1.2), of which the rr content gradually increased along the chain from one end to 

the other, after the removal of the silyl groups.  The author thus established the new 

synthetic strategy for stereogradient polymers by stereospecific living radical 

polymerizations. 
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CHAPTER 1 
 

GRAFT POLYMERS OF STYRENE AND ACRYLATE: 

CONTROL OF GRAFT CHAIN LENGTHS 
 

 

 

ABSTRACT 

A simple two-step synthetic method of a graft polymer using a radical process is 

reported.  Using living radical polymerization, graft polymers consisting of a poly(methyl 

methacrylate) main chain and side chains composed of various monomers, such as styrene 

and n-butyl acrylate, were synthesized.  The polymers had a narrow polydispersity.  

Especially, for the graft polymerization of acrylates, the addition of a small amount of 

TEMPOL to the polymerization system on the side chain improved the livingness of the 

polymerization.  The effect of added free TEMPOL was also studied on the 

homopolymerization of n-butyl acrylate using an initiator bearing a TEMPOL residue. 
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Graft Polymers of Styrene and Acrylate: Control of Graft Chain Lengths 

INTRODUCTION 
 

The addition of a graft polymer having different monomer sequences as the main and 

side chains to a mixture of their homopolymers facilitates the formation of a homogenous 

blend.  The polymer alloy thus obtained is expected to have excellent physical properties, 

which are valuable when used as products.  The control of the side chain length of a graft 

polymer can produce a graft copolymer with a well-defined structure, which is expected to 

improve the physical properties of the surface and interface of a material.1–3  The living 

radical polymerization with a broad applicability4–13 seems to be suitable to produce the graft 

copolymers of various monomers. 

Living radical polymerizations have been achieved by several procedures including 

nitroxide-mediated polymerization (NMP),4–6 metal-catalyzed polymerization,7–9 reversible 

addition-fragmentation chain transfer (RAFT) polymerization,10–12 and 

organotellurium-mediated living radical polymerization (TERP).13  In the present study, the 

author used the NMP process because of its simple procedure that can be performed without 

the preparation of a specific agent and the very careful precautions required for the precedure. 

The nitroxides used in the NMP method are commercially available, stable in air, 

and easy to apply to a large-scale production.  Therefore, several examples of the graft 

polymerization using the NMP method have been reported.14–17  Here, the author used 118 

bearing a 4-hydroxy-(2,2,6,6-tetramethylpiperydine-1-oxyl) (TEMPOL) residue as the 

monomer to obtain the prepolymer with methyl methacrylate (MMA) and subsequently 

employed the prepolymer for the nitroxide mediated graft polymerization of styrene (St) 

and n-butyl acrylate (n-BuA) (Scheme 1). 
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Scheme 1. Overview of graft polymerization using nitroxide-mediated polymerization. 
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EXPERIMENTAL 
 
Materials 

MMA (Tokyo Kasei, purity >99%) was washed with aq. NaOH (5%) and water, dried 

over magnesium sulfate, and distilled over calcium hydride under reduced pressure before use.  

St and n-BuA (both Tokyo Kasei, purity >99%) were distilled under reduced pressure before 

use.  Cyclohexanone, N,N-dimethylformamide (DMF), and tetrahydrofuran (THF) (both 

Wako, purity >99%) were distilled under a reduced pressure before use.  An initiator, 

tert-butylperoxypivalate, were used as received from the NOF Corporation.  

4-Hydroxy-(2,2,6,6-tetramethylpiperydine-1-oxyl) (TEMPOL) (Aldrich) was also used as 

received. 

 

Synthesis of the Monomer Bearing a TEMPOL Residue 

m-/p-[2-Hydroxy-1-(4'-hydroxy-2',2',6',6'-tetramethylpiperidine-1'-oxy)ethyl]- styrene 

(1) (Scheme 2) was synthesized as follows.18  

4-Acetoxy-2,2,6,6-tetramethylpiperidine-1-oxyl (2.14 g, 10.0 mmol) was dissolved in a 

mixture of 1,3- and 1,4-divinylbenzene (DVB-960, Nippon Steel Chemical Group, 15.0 g) 

and cooled to 0 ˚C. To the solution was added diisopropylperoxydicarbonate (2.08 g, 10.0 

mmol) under dry nitrogen, and the mixture was heated to 55 ˚C for 5 h. After cooling, the 

reaction mixture was evaporated to dryness.  The crude product was purified by column 

chromatography eluting with dichloromethane/hexane = 1/1 to give the purified 

HO
O N OH

1

NaOH

O
O N O

2

O
O

O
O N OH

OO
O

O O
O

O N OH

O O
O O O

O
O N OH

3

NaOH
HO O N OH

4  

Scheme 2. Syntheses of 1–4. 
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m-/p-[2-isopropyloxycarbonyloxy-1-(4’-acetoxy-2’,2’,6’,6’-tetramethylpiperidine-1’-oxy)eth

yl]styrene (2) (3.16 g, 70.5%).  To a solution of 2 (2.24 g, 5.0 mmol) in ethanol (50 mL) was 

added aq. 10% NaOH solution (8.0 g) and refluxed for 2 h.  The reaction mixture was 

concentrated under reduced pressure and diluted with diethyl ether (140 mL). The solution 

was washed with water (50 mL × 3).  The organic layer was dried with sodium sulfate and 

evaporated to dryness.  The crude product was purified by recrystallization from a mixed 

solvent of ethyl acetate/hexane to afford 1 as a white solid (1.13 g, 71.0%).  1H NMR 

spectrum was shown in Figure 1.  MS (FAB) m/z (%): 320 [M+H]+; EA calcd (%) for 

C19H29NO3 (319.21) C, 71.44; H, 9.15; N, 4.38. Found: C, 71.40; H, 9.19; N, 4.45. 

 

Synthesis of Prepolymer 

The preparation of the prepolymer was carried out under dry nitrogen in a glass tube 

equipped with a 3-way stopcock. In a typical polymerization, MMA (2.1 mL, 20 mmol), 1 

(0.20 g, 0.65 mmol), THF (10 mL), and tert-butylperoxypivalate (1.4 mmol in 0.36 mL) were 

placed in the glass tube under dry nitrogen, which was left in a thermostated bath at 60 ˚C for 

5 h.  The reaction was terminated by cooling them at –78 ˚C.  The reaction mixture was 

precipitated in a large excess of methanol and isolated by centrifugation.  The molar ratio of 

MMA to 1 in the obtained polymer was determined by 1H NMR. Each prepolymer was 

yielded around 48% after centrifugation. 

 

Graft Polymerization on the Prepolymer 

Graft polymerization was carried out in sealed glass vials.  In a typical example, the 

prepolymer (0.3 g, Mn = 40,800 and Mw/Mn = 1.53), styrene (1.7 mL), and DMF (1.9 mL) 

were mixed in a glass flask. The feed weight ratio of the prepolymer and each monomer (St, 

n-BuA) was 1/5.  The solution was then divided into glass vials. The vials were cooled with 

liquid nitrogen, evacuated, and purged with dry nitrogen. The polymerization was initiated by 

immersing them in a thermostated bath at 125 ˚C.  The reaction was terminated by cooling 

them at –78 ˚C.  Homopolymerization of n-BuA was carried out in the same method. 

 

Separation of the Styrene Homopolymer from the Graft Polymer 

The graft polymer sample (conversion = 79.4%, Mn = 113,800, Mw/Mn = 2.06) was 

ground with a pestle in a mortar.  The sample (100 mg) was then added to cyclohexane (10 

 18



Graft Polymers of Styrene and Acrylate: Control of Graft Chain Lengths 

mL), which dissolves only the styrene homopolymer, and stirred for 1 h.  The mixture was 

divided into cyclohexane-insoluble and -soluble parts by filtration, and each part was dried 

under reduced pressure.  The insoluble part (50 mg) was added to cyclohexane (5 mL) and 

stirred for 1 h.  The mixture was again separated as insoluble and soluble parts by filtration. 

 

Synthesis of the Initiator Bearing TEMPOL 

The initiator (4) bearing TEMPOL was synthesized according to the synthetic method 

for a similar compound.19  The preparation of 

1-benzyloxy-2-phenyl-2-(4’-hydroxy-2’,2’,6’,6’-tetramethylpiperidine-1’-oxy)ethane (3), a 

precursor of 4, was first carried out.  To a solution of benzoyl peroxide (3.00 g, 12.4 mmol) 

in distilled styrene (128 mL, 1.11 mol) was added TEMPOL (4.80 g, 27.9 mmol) under dry 

nitrogen, which was heated at 80 ˚C for 25 h.  After cooling, the reaction mixture was 

evaporated to dryness and the resulting yellow viscous liquid was purified by column 

chromatography eluting with chloroform/hexane = 8/2 followed by chloroform to give the 

purified initiator as a pale yellow solid (0.626 g, 6.4 %).  To a solution of 3 (0.382 g, 0.962 

mmol) in ethanol (12.0 mL) was added aq. 1N NaOH (1.20 mL, 1.20 mmol) under dry 

nitrogen, which was refluxed for 2 h.  After cooling, the reaction mixture was evaporated to 

dryness and dissolved in a mixture of water (20 mL) and chloroform (20 mL).  The aqueous 

layer was further extracted with chloroform (10 mL × 2), and the combined organic layers 

were evaporated to dryness.  The crude product was purified by column chromatography 

eluting with chloroform followed by chloroform/2-propanol = 1/1 to give the purified initiator 

(4) as a white solid (0.230 g, 81.5%). 

 

Measurements 

The number average molecular weights (Mn) and polydispersities (Mw/Mn) of the 

polymers were measured by size exclusion chromatography (SEC) using THF at a flow rate 

1.0 mL/min. at 40 ˚C on two polystyrene gel columns; TSKgel G3000HHR and TSKgel 

GMHHR-H, that were connected to a JASCO PU-980 precision pump and a JASCO RI-930 

detector.  The molecular weight was calibrated against eight standard polystyrene samples 

(Mn = 526–900,000).  The monomer conversions were determined from the concentration of 

the residual monomer measured by gas chromatography using methyl benzoate as the internal 

standard, which was added after the reaction was terminated. 
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RESULTS AND DISCUSSION 
 
Synthesis of the Prepolymer 

First, the copolymerization of MMA with 1 (Scheme 2) at a molar ratio of 30/1 was 

carried out to obtain the linear prepolymer with TEMPOL residues as the side chains.  The 

obtained copolymer contained less MMA (22/1) compared with the feed molar ratio (30/1).  

This indicates that 1 is more reactive than MMA.  This result agrees with that of the 

copolymerization of a large excess MMA and styrene (St) under the same condition. Figure 1 

shows the 1H NMR spectra of the prepolymer and 1.  After the copolymerization, the peaks 
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Figure 1. 1H NMR analysis of intermediary products generated during the synthesis of 

PMMA-graft-PSt. 
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due to a vinyl group (a–c) disappeared and the peaks of the TEMPOL residues (i, j) were 

observed in the prepolymer. 

Graft Polymerization of Styrene on the Prepolymer 

To the prepolymer (Mn = 40,800 and Mw/Mn = 1.53, MMA/1 = 22/1, yield = 48%), the 

St monomer was added and heated at 125 ˚C in DMF to prepare graft copolymers via 

dissociation of the TEMPOL residues in the prepolymer.  Figure 2 shows the SEC curves of 

the graft polymers obtained at various conversions and Figure 3 shows the plots of the St 

conversion versus Mn or Mw/Mn in the graft polymerization of St on the prepolymer at the 

weight ratio of prepolymer/St = 1/5.  As the conversion increased, Mn increased without a 

10 16
Elution Time (min.)

20 h
79 %
5 h

32 %
1 h

16 %
0.5 h
7.2 %

0 h
0 %

Mn
Mw/Mn

Time
Conv.

113,800
2.06

80,200
1.70

54,300
1.57

51,200
1.57

40,800
1.53

12 14 18
 

Figure 2. SEC curves in the graft polymers obtained from the prepolymer and St in DMF at 

125 ˚C: Prepolymer/St/DMF = 0.3/1.5/1.8 (g); conv. was determined by GC. 
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Figure 3. Conversion vs. Mn (◆) and Mw/Mn (▲) in the graft polymerization of St. 
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significant increase in the polydispersity. These results support the fact that the graft 

polymerization proceeded in a living manner. 

The graft polymerization system may also produce a styrene homopolymer. This was 

confirmed according to the method described in the experimental section and the results are 

shown in Scheme 3.  From the first filtration, a cyclohexane-insoluble part (93.7 mg) and 

soluble part (4.1 mg) were obtained.  The second filtration afforded a cyclohexane-insoluble 

part (47.2 mg) and soluble part (0.1 mg).  The molar ratios, 1/MMA and St/MMA, of each 

part calculated by 1H NMR are summarized in Table I.  The calculation was performed 

according to the following equations. 

125 ÞC

Graft Polymer + Homopolymer (B)PMMA Prepolymer (A)
q

+

cyclohexane (10 mL)
stir 1 hr
filtration

graft polymer + homopolymer (B) : 100 mg
(conv. = 79.4 %, Mn = 113,800, Mw/Mn = 2.06)

insoluble soluble

C : 93.7 mg D : 4.1 mg (4.2 wt%)

C : 50 mg
cyclohexane (5.0 mL)
stir 1 hr
filtration

insoluble soluble

E : 47.2 mg F : 0.1 mg (0.2 wt%)

O
O

HO
O N OH

pm

n

O
O

HO
O N OHm

n

 

Scheme 3. Separation of the styrene homopolymer from the graft polymer. 

1 n 4n / 4 area (aromatic ring) / 4
MMA m 3m / 3 area (α-methyl) / 3

= = = (= Y)
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St n(p + q) {4n + 5n(p + q) - 4n} / 5 area (aromatic ring) / 5 4
MMA m 3m / 3 area (α-methyl) / 3 5

- Y= = =
 

Table I. Molar Ratios in Fractions A–F Obtained by 1H NMR 

1 / MMA St / MMA
molar ratio molar ratio

A 0.0461 -
B 0.0461 5.51
C 0.0461 5.28
D ~ 0 >> 1
E 0.0461 5.18
F - -

Fraction

 

The 1H NMR of the cyclohexane-soluble part separated during the second filtration 

(Fraction F in Table I) indicated the absence of a polymer, suggesting that the St 

homopolymer was completely separated by the first filtration.  Therefore, the efficiency of 

the graft polymerization was calculated to be 94% by the following equation. 

St (graft polymer)
MMA 5.18

5.51
MMA

= =X
St (graft polymer) + St (homopolymer)

= 94.0 (%)

 
The graft polymerization of styrene on the prepolymer efficiently proceeded almost 

without forming styrene homopolymers. 

 

Graft Polymerization of n-Butyl Acrylate on the Prepolymer 

As described above, the graft polymerization of styrene on the prepolymer proceeded 

in a living fashion and the graft polymers with a controlled side chain were obtained. 

Although the living polymerization of styrene effectively proceeded using the nitroxide, the 

living radical polymerization of an acrylate such as n-butyl acrylate (n-BuA) may be difficult 

because this has been realized only using the designed nitroxide.20–24 The living radical 

polymerization of acrylates using other initiator or catalyst systems has been reported.10, 13, 

25–29 

The graft polymerization of n-BuA on the prepolymer (Mn = 32,400 and Mw/Mn = 1.46, 

MMA/1 = 23/1, yield = 43%) was carried out in DMF at 125 °C.  The polymerization did 

not proceed in a living manner, but reached a 94 % conversion after 4 h.  The polymerization 
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proceeded by forming both the graft polymer and the n-BuA homopolymer.  The 

polymerization may start in a short time mainly by the radicals produced via the dissociation 

of the TEMPOL residues.  However, rapid equilibrium between the TEMPOL residues and 

the dissociated species (Scheme 4) cannot take place due to the existence of negligible 

amounts of the TEMPOL radical. 

O

O O
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N OH+
kact

kdeact

M
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Scheme 4. Mechanism of NMP process.
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Figure 4. SEC curves of the graft polymers obtained from prepolymer and n-BuA in the 

presence of TEMPOL in DMF at 125 ˚C: Prepolymer/n-BuA/DMF = 0.3/1.5/1.8 

(g); [TEMPOL]0 = 0.15 mmol/L. 

To shift this equilibrium to the dormant species, small amounts of TEMPOL were 

added to the polymerization system.  Figure 4 shows the SEC curves of the obtained 

polymers via the graft polymerization of n-BuA in the presence of TEMPOL.  As the 

reaction proceeded, the peak tops of the obtained polymers moved to a higher molecular 

weight as well as in the graft polymerization of styrene.  Figure 5 shows the plots of the 

n-BuA conversion versus Mn or Mw/Mn for the graft polymerization.  In the absence of 
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TEMPOL, the polymerization rapidly proceeded and the molecular weights were almost 

constant regardless of the conversion.  As the polymerization proceeded, the polydispersities 

increased and finally reached 5.0 after 4 h.  On the other hand, in the presence of TEMPOL, 

the graft polymerization of n-BuA on the prepolymer (Mn = 25,400 and Mw/Mn = 1.52, 

MMA/1 = 22/1, yield = 46 %) was also carried out in DMF at 125 °C.  The reaction was 

depressed, and the molecular weights increased with an increase in the conversion, keeping 

the polydispersities around 1.5. 
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Figure 5. Time vs con n (top) and ersion  and Mw/ bottom) in the graft 

polymerization of n-BuA in the absence (prepolymer: Mn = 36,400, Mw/Mn = 1.28) 

(▲) and esence (p pol er: w/M = 1 ) (■) of TEMPOL in 

DMF at 1 BuA/DMF = 0.3/1.5/1.8 (g); [TEMPOL]0 = 0.15 

versio  conv vs Mn Mn (

 pr re ym Mn = 25,400, M n .52

25 ˚C: Prepolymer/n-

mmol/L (■). 

The graft polymerization system may also produce a n-BuA homopolymer by 

undesirable thermal initiation similar to the graft polymerization of styrene.  The separation 

of the n-BuA homopolymer from the graft polymer was attempted by the same method as the 

separation of styrene homopolymer but failed. 

To confirm the effect of added free TEMPOL on the polymerization of n-BuA, the 

homopolymerization of n-BuA was carried out in the presence and absence of TEMPOL using 

the initiator 4 (Scheme 2) that has the same structure as that in the prepolymer.  The 

polymerization proceeded in both the cases, while a faster polymerization occurred in the 

absence of TEMPOL (42% and 25% conversion in 140 h).  Figure 6 shows the SEC curves 
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Figure 6. SEC curves of polymers of n-BuA in the absence (left) and presence (right) of 

TEMPOL in DMF at 125 ˚C: 4/n-BuA/DMF = 0.035/1.5/1.8 (g); [TEMPOL]0 = 

0.15 mmol/L (right). 
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of the homopolymers of n-BuA and the Mn and Mw/Mn values for the main peaks of the curves.  

Although the main peaks of the SEC curves moved to higher molecular weight with an 

increase in conversion and showed narrow polydispersities in both polymerizations, narrower 

ones were obtained for the polymers obtained in the presence of TEMPOL.  In addition, 

higher molecular weight fraction, which was probably formed by uncontrolled radical 

polymerization, was larger in the absence of TEMPOL.  Furthermore, the main peaks 

became finally broader (Mw/Mn = 2.82), for the polymers obtained without TEMPOL in 42% 

conversion.  These results suggest that addition of TEMPOL reduces the concentration of the 

radical species and makes the polymerization more controllable. 

 

Influence of TEMPOL Concentration 

Since TEMPOL exhibited a clear effect on the polymerization, its effect on the graft 

polymerization of the prepolymer (Mn = 34,300 and Mw/Mn = 1.50, MMA/1 = 22/1, yield = 

49%) was further studied.  The results are summarized in Table II and Figure 7.  The effect 

on the polydispersity was clearly observed at [TEMPOL]0/[1 in Prepolymer]0 = 5 × 10–6 and 

the conversions decreased with an increase in the TEMPOL content. 
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Table II. Graft Polymerization of n-BuA on the Prepolymer in Cyclohexanone at 125 ˚Ca

aPrepolymer / n-BuA / Cyclohexanone = 0.1 / 0.5 / 1.2 (g). 
bDetermined by GC. cDetermined by SEC in THF (PS standard).

Run
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CONCLUSIONS 
The syntheses of the graft polymers with various side chains were carried out using 

the monomer 1 having a TEMPOL residue.  The prepolymer was first prepared by the 

copolymerization of MMA and 1.  The graft polymers were obtained through the 

dissociation of the TEMPOL residue of 1.  The graft polymerization of St on the prepolymer 

proceeded in a living manner. The addition of a small amount of TEMPOL made the graft 

polymerization of n-BuA on the prepolymer more controllable. 
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Figure 7. Effect of [TEMPOL]0/[1 in Prepolymer]0 on conversion (●) and Mw/Mn (○). 
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CHAPTER 2 
 

GRAFT POLYMERS OF METHACRYLATE, 

ACRYLATE, AND STYRENE: 

CONTROL OF BACKBONE AND GRAFT CHAIN LENGTHS 
 

 

 

ABSTRACT 

The ruthenium-catalyzed living radical polymerization was first applied to the 

synthesis of a series of well-defined graft polymers with the controlled lengths of both the 

backbone and graft chains.  The synthetic method was based on the ruthenium-catalyzed 

“grafting-from” polymerization of various monomers, such as methacrylate, acrylate, and 

styrene, from the backbone polymers also obtained via the ruthenium-catalyzed living 

radical polymerization.  The backbone polymer was first synthesized by the 

ruthenium-catalyzed living radical random copolymerization of methyl methacrylate 

(MMA) and 2-(trimethylsilyloxy)ethyl methacrylate (TMSHEMA) followed by the in-situ 

transformation of the silyloxyl group into the ester with a C–Br bond via direct reaction 

with the acid bromide (2-bromoisobutyryl bromide).  The obtained multifunctional 

macroinitiator was employed for the ruthenium-catalyzed “grafting-from” radical 

polymerization of MMA, n-butyl acrylate, styrene, and TMSHEMA to afford a series of the 

graft polymers (Mw/Mn ~ 1.1) with controlled lengths of the backbone and graft chains. 
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INTRODUCTION 
 

Radical polymerization is one of the most widely employed methods in industrial 

polymer synthesis, but usually results in poorly-controlled polymers in terms of the primary 

structures such as molecular weights, molecular weight distributions (MWDs), and their 

architectures.  However, in recent years, living/controlled radical polymerizations have 

been significantly developed to allow the syntheses of various well-defined polymers not 

only with controlled molecular weights and with defined end-groups, but also with 

controlled architectures, such as block, graft, and star polymers.  These rapidly spreading 

polymerizations can be mainly categorized into the following three processes: the 

nitroxide-mediated polymerization (NMP),1–4 the metal-catalyzed living radical 

polymerization or atom transfer radical polymerization (ATRP),5–9 and the reversible 

addition-fragmentation chain transfer (RAFT) polymerization.10 

Graft copolymers, defined as comb-shaped branched polymers with a number of 

attached graft chains on the backbone chain, can be generally obtained by three methods, i.e.; 

“grafting-onto”, “grafting-from”, and “grafting-through” methods.  The last two methods 

are effective for synthesizing well-defined graft polymers when combined with living 

polymerization.  The various living radical polymerizations mentioned above have also 

been used for the graft copolymer synthesis.11–13  The “grafting-through” method,14–21 

which involves the polymerizations of macromonomers, produced controlled graft 

copolymers, but often resulted in an incomplete monomer consumption due to the poor 

reactivity of the macromonomers at higher conversions.21  On the other hand, 

“grafting-from” by living radical polymerizations22–34 has been applied as an efficient 

method to synthesize graft copolymers having various grafting chains.  In this method, 

relatively high molecular weight polymers with multifunctional initiating sites can be used as 

the backbone chain to produce the high molecular weight graft copolymers.24–30  More 

recently, graft copolymers with controlled molecular weights both in the graft and backbone 

chains have also been attained by the combination of the living radical polymerizations.32–34  

Another excellent application of the Cu-mediated ATRP to the “grafting-from” method is the 

growth of densely grafted chains on a material surface.35–42 

In this chapter, the author reports the synthesis of the graft copolymers with 

controlled lengths of both the backbone and graft chains via the repeated 
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ruthenium-catalyzed living radical polymerizations (Scheme 1).  The ruthenium-catalyzed 

living radical polymerization is one of the most versatile and controllable systems that can be 

employed for a wide variety of monomers such as methacrylates, acrylates, and styrenes.  

The controllability in terms of molecular weights, MWDs, and end-functionality of the 

halogen group is the most reliable and excellent among the other metal-catalyzed living 

radical polymerizations.  Although the ruthenium-catalyzed polymerization has been used 

for the synthesis of various end-functionalized,43,44 block,45 and star polymers,46–49 no 

applications of the systems to the graft polymer synthesis have been reported. 
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Scheme 1. Graft copolymerization via ruthenium-catalyzed living radical polymerization. 

 

Thus, the author first synthesized poly(methacrylate)s with multifunctional 

initiating sites and controlled molecular weights via the ruthenium-catalyzed living radical 

random copolymerization of methyl methacrylate (MMA) and 2-(trimethylsilyloxy)ethyl 

methacrylate (TMSHEMA), followed by the in-situ transformation of the Si-group into the 

ester with a C–Br bond via direct reaction with the acid bromide (2-bromoisobutyryl 

bromide).  The author then employed the ruthenium-catalyzed “grafting-from” living 

radical polymerization of various monomers, such as MMA, TMSHEMA, n-butyl acrylate 

(BA), and styrene (St), for the synthesis of a series of graft copolymers with different types 

of monomers and controlled chain lengths. 
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EXPERIMENTAL 
 
Materials 

MMA (Tokyo Kasei; >99%) was washed with aq. NaOH (5%) and water, dried over 

magnesium sulfate, and distilled from calcium hydride under reduced pressure before use.  

St, BA (both Tokyo Kasei; >99%) and TMSHEMA (Aldrich; >96%) were distilled over 

calcium hydride under reduced pressure before use.  Me2C(CO2Me)CH2C(CO2Me)(Me)Cl 

[H–(MMA)2–Cl] as an initiator, was prepared and purified by distillation as reported.50  

RuCl2(PPh3)3, (STREM; >99%) Ru(Ind)Cl(PPh3)2, Ru(Cp*)Cl(PPh3)2 (both were donated 

from Wako Chemicals), Al(acac)3 (acac: acetylacetonate), Al(Ot-Bu)3 (both Wako Chemicals; 

>98%) were used as received.  All metal compounds were handled in a glove box (VAC) 

under a moisture- and oxygen-free argon atmosphere (H2O, <1 ppm; O2, <1 ppm).  Toluene 

was distilled from sodium and benzophenone and bubbled with dry nitrogen over 15 minutes 

right before use.  n-Bu3N (as an additive), n-hexane, and tetralin (as an internal standards for 

gas chromatographic analysis of the monomers) were distilled from calcium hydride before 

use.  2-Bromoisobutyryl bromide (BIBB, Aldrich; >98%) was distilled before use. 

 

Synthesis of the Backbone Chain 

All polymerizations were carried out by syringe technique under dry nitrogen in glass 

tubes equipped with a three-way stopcock or in baked and sealed glass vials.  A typical 

example for the copolymerization of MMA and TMSHEMA with 

H–(MMA)2–Cl/Ru(Ind)Cl(PPh3)2/n-Bu3N is given below.  In a 50 mL round-bottomed flask 

was placed Ru(Ind)Cl(PPh3)2 (10 mg, 0.013 mmol), hexane (0.30 mL), MMA (1.01 mL, 9.38 

mmol), TMSHEMA (0.68 mL, 3.12 mmol), H–(MMA)2–Cl (0.25 mL of 509 mM solution in 

toluene, 0.13 mmol) and n-Bu3N (0.16 mL of 400 mM solution in toluene, 0.064 mmol) at 

room temperature.  The total volume of reaction mixture was 6.40 mL.  Immediately after 

mixing, nine aliquots (0.70 mL each) of the solutions were injected into backed glass tubes.  

The reaction vials were sealed and placed in an oil bath kept at 80 ˚C under vigorous stirring.  

In predetermined intervals, the polymerization was terminated by cooling the reaction 

mixtures to –78 ˚C.  Monomer conversion was determined by gas chromatography with 

hexane as an internal standard.  The quenched reaction solution was precipitated into hexane 

and isolated by centrifugation.  After three times of the precipitation, the precipitate was 
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evaporated to dryness to yield the product, which was subsequently dried overnight in vacuo 

at room temperature. 

 

In-situ Transformation of the Backbone Chain into the Multifunctional Initiator 

An in-situ synthetic method of multifunctional macroinitiator B via direct reaction 

with the acid bromide is given below.  In a 50 mL round-bottomed flask was synthesized the 

backbone chain A as shown above.  Directly to the quenched reaction solution was then 

added 2-bromoisobutyryl bromide (2.0 mL, 16.2 mmol, 6.0 equiv to the trimethylsilyl unit) at 

room temperature under stirring for 36 h.  The reaction mixture was precipitated into hexane 

and isolated by centrifugation.  After three times of the precipitation, the precipitate was 

diluted with acetone and precipitated into hexane.  The precipitate was then evaporated to 

dryness to yield the product, which was subsequently dried overnight in vacuo at room 

temperature. 

 

Ruthenium-Catalyzed “Grafting-from” Copolymerization of Various Monomers 

A typical example for the graft copolymerization of MMA on the multifunctional 

macroinitiator B with Ru(Ind)Cl(PPh3)2/Al(acac)3 is given below.  In a 50 mL 

round-bottomed flask was placed polymer B (75 mg, 0.13 mmol C–Br bonds), 

Ru(Ind)Cl(PPh3)2 (10 mg, 0.013 mmol), Al(acac)3 (0.163 g, 0.50 mmol), hexane (0.32 mL), 

and MMA (0.68 mL, 6.30 mmol) at room temperature.  The total volume of reaction 

mixture was 12.60 mL.  Immediately after mixing, ten aliquots (1.00 mL each) of the 

solutions were injected into backed glass tubes.  The reaction vials were sealed and placed 

in an oil bath kept at 80 ˚C under vigorous stirring.  In predetermined intervals, the 

polymerization was terminated by cooling the reaction mixtures to –78 ˚C.  Monomer 

conversion was determined by gas chromatography with hexane as an internal standard.  

The quenched reaction solution was precipitated into methanol and isolated by centrifugation.  

After three times of the precipitation, the precipitate was evaporated to dryness to yield the 

product, which was subsequently dried overnight in vacuo at room temperature. 

 

Detachment of Polystyrene Graft Chains from the Backbone 

Prior to the hydrolysis, the graft copolymers were fractionated by preparative SEC to 

remove a small amount of the higher molecular weight fraction.  The fractionated graft 
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copolymer with PSt graft chains (60 mg) was then placed in a 25 mL round-bottom flask and 

dissolved in THF (9.0 mL).  After adding KOH solution (0.3 g dissolved in 3.0 mL of 

methanol), the mixture was heated to 80 ˚C for 24 h.  The solvent was removed by 

evaporation, and 6.0 mL of CHCl3 was added to the remaining solid.  The solution was 

washed with water (6.0 mL × 3).  The organic layer was evaporated to dryness to yield the 

product, which was subsequently dried overnight in vacuo at room temperature to give 50 mg 

of the detached polystyrene. 

 

Measurements 

The 1H NMR spectra were recorded on a Varian Gemini 2000 spectrometer (400 

MHz) in CDCl3 at 50 ˚C.  The number average molecular weights (Mn) and molecular 

weight distributions (MWDs: Mw/Mn) of the polymers were measured by size exclusion 

chromatography (SEC) using THF at a flow rate 1.0 mL/min. at 40 ˚C on two polystyrene gel 

columns; both Shodex KF-805L, that were connected to a JASCO PU-980 precision pump 

and a JASCO RI-930 detector. The molecular weight was calibrated against seven standard 

poly(methyl methacrylate) samples (Mn = 1,990–6,590,000) or eight standard polystyrene 

samples (Mn = 526–900,000).  The monomer conversions were determined from the 

concentration of the residual monomer measured by gas chromatography using hexane or 

tetralin as the internal standard.  The absolute weight-average molecular weight (Mw) of the 

polymers was determined by multiangle laser light scattering (MALLS) in tetrahydrofuran 

(THF) at 40 ˚C on Wyatt Technology DAWN DSP photometer (λ = 633 nm).  The refractive 

index increment (dn/dc) was measured in THF at 25 ˚C on Wyatt Optilab rEX refractmeter (λ 

= 633 nm).  For example, the dn/dc value was 0.103 mL/g for the graft polymer of PMMA 

graft chains. 

 

 

RESULTS AND DISCUSSION 
 
Synthesis of Well-Defined Backbone Polymer by Ruthenium-Catalyzed Living Radical 

Random Copolymerization of MMA and TMSHEMA 

The ruthenium-catalyzed living radical polymerization was first employed for the 

synthesis of the well-defined backbone polymers.  For this, the author copolymerized MMA 
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and TMSHEMA using two representative ruthenium complexes [RuCl2(PPh3)3 and 

Ru(Ind)Cl(PPh3)2], both of which are effective for the living radical polymerization of 

methacrylates,5,51 to obtain copolymers with the silyloxy-groups in the pendants.  The 

mixture of MMA and TMSHEMA (3:1 molar ratio) was thus polymerized with the two 

ruthenium complexes in conjunction with H–(MMA)2–Cl [Me2C(CO2Me)CH2C(CO2Me) 

(Me)Cl] as the initiator in the presence of n-Bu3N in toluene at 80 ˚C. 

Both monomers were smoothly copolymerized at almost the same rate, which shows 

the random or statistical copolymerization of MMA and TMSHEMA.  Figure 1 shows the 

dependence of the number-average molecular weights (Mn) of the obtained copolymers on 

the polymer yield calculated from the conversions of each monomer.  With both 

RuCl2(PPh3)3 and Ru(Ind)Cl(PPh3)2, the Mn increased in direct proportion to the copolymer 

yield and agreed well with the calculated values assuming that one molecule of the initiator 

[H–(MMA)2–Cl] generates one living polymer chain.  Both series of the SEC curves shifted 

to a higher molecular weight with the increasing yields.  The MWDs were narrow 

throughout the reaction while they were narrower with Ru(Ind)Cl(PPh3)2 than with 

RuCl2(PPh3)3.  These results indicated that Ru(Ind)Cl(PPh3)2 is more suitable for the 

synthesis of the well-controlled copolymers of MMA and TMSHEMA similar to the 

homopolymer of MMA.51  Thus, the random copolymer of MMA/TMSHEMA with fairly 
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Figure 1. Random copolymerization of MMA and TMSHEMA with RuCl2(PPh3)3 or 

Ru(Ind)Cl(PPh3)2 in toluene at 80 ˚C: [MMA]0 = 1.5 M; [TMSHEMA]0 = 0.5 M; 

[H–(MMA)2–Cl]0 = 20 mM, [RuCl2(PPh3)3]0 = 10 mM and [n-Bu2NH]0 = 40 

mM ( , ), [Ru(Ind)Cl(PPh3)2]0 = 2.0 mM and [n-Bu3N]0 = 10 mM ( , ). 
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narrow MWDs (Mn = 10,500, Mw/Mn = 1.08) was obtained as a precursor of the 

multifunctional macroinitiator (copolymer A in Scheme 1). 

 

 

In-situ Transformation of the Silyloxy-Groups into the Ester with C–Br Bond via Direct 

Reaction with the Acid Bromide 

The well-defined copolymer A obtained with Ru(Ind)Cl(PPh3)2 was then converted 

into the multifunctional macroinitiator B.  The already reported transformation method 

mainly for the copper-mediated ATRP included two steps: first, the trimethylsilyl groups 

were deprotected into the hydroxyl form by KF and n-Bu4NF, and then the esterification by 

an acid bromide with a C–Br bond.16–19  Considering that the trimethylsilyl halide is a good 

leaving group, the author investigated the direct transformation of the trimethylsilyl groups 

into the brominated esters just by adding the carboxylic acid bromide [Me2C(Br)COBr] in 

situ into the polymerization mixture without using the deprotection process (see the 

experimental section). 

Figure 2 shows the 1H NMR spectra of the backbone copolymers before and after the 

transformation with 2-bromoisobutyryl bromide (A and B, respectively).  In the spectrum of 

copolymer A (Figure 2A), there were characteristic signals derived from the MMA and 

TMSHEMA units; i.e., the α-methyl (f) and main-chain methylene protons (e) for both units, 

the methoxy groups (g) for the MMA units, the methylene (a and b) and trimethylsilyl 

groups (c) for the TMSHEMA units.  The MMA/TMSHEMA composition (75/25), 

obtained from the peak intensity ratio (g vs. a+b), was in good agreement with the calculated 

values from the monomer feed ratios and the gas chromatographic conversions of each 

monomer (73/27). 

The transformation was carried out with an excess amount of 2-bromoisobutyryl 

bromide at r.t. for 24 h.  After the transformation, the 1H NMR spectrum of the copolymers 

exhibited typical changes (Figure 2B).  The signal of the trimethylsilyl groups completely 

disappeared (c in Figure 2A).  The a and b peaks shifted toward a lower magnetic field 

(peaks a’ and b’, respectively) along with the appearance of an additional peak attributed to 

the methyl groups adjacent to the C–Br bonds (d).  The unit ratio of MMA and the 

introduced brominated ester groups (75/25) agreed well with the ratio of MMA/TMSHEMA 

in copolymer A before the transformation.  This indicates that the macroinitiator B with 
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Figure 2. 1H NMR spectra (in CDCl3 at 50 ˚C) of before (A) and after (B) transformation 

of trimethylsilyloxyl groups in the backbone A. 

multi-initiating sites on the side groups was successfully derived by the direct in-situ 

transformation of the trimethylsilyl groups.  This method is simpler than the reported one 

because the two steps, i.e., the isolation of the polymer from the polymerization mixture and 

the deprotection of the silyl groups, can be omitted. 

 

Ruthenium-Catalyzed Grafting-from Copolymerization of Various Monomers 

The multifunctional macroinitiator B was then employed for the graft polymerization 

of MMA in conjunction with Ru(Ind)Cl(PPh3)2 in toluene at 80 ˚C in the presence of a series 

of additives, such as n-Bu3N, Al(Ot-Bu)3, and Al(acac)3, which are effective for enhancing 

the rate and the controllability of the Ru-catalyzed living radical polymerization.46,51 

The graft polymerization of MMA smoothly proceeded with the macroinitiator 

B/Ru-system in the presence of these additives, while the graft polymerization did not reach 
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quantitative monomer conversion (< 50%).  With all the additives, the SEC curves of the 

obtained polymers shifted to higher molecular weights (Figure 3).  However, the polymers 

obtained with n-Bu3N showed a broader MWD (Mw/Mn = 1.53) and a shoulder in the high 

molecular region, indicating some intermolecular recombination between the graft chains in 

the highly active Ru(Ind)Cl(PPh3)2/n-Bu3N system.52  As for the aluminum additives, 

Al(acac)3 produced polymers with unimodal and narrow MWDs (Mn = 82,500, Mw/Mn = 

1.16).  In contrast, the polymers obtained with Al(Ot-Bu)3 resulted in a bimodal distribution 

at the later stage of the polymerization though the main peaks were relatively narrow (Mn = 

61,600, Mw/Mn = 1.12).  This is due to the detachment of the graft chain via 

transesterification between the ester-linkage of the initiating site and Al(Ot-Bu)3.46  Thus, 

the graft polymerization of MMA from the multifunctional macroinitiator B was successfully 

induced by the combination of Ru(Ind)Cl(PPh3)2 and Al(acac)3. 
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Figure 3. Graft polymerization of MMA from the multifunctional macroinitiator B in 

toluene at 80 ˚C. [MMA]0 = 2.0 M; [C–Br bonds in the macroinitiator B]0 = 10 

mM; [Ru(Ind)Cl(PPh3)2]0 = 1.0 mM; [additive]0 = 40 mM. 

Figure 4 shows typical examples of the Ru-catalyzed graft polymerization of MMA 

with the multifunctional macroinitiator B in the presence of Al(acac)3 in toluene at 80 ˚C, 
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where the monomer concentration was varied ([MMA]0 = 0.5 or 2.0 M).  Both the graft 

polymerizations proceeded smoothly.  The first-order kinetic plots were almost linear, 

indicating almost no significant irreversible termination during the polymerization.  

 
Figure 4. Graft polymerization of MMA from the multifunctional macroinitiator B in 

toluene at 80 ˚C. [MMA]0 = 2.0 M ( : conversion, : first-order plot) or 0.5 M 

( : conversion, : first-order plot); [C–Br bonds in the macroinitiator B]0 = 10 

mM; [Ru(Ind)Cl(PPh3)2]0 = 1.0 mM; [Al(acac)3]0 = 40 mM. 

Figure 5 shows the Mn and the SEC curves of the graft polymers of MMA obtained 

using the Ru(Ind)Cl(PPh3)2/Al(acac)3 initiating system for various initial monomer 

concentrations ([MMA]0 = 2.0 or 0.5 M).  During the early stage of the polymerizations, the 

Mn values (filled circles and triangles), based on a PMMA standard calibration, increased in 

direct proportion to the monomer conversion and were close to the calculated values 

assuming that one molecule of B generates one molecule of the graft polymer.  The MWDs 

were also unimodal and relatively narrow (Mw/Mn < 1.2).  As the polymerization proceeded, 

however, the increase in the Mn leveled off in both cases.  Especially, at a higher monomer 

concentration, the Mn of the polymer became lower than the calculated values. 

The molecular weight and the mean radius of gyration (Rz) of the graft polymer was 

then measured by SEC equipped with multiangle laser light-scattering (MALLS) and a 

refractive index as a dual detector.  The Mn (open circles) calculated from the absolute 

molecular weights (Mw) by MALLS agreed well with the calculated values throughout the 

reactions.  These results indicated that the hydrodynamic volumes of the graft polymers are 
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Figure 5. Mn, Mw/Mn, and MWD curves of graft polymer obtained with macroinitiator 

B/Ru(Ind)Cl(PPh3)2/Al(acac)3 in toluene at 80 ˚C.  [MMA]0 = 2.0 M ( : 

Mn(SEC–RI), : Mn(SEC–MALLS), : Rz) or 0.5 M ( : Mn(SEC-RI)); [C–Br 

bonds in the macroinitiator B]0 = 10 mM; [Ru(Ind)Cl(PPh3)2]0 = 1.0 mM; 

[Al(acac)3]0 = 40 mM. 

quite different from those of the linear polymers due to their branched structures and that the 

graft chains efficiently grew from the multi-initiating site of B.  The Rz values (half-filled 

circles) slightly increased with the monomer conversion.  Furthermore, it is also notable 

that the controlled graft copolymerization reached a high monomer conversion (>90%) 

without any remarkable recombination. 

To further demonstrate the wide feasibility of the ruthenium-catalyzed 

“grafting-from” radical polymerization, other monomers, such as TMSHEMA, St, and BA, 

were employed with the multifunctional macroinitiator B in the presence of the ruthenium 

complexes (Figure 6).  A functional methacrylate, TMSHEMA, was polymerized with the 

Ru(Ind)Cl(PPh3)2/Al(acac)3 initiating system to give the copolymers with narrow MWDs 

(Mw/Mn <1.2) even at a very high conversion (~90%) (Figure 6B).  The trimethylsilyloxyl 

groups in the graft chains can be converted into the hydroxyl functions that produce the 

hydrophilic grafts. 

The graft copolymerization of BA was successfully done with Ru(Cp*)Cl(PPh3)2 in 

place of Ru(Ind)Cl(PPh3)2 to provide narrow MWDs (Mn = 113,000 Mw/Mn = 1.09) (Figure 

6C) because the former has proven more effective for acrylate polymerization with narrow 

MWDs.53,54  The Mn of the obtained PMMA-g-PBA determined by SEC-MALLS (Mn 

=182,000) was also close to the calculated Mn value from the gas chromatographic 
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Figure 6. Graft copolymerization of (B) TMSHEMA, (C) BA, and (D) St from (A) the 

multifunctional macroinitiator B in toluene at 80 ˚C.  Conditions; TMSHEMA: 

[TMSHEMA]0 = 0.5 M; [C–Br bonds in the macroinitiator B]0 = 10 mM; 

[Ru(Ind)Cl(PPh3)2]0 = 1.0 mM; [Al(acac)3]0 = 40 mM.  BA: [BA]0 = 4.0 M; 

[C–Br bonds in the macroinitiator B]0 = 20 mM; [Ru(Cp*)Cl(PPh3)2]0 = 2.0 mM; 

[n-Bu3N]0 = 10 mM.  St: [St]0 = 2.0 M; [C–Br bonds in the macroinitiator B]0 = 

10 mM; [Ru(Ind)Cl(PPh3)2]0 = 0.5 mM; [Al(Ot-Bu)3]0 = 20 mM. 

conversions [Mn(calcd) = 202,000].  The graft copolymerization of another type of vinyl 

monomer, St, with Ru(Ind)Cl(PPh3)2/Al(Ot-Bu)3 resulted in narrow MWDs (Mn = 68,900, 

Mw/Mn = 1.12) (Figure 6D) though a small fraction of higher molecular weight products was 

observed as a shoulder of the main peak due to some intermolecular coupling reactions.  

Thus, the ruthenium-catalyzed “grafting-from” living radical polymerization was effective in 

producing well-controlled graft copolymers consisting of various grafts derived from 

methacrylate, acrylate, styrene, and functionalized monomers by the judicious combination 

of ruthenium complexes and additives depending on the monomer. 

To confirm the graft copolymerization of these monomers, the obtained graft 

copolymers were analyzed by 1H NMR spectroscopy.  Figure 7 shows the 1H NMR spectra 

of the original multifunctional macroinitiator B (A), a graft polymer with the MMA-grafts 
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Figure 7. 1H NMR spectra (in CDCl3 at 50 ˚C) of (A) original multifunctional 

macroinitiator B, (B) graft copolymer of MMA, and (C) BA as the side chains. 

(B) and the BA-grafts (C).  After the graft polymerizations, the 1H NMR spectra of the 

copolymers exhibited typical absorptions of these monomers in addition to the original base 

polymers (Figures 7B and 7C vs. 7A).  The signals of the methyl (c) and methylene (a and 

b) peaks of the original bromoester groups shifted toward a higher magnetic field, which 

indicates the initiation of the graft copolymerization from these groups.  In Figure 7C, the 

additional peaks were assignable to the n-butyl ester protons (g–l), and the unit ratio of 

MMA on the backbone chain and BA on the graft chains (10/90) agreed well with the 

calculated ratio from the gas chromatographic conversions (10/90).  These results support 

the fact that the obtained graft copolymers contain these monomer units at the expected 

levels in the graft chains. 
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Analysis of Graft Chains by Detachment from the Backbone 

In the graft copolymers thus far prepared, the graft chains should be connected to the 

main chain via the ester linkages that can be hydrolyzed into the main and arm chains.  To 

confirm the molecular weights and MWDs of these graft chains, hydrolysis of the ester 

linkages in the graft copolymer of PMMA-g-PSt was carried out using potassium hydroxide 

in a mixture of methanol and tetrahydrofuran (1/3 v/v) at 80 ˚C (Scheme 2).47 
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Figure 8. SEC curves of original multifunctional macroinitiator B (top), graft copolymer of St 

on the macroinitiator B in toluene at 80 ˚C after fractionation; [St]0 = 2.0 M; [C–Br 

bonds in the macroinitiator B]0 = 10 mM; [Ru(Ind)Cl(PPh3)2]0 = 0.5 mM; 

[Al(Ot-Bu)3]0 = 20 mM (middle), and hydrolyzed PSt graft chains (bottom).
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Scheme 2. Detachment of PSt graft chains from the PMMA backbone chains. 
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Figure 8 shows the SEC curves of the polymers obtained before and after the 

hydrolysis along with the macroinitiator B.  After the hydrolysis, the SEC curves shifted 

toward lower molecular weights (Mn = 4,890) with relatively narrow MWDs (Mw/Mn = 1.33), 

indicating that the grafted PSt chains were detached from the backbone PMMA chains and 

that the PSt grafts had the controlled molecular weights.47  The higher polydispersity index 

of the detached polymers than that of the graft polymers is due to that the molecular weight 

is lower for the former and that the differences in the molecular weights are statistically 

diminished in the graft polymers that are schematically obtained by connecting the graft 

chains together on the backbone polymers.  The initiation efficiency (f) in the graft 

copolymerization was calculated from the ratio of the Mn(SEC) of the detached chain to the 

calculated value assuming that each initiating site forms one graft chain.  The high initiation 

efficiency, f = 85%, supports the rapid initiation in comparison to the propagation in the graft 

polymerization. 

Figure 9 shows the 1H NMR spectra of the polymers obtained after the hydrolysis.  

After the hydrolysis, the polymers exhibited the typical signals of PSt; i.e., main-chain 

aliphatic protons (b and c) and aromatic protons (d).  In addition to these large absorptions, 

small signals due to the end groups appeared at 1.0 ppm, which were assignable to the 

α-methyl groups at the terminal derived from the brominated esters of the initiating site.  

The molecular weight calculated by the ratio of the aromatic protons (d) to the methyl 

protons (a) at the end group [Mn(NMR) = 4,530] is close to that of the SEC [Mn(SEC) = 

4,890].  These results also indicate that the graft copolymerization with the 

ruthenium-catalyzed system proceeded in a living manner from the initiating sites in the 
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H3C CH3

pa

b
c

d

a

b + c

d

Mn(SEC) = 4,890
Mn(NMR) = 4,530
Mn(calcd) = 4,170

 
Figure 9. 1H NMR spectrum (in CDCl3 at 50 ˚C) of hydrolyzed PSt graft chains. 
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backbone chain. 

CONCLUSIONS 
A series of well-defined graft copolymers with controlled molecular weights in both 

the backbone and graft chains were prepared via the ruthenium-catalyzed living radical 

polymerizations.  The backbone chain was synthesized by the ruthenium-catalyzed living 

radical copolymerization of MMA and TMSHEMA and was directly transformed into the 

macroinitiator with multi-initiating sites of C–Br bonds on the side groups.  The 

macroinitiator was further employed for the ruthenium-catalyzed graft copolymerization of 

various monomers, such as methacrylate, acrylate, and styrene, resulting in the graft 

copolymers (Mw/Mn ~ 1.1) with controlled graft chain lengths. 
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CHAPTER 3 
 

AxBAx-TYPE BLOCK–GRAFT POLYMERS 

WITH SOFT MIDDLE SEGMENTS 

AND HARD OUTER GRAFT CHAINS OF METHACRYLATES: 

CONTROL OF BACKBONE AND GRAFT CHAIN LENGTHS 

AND GRAFTING POSITIONS 
 

 

ABSTRACT 

Ruthenium-catalyzed living radical polymerization was applied to the synthesis of a 

series of all methacrylic well-defined AxBAx-type block–graft copolymers consisting of soft 

middle segments [dodecyl methacrylate (DMA)] and hard outer graft chains [methyl 

methacrylate (MMA)] with controlled lengths of the backbone and graft chains and 

controlled graft numbers.  This synthetic method was based on the CHCl2(COPh)/ 

Ru(Ind)Cl(PPh3)2-initiated sequential living radical block copolymerization of DMA and 

2-(trimethylsilyoxy)ethyl methacrylate (TMSHEMA) followed by the direct transformation 

of the silyloxy groups into the ester with C–Br bond by 2-bromoisobutyroyl bromide and 

the ruthenium-catalyzed “grafting-from” polymerization of MMA.  A series of the 

block–graft copolymers were then characterized by NMR, size-exclusion chromatography 

(SEC), multiangle laser light scattering (MALLS), differential scanning calorimetry (DSC), 

dynamic viscoelasticity, transmission electron microscopy (TEM), and atomic force 

microscopy (AFM).  The NMR and SEC-MALLS indicate the well-defined synthesis of 

the AxBAx block–graft copolymers with graft chains as branched structure.   The DSC 

and viscoelasticity show the presence of two transitions suggesting a microphase separation, 

which was observed by TEM and proved different from that of the ABA triblock copolymer 

with the same composition.  A visualization of single molecules by AFM was achieved for 

the first time to show the dumbbell-like structure. 
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INTRODUCTION 
 

Designed polymers with well-defined architectures have been attracting much 

interest as new polymeric materials for many applications due to their excellent properties 

and various functions stemming from their unique structures, such as block–graft, and star 

copolymers.1  The steady advances in living radical polymerizations over this past decade 

now allows the synthesis of new polymeric materials with well-defined and complex 

architectures,2–14 most of which relies on either of three processe,; i.e, the 

nitroxide-mediated polymerization (NMP),2,3 the metal-catalyzed living radical 

polymerization or atom transfer radical polymerization (ATRP),4–9 and the reversible 

addition–fragmentation chain transfer (RAFT) polymerization.10,11  The Kyoto group has 

been developing the metal-catalyzed living radical polymerization of various monomers, 

including methacrylates, acrylates, acrylamides, styrenes, and vinyl esters, mainly based on 

a ruthenium or iron complex, which activates the carbon–halogen terminals via the 

one-electron redox reaction to reversibly generate the radical growing species.4,5  The 

ruthenium-based system was then used for the synthesis of various copolymers with 

precisely defined structures, such as block,5,15 graft,16 and star5,17 copolymers.  The author 

has reported graft copolymers with controlled lengths of both the main and graft chains by 

the ruthenium-catalyzed living radical “grafting-from” polymerization of methacrylates, 

acrylates, and styrene.16 

Block and graft copolymers are generally and widely employed as compatibilizers, 

polymeric emulsifiers, surface modifiers, thermoplastic elastomers (TPEs), etc.  

Especially, the ABA-type block copolymers consisting of soft inner and hard outer chains 

prepared by living anionic polymerizations of dienes and styrenes and their derivatives are 

employed and commercialized as excellent TPEs.18  The recently developed 

metal-catalyzed living radical polymerizations have enabled the straightforward synthesis 

of fully (meth)acrylic ABA triblock copolymers consisting of a central rubbery poly(alkyl 

(meth)acrylate) and outer glassy poly(alkyl methacrylate),4,15,19,20 which can be a highly 

weatherable material as an alternative for the traditional styrene–diene-based TPEs.  Graft 

copolymers are also industrially important materials, such as 

acrylonitrile–butadiene–styrene copolymer (ABS) and high-impact polystyrene (HIPS), 

which are prepared by chain-transfer reactions during conventional radical polymerizations, 
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while well-defined graft copolymers with controlled main-chain and/or graft-chain lengths 

have been mostly prepared by living ionic polymerizations.1  However, recent progresses 

in living radical polymerizations have also permitted not only the preparation of 

well-defined graft copolymers but also the modification of surfaces of base materials 

including films and particles.21–28  They provide an additional functionality to the base 

materials by grafting functional monomers such as hydrophilic,24 hydrophobic,24,25 and 

temperature-responsive properties.26–28 

More complex and well-defined copolymers consisting of both block and graft 

structures, which are called block–graft, comb graft, or star block copolymers, have been 

attracting attention in terms of their specific architectural effects on the mechanical 

properties, microphase-separated morphologies, and micellization behavior.1  Such 

well-structured copolymers with controlled main chain, graft chain, and block lengths have 

been synthesized mainly by living ionic polymerizations, except for several recent 

examples.29–42  Among them, the AxBAx-type block–graft copolymer, coined as 

dumbbell31 or pom–pom32 copolymers in some references, would become another type of 

TPE with different properties from those of the ABA triblock copolymers, when a rubbery 

middle segment (B) and glassy outer grafting segments (A) are employed.  Although there 

are several reports on the synthesis of such AxBAx-type block–graft polymers with soft 

middle and hard outer graft chains, the synthesis relied on living anionic or cationic 

polymerization that requires cumbersome procedures including highly purifications of the 

reagents and fractionations of the resultant polymers in addition to the limitations of the 

monomers.33,36–39  A few of them used a combination of ionic polymerizations with the 

Cu-based ATRP grafting from the anionically37,38 or cationically39 prepared ABA block 

copolymers with an uncontrolled number of grafting points generated via 

chloromethylation or bromination of the polystyrene or the poly(p-methylstyrene) segments, 

respectively.  Quite recently, Ohno and Matyjaszewski reported the synthesis of an 

AxAAx-type block–graft poly(n-butyl acrylate) [poly(BA)], consisting of BA in the middle 

and outer graft chains, via Cu-catalyzed block copolymerization of BA and the 

poly(BA)-macromonomer.42 

This chapter was thus directed to (1) the first synthesis of a series of all methacrylic 

AxBAx-type block–graft copolymers with soft middle- and hard outer graft-chains via the 

ruthenium-catalyzed living radical polymerization, (2) the characterization of the 
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copolymers by NMR, size exclusion chromatography (SEC), multiangle laser light 

scattering (MALLS), differential scanning calorimetry (DSC), dynamic viscoelasticity, and 

transmission electron microscopy (TEM), and (3) the direct observation of the single 

AxBAx block–graft copolymer molecule by atomic force microscopy (AFM).  For this, a 

multifunctional macroinitiator (IxBIx) was first prepared in one pot by the 

ruthenium-catalyzed living radical block copolymerization of dodecyl methacrylate (DMA) 

[soft middle segment (B)] and 2-(trimethylsilyloxy)ethyl methacrylate (TMSHEMA) 

initiated by a bifunctional initiator, followed by direct transformation of the silyloxyl group 

into the ester with a C–Br bond upon the reaction with 2-bromoisobutyroyl bromide (I in 
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Scheme 1).  The multifunctional initiator (IxBIx), isolated only by precipitation, was then 

employed for the ruthenium-catalyzed “grafting-from” living radical polymerization of 

methyl methacrylate (MMA) as hard graft chains (A) to afford the AxBAx block–graft 

copolymers  with the controlled length of both the backbone and the graft chains.  This 

“grafting-from” method following the sequential living radical polymerization, and one-pot 

direct transformation can relatively easily enable the synthesis of a series of AxBAx 

block–graft copolymers with various backbone and graft lengths and graft numbers (n, l, 

and m in Scheme 1 respectively) to permit the comprehensive studies of the AxBAx 

block–graft copolymers.  The author also focused on the effects of graft structures on the 
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Scheme 1. Synthesis of Well-Defined (I) AxBAx Block–Graft Copolymers and (II) ABA 

Triblock Copolymers via Ruthenium-Catalyzed Living Radical Polymerization. 
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microphase separation by preparing the ABA triblock copolymers of MMA and DMA (II in 

Scheme 1) and comparing these results.  Another special note is that the dumbbell-like 

single molecular structure of the AxBAx block–graft copolymer was observed for the first 

time by AFM. 

 

 

RESULTS AND DISCUSSION 

 

1. Synthesis of Multifunctional Macroinitiator: Ruthenium-Catalyzed Sequential 

Living Radical Block Copolymerization of DMA and TMSHEMA and One-Pot 

Transformation to Macroinitiator. 

The multifunctional macroinitiator (IxBIx) with soft middle poly(DMA) segments 

and outer multiple initiating sites was first prepared by the ruthenium-catalyzed living 

radical polymerization of DMA and TMSHEMA, followed by the one-pot transformation 

of the trimethylsilyloxy groups into the ester with a C–Br bond via direct reaction with 

2-bromoisobutyroyl bromide.  Herein, TMSHEMA was employed as the precursor of the 

ester because the Ru(Ind)Cl(PPh3)2-catalyzed  living radical polymerization gave 

narrower molecular weight distributions (MWDs) (Mw/Mn ~ 1.2) for the 

homopolymerization of TMSHEMA than for 2-hydroxyethyl methacrylate (HEMA).16,43  

The use of TMSHEMA would also solve the problems in the heterogeneity of the reaction 

mixture during the block copolymerizations with alkyl methacrylates and HEMA.  

Furthermore, quantitative one-pot esterification of the TMS group with the ester bromide 

was possible as reported by us.16 
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For this, DMA was first polymerized with Ru(Ind)Cl(PPh3)2, which is one of most 

effective catalysts for the living radical polymerization of methacrylates,44 in conjunction 

with 2,2-dichloroacetophenone [CHCl2(COPh)] as the bifunctional initiator in the presence 

of n-Bu3N in toluene at 80 ˚C.4  The ruthenium-based system was also quite effective for 

the methacrylate with a long alkyl chain to induce a relatively fast polymerization and to 

produce polymers with MWDs (Mw/Mn ~ 1.2), as shown in the size-exclusion 

chromatograms (SEC) of the produced polymers (Figure 1).  After the nearly complete 

consumption of DMA, a feed of TMSHEMA, 10 mol % of the first DMA feed, was added 

to the living poly(DMA).  The polymerization smoothly proceeded even after the addition 

of the second monomer.  Figure 1 also shows the number-average molecular weights (Mn) 

and SEC curves of the obtained copolymer of DMA and TMSHEMA.  The SEC curve 

shifted toward higher molecular weights retaining fairly narrow MWDs to result in the 

block copolymers (Mn = 93,000, Mw/Mn = 1.18) with pendent silyloxy groups on both chain 

ends.  Although the prepared prepolymers were not completely block of DMA and 

TMSHEMA due to the addition of the second monomer before the complete consumption 
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Figure 1. Ruthenium-catalyzed sequential living radical block copolymerization of dodecyl 

methacrylate (DMA) and 2-(trimethylsilyoxy)ethyl methacrylate (TMSHEMA) 

with Ru(Ind)Cl(PPh3)2/n-Bu3N in toluene at 80 ˚C: before addition, [DMA]0 = 2.5 

M; [CHCl2(COPh)]0 = 5.0 mM; [Ru(Ind)Cl(PPh3)2]0 = 0.5 mM; [n-Bu3N]0 = 10 

mM ( ); after addition, [TMSHEMA]add = 250 mM in toluene solution ( ).
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of the first monomer, this method relatively easily enabled the introduction of the grafting 

points in the both outer blocks without purification of the first polymer. 

The 1H NMR spectrum (Figure 2A) of the produced polymers showed the 

characteristic signals derived from DMA and TMSHEMA, i.e., the ester methylene protons 

(g) with the other alkyl protons (h–j) of the DMA units and the ester and silyloxy–ether 

methylene protons (a and b) with the trimethylsilyl groups (c) of the TMSHEMA units in 

addition to the α-methyl (f) and main-chain methylene protons (e) of both units.  The unit 

ratio of DMA to TMSHEMA calculated from the peak intensity ratio (a + g vs b) was 

490/44.1, which was in good agreement with the calculated value of 490/44.4 obtained 

from the feed ratio and the monomer conversions by gas chromatography.  A more 

detailed analysis of the polymers revealed very small peaks of the aromatic protons derived 

from the bifunctional initiator [CHCl2(COPh)].  The integration of the small peaks and 

their ratios to each monomer unit peak gave the number-average degree of polymerization 
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Figure 2. 1H NMR spectra (CDCl3, 50 ˚C) of the triblock copolymer of dodecyl 

methacrylate (DMA) and 2-(trimethylsilyoxy)ethyl methacrylate (TMSHEMA) (A; Mn = 

93,000, Mw/Mn = 1.18) and the IxBIx multifunctional macroinitiator obtained after the 

direct transformation with 2-bromoisobutyryl bromide (B; Mn = 98,000, Mw/Mn = 1.16). 
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of the monomer units; DPn(DMA) = 477 and DPn(TMSHEMA) = 46.6, which were close 

to the calculated values, although they may contain some experimental error originating 

from the very small peaks of the initiator moiety in such a high molecular weight polymer. 

These results indicate that the ruthenium-based bifunctional initiating system 

induced the sequential living radical block copolymerization of DMA and TMSHEMA to 

give the triblock copolymers with controlled lengths of the soft-middle chains and the outer 

functional groups. 

The trimethylsilyloxy-groups in the triblock copolymers were then converted into 

the ester with a C–Br bond for the multiple “grafting-from” points via the direct reaction 

between the silyloxy group and the acid bromide.  The author has demonstrated that the 

direct transformation of the trimethylsilyl group into the ester was achievable for the 

random copolymers of MMA and TMSHEMA.16  Thus, 2-bromoisobutyroyl bromide 

[Me2C(Br)COBr] was directly added to the polymerization solution of the triblock 

copolymers without isolation for the one-pot transformation.  The transformation was 

carried out with an excess amount of 2-bromoisobutyroyl bromide (2.0 mol equiv to the 

trimethylsilyl groups) at room temperature for 24 h. 

The 1H NMR spectrum of the copolymers obtained after the reaction with 

Me2C(Br)COBr exhibited typical changes (Figure 2B), in which the signal of the 

trimethylsilyl groups completely disappeared (c in Figure 2A) and peaks a and b shifted 

toward a lower magnetic field and changed into peaks a’ and b’, respectively, along with an 

appearance of an additional peak attributed to the methyl groups (d) adjacent to the C–Br 

bonds.  The unit ratio of DMA and the ester units (490/42.5), calculated from the peak 

intensity ratio (g vs a’ + b’), agreed well with the ratio of DMA/TMSHEMA in the triblock 

prepolymer (490/44.1).  The transformation efficiency based on these peak area ratios was 

0.96, which also indicated the quantitative esterfication.  The SEC curve of the polymers 

also showed unimodal and narrow MWDs (Mn = 98,000, Mw/Mn = 1.16). 

These results indicate that the IxBIx macroinitiator was obtained by a simple one-pot 

reaction, i.e., the sequential living radical copolymerization of DMA and TMSHEMA 

followed by the in-situ transformation of the trimethylsilyl groups into the ester with the 

C–Br bond. 

 

2. Synthesis of AxBAx Block–Graft Copolymers: Ruthenium-Catalyzed 
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Grafting-From Polymerization of MMA. 

For the synthesis of the AxBAx block–graft copolymers with different graft numbers, 

macroinitiators with different numbers of initiating sites (f = 47.5 and 10.9), but with the 

same lengths of the middle soft segments (1 and 2, respectively), were prepared and then 

employed as the multifunctional macroinitiators (Figure 3).  Herein, the number of the 

initiating sites (f) is the sum of the number of the ester units with a C–Br bond (m in 

Scheme 1) and both terminal units with C–Cl bonds, i.e., m + 2. 

DPn (MMA) = 0

DPn (MMA) = 13

DPn (MMA) = 21

f = 47.5 f = 10.9

DPn (MMA) = 0

DPn (MMA) = 53

DPn (MMA) = 81

MW (PMMA)

Mn
Mw/Mn

DMA/MMA
(wt/wt)

123,000
1.20
100/0

169,000
1.23
69/31

185,000
1.25
55/45

Mn
Mw/Mn

DMA/MMA
(wt/wt)

101,000
1.15
100/0

126,000
1.19
79/21

159,000
1.22
62/38

MW (PMMA)

Macroinitiator Macroinitiator

106 105 104106 105 104

 
Figure 3. Graft copolymerization of methyl methacrylate (MMA) from the IxBIx 

multifunctional macroinitiator with Ru(Ind)Cl(PPh3)2/aluminum acetylacetonate 

[Al(acac)3] in toluene at 80 ˚C.  [MMA]0 = 0.7 (left) or 3.0 (right) M; [C–X 

bonds in the macroinitiator]0 = 9.0 (left) or 9.6 (right) mM; [Ru(Ind)Cl(PPh3)2]0 

= 1.0 mM; [Al(acac)3]0 = 40 mM. 

The grafting polymerization of MMA from the macroinitiators was carried out with 

Ru(Ind)Cl(PPh3)2 in toluene at 80 ˚C in conjunction with aluminum acetylacetonate 

[Al(acac)3] as an effective additive for enhancing the rate and the controllability of the 

ruthenium-catalyzed living radical “grafting-from” polymerization.16  The graft 

polymerizations smoothly proceeded to lead to the shift of the SEC curves to higher 

molecular weights maintaining unimodal and narrow MWDs (Mw/Mn ~ 1.2) for both 
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macroinitiators.  The DMA/MMA ratios calculated from the 1H NMR spectra agreed well 

with the calculated values from the feed ratios and the monomer conversions. 

Figure 4 is a plot of the MMA contents (wt %) obtained by the 1H NMR spectra of 

the block–graft copolymers with almost the same lengths of DMA segments (m ~ 500) as a 

function of the number of initiating sites (f or m + 2) and the number-average degree of 

polymerization of the graft PMMA chains [l or DPn(MMA)].  The MMA contents 

increased with the increasing f and l values and were controlled between 13% and 46% by 

the number (m) and the length (l) of the graft chains.  This means that a series of AxBAx 

block–graft copolymers with varying MMA contents can be obtained by changing the two 

functions.  The ruthenium-catalyzed living radical polymerization thus proved to be 

simple and more effective for the synthesis of a series of the AxBAx block–graft copolymers 

than the reported methods that relied on the living ionic polymerizations.33,36–39 
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Figure 4. 3D plots of MMA contents (wt %), PMMA graft chain length [l or DPn(MMA)], 

and number of initiating sites (f or m + 2) in the block–graft copolymers (n ~ 

500) in the same experiment as for Figure 3. 

 The absolute molecular weights of the AxBAx block–graft polymers were then 

measured by SEC equipped with multiangle laser light scattering (MALLS) and refractive 

index as a dual detector.  Table 1 summarizes these data for a series of the AxBAx 
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block–graft polymers with different graft numbers and graft chain lengths along with those 

for the ABA triblock copolymers with middle DMA and outer MMA segments. 
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As shown in Table 1, the Mw(MALLS) was consistently higher than Mw(SEC) based on the 

standard PMMA calibration while Mn(SEC) was consistently lower than Mn(calcd).  In 

addition, the differences between Mw(MALLS) and Mw(SEC) or between Mn(SEC) and 

Mn(calcd) became larger with the increasing number of graft chains (f).  This is due to the 

branched structures of the block–graft copolymers.  Furthermore, the Mn that can be 

calculated from Mw(MALLS) and Mw/Mn agreed well with Mn(calcd), which indicates the 

well-defined synthesis of the AxBAx block–graft polymers without significant coupling and 

chain-transfer reactions during the living radical polymerizations. 

Figure 5 shows double-logarithmic plots of the radius of gyration (Rg) and the 

molecular weight obtained by MALLS for ABA triblock and AxBAx block–graft 

copolymers with almost the same molecular weights (codes 4 and 13 in Table 1).  As 

studied earlier for linear polymers and branched or graft polymers,23,45  the slope of the 

linear plot permits linear and branched polymers to be distinguished.  The typical values 
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Figure 5. Double logarithmic plots of the radius of gyration (Rg) and the molar mass 

obtained by MALLS for the ABA triblock copolymer [ ; Mn(SEC) = 199,000, 

Mw(MALLS) = 273,000, Mw/Mn(SEC) = 1.22, A/B = 35/65] and the AxBAx 

block–graft copolymer [ ; Mn(SEC) = 147,000, Mw(MALLS) = 243,000, 

Mw/Mn(SEC) = 1.24, A/B = 37/63, f = 46.1].  The solid lines indicate the fitted 

lines. 
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for linear random coils are between 0.5 and 0.6, whereas lower values indicate branching.  

The slope for the ABA triblock copolymers (code 13) was determined to be 0.53 while that 

for the AxBAx block–graft copolymers (code 4) was 0.23.  A less branched AxBAx 

copolymer (code 9) gave a slightly higher value of 0.29.  These results also indicate the 

formation of the branched copolymers. 

 

3. Characterization of AxBAx Block–Graft Copolymers. 

The properties of the AxBAx block–graft copolymers were then characterized by 

various methods, such as DSC, dynamic viscoelasticity, TEM, and AFM. 

Figure 6 shows the DSC curves of various AxBAx block–graft copolymers 

(DMA/MMA = 75/25–43/57, n = 495, f = 47.5, l = 8.1–35).  For all four samples, two 

glass transition temperatures (Tg) around –50 and 75–100 ˚C were observed, corresponding 

to the transition of the rubbery poly(DMA) and glassy PMMA graft segments, respectively.  

The homopolymers prepared by conventional radical polymerization at 60 °C showed a Tg 

at –59 °C for poly(DMA) and at 117 °C for PMMA.46  The presence of two glass 

transition temperatures indicates that the AxBAx block–graft copolymers have 

phase-separated structures. 
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Figure 6. Differential scanning calorimetry (DSC) curves of the AxBAx block–graft 

copolymers (f = 47.5) obtained with the IxBIx multifunctional 

macroinitiator/Ru(Ind)Cl(PPh3)2/Al(acac)3 in toluene at 80 ˚C. 
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The author also analyzed all the copolymers in Table 1 by DSC.  The higher 

transition temperature due to the PMMA graft chains increased with the increasing degree 

of polymerization (l) and reached 116.4 °C, which was almost the same as the Tg reported 

for PMMA with a similar tacticity.46  Figure 7 is a plot of the Tg values vs the reciprocal of 

the Mn of PMMA graft chains.  In general, there is a linear relationship between Tg and 

1/Mn for linear polymers according to Fox–Flory equation47 while a more detailed analysis 

showed the presence of two lines which intersect at a critical molecular weight associated 

with the chain entanglements.48  In our case, the Tg values for the ABA triblock and the 

AxBAx block–graft copolymers with a lower number (f ~ 10) of graft chains are close to 

those of the linear PMMA with similar molecular weights.48  However, the Tgs for a 

higher number of graft chains (f ~ 45) were higher than those of the linear PMMA, 

probably due to the cumulative effects of the graft chains connected together on the main 

chain. 
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Figure 7. Plots of Tg vs Mn(PMMA chain)–1: PMMA chain of the ABA triblock copolymer 

( ) and AxBAx block–graft copolymers: f = 10.9 ( ), 46.1 ( ), and 47.5 ( ). 

The dynamic mechanical property of the copolymers was evaluated by the dynamic 

viscoelasticity.  Figure 8 shows the dynamic tensile storage modulus (E’) and tan δ (= 

E”/E’) as a function of temperature for the AxBAx block–graft copolymer (DMA/MMA = 

68/32, n = 487, f = 10.6, l = 65) and the ABA triblock copolymer (DMA/MMA = 65/35, n = 
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568, l = 438).  The two loss peaks in the modulus are associated with the Tg of the rubbery 

poly(DMA) and that of the glassy PMMA grafting chains.  The modulus of the rubbery 

plateau of the AxBAx block–graft copolymer was slightly lower than that of the ABA 

triblock copolymer, probably due to the differences in the morphologies related to the 

molecular structure. 
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Figure 8. Dynamic tensile storage moduli (E’) and tan δ as a function of temperature for 

the AxBAx block–graft copolymer ( ; Mn = 141,000, Mw/Mn = 1.20, A/B = 

32/68, f = 10.9) and the ABA triblock copolymer ( ; Mn = 199,000, Mw/Mn = 

1.22, A/B = 35/65).  Heating rate: 10 ˚C/min.; frequency: 11 Hz. 

The bulk morphology of the AxBAx block–graft copolymers was thus analyzed 

using TEM and was compared to that of the ABA triblcok copolymer.  As shown in Figure 

9, the author analyzed three samples with almost the same DMA/MMA contents (~ 65/35), 

but with different graft numbers and graft lengths [AxBAx: DMA/MMA = 63/37, n = 490, f 

= 46.1, l = 16 (sample a); DMA/MMA = 68/32, n = 487, f = 10.6, l = 65 (sample b); ABA: 

DMA/MMA = 65/35, n = 568, l = 438 (sample c)].  The microphase morphology of the 

triblock copolymers that contain ~35 wt % PMMA was expected to be an assembly of 

cylinders or lamellae of PMMA into the matrix formed by the major component.49  The 

ABA triblock copolymer sample showed a complex structure like the co-continuous or 

disordered cylinders of dark PMMA domains in a brighter cocontinuous poly(DMA) matrix 
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(Figure 9c).  A similar complex image was also obsereved for the (meth)acrylate-based 

ABA triblock copolymers of MMA and BA prepared by the living anionic block 

copolymerization,50 or the difficulty in the selective staining was reported.19  These are 

most probably due to the similarity in the structures of these components.19  In contrast, 

the morphology of the AxBAx block–graft copolymer sample was quite different for both 

samples.  The sample with a lower graft number and longer graft chains showed a 

lamellae structure with long-range disorders (Figure 9b), while the sample with a higher 

graft number and shorter graft chains exhibited more complex lamellae-like structures 

(Figure 9a).  Thus, the AxBAx block–graft copolymers can form microphase-separated 

structures, which can be distinguished from that of the ABA triblock copolymers and 

largely depend on the graft numbers and lengths. 

 
Figure 9. Transmission electron microscope (TEM) images of the AxBAx block–graft 

copolymers [a: Mn(SEC) = 147,000, Mw/Mn = 1.24, A/B = 37/63, f = 46.1;  b: 

Mn(SEC) = 141,000, Mw/Mn = 1.20, A/B = 32/68, f = 10.9] and the ABA triblock 

copolymer [c: Mn(SEC) = 199,000, Mw/Mn = 1.22, A/B = 35/65].  Stained by 

aqueous PTA [12-tungsto(VI)phosphoric acid, n-hydrate]. 

 For further evaluation of the AxBAx block–graft structure, visualization of single 

molecules was done by AFM for a high molecular weight polymer (n = 495, f = 47.5, l = 

247, Mn(SEC) = 791,000, Mw/Mn = 1.27).  Figure 10 shows the AFM micrograph of the 

AxBAx block–graft copolymer cast from a 1.0 μg/mL CHCl3 solution on a mica plate.  

Several images apparently consisting of two spherical objects were observed with more 

than 0.3 μm distances, which suggests that each image corresponds to a single molecule.  

An enlarged micrograph in the inset picture shows two round-shaped images with ~90 nm 

diameters and ~1 nm heights, which were located at an ~50 nm distance.  This suggested 
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to us the dumbbell-like structure of the AxBAx block–graft copolymer as expected.  This is 

the first visualization of single molecules of AxBAx block–graft copolymers while other 

graft copolymers with highly dense brushes prepared by Cu ATRP have been reported 

elsewhere.22,51 
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Figure 10. Atomic force microscope (AFM) image of the AxBAx block–graft copolymer 

[Mn(SEC) = 791,000, Mw/Mn = 1.27, A/B = 90/10, f = 47.5] obtained with the 

IxBIx multifunctional macroinitiator/Ru(Ind)Cl(PPh3)2/Al(acac)3 in toluene at 

80 ˚C. [MMA]0 = 8.0 M; [C–X bonds in the macroinitiator]0 = 10 mM; 

[Ru(Ind)Cl(PPh3)2]0 = 1.0 mM; [Al(acac)3]0 = 40 mM. 

 

CONCLUSIONS 
A series of well-defined AxBAx-type block–graft copolymers consisting of soft 

middle and hard outer graft chains was first prepared by a simple method based on the 

ruthenium-catalyzed sequential living radical block copolymerization of DMA and 

TMSHEMA followed by the direct transformation of the silyloxy groups into the ester with 
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a C–Br bond and the ruthenium-catalyzed grafting-from polymerization of MMA.  The 

DSC and dynamic viscoelastic analysis exhibited two transition points attributed to the Tgs 

of the poly(DMA) and PMMA segments suggesting a microphase separation, which was 

observed by TEM and determined to be different from that of the ABA triblcok copolymers.  

A visualization of single molecules by AFM was achieved for the first time to show the 

dumbbell-like structure as expected. 

 

 

EXPERIMENTAL SECTION 
 

Materials 

MMA (Tokyo Kasei, >99%) was washed with aqueous NaOH (5%) and water, dried 

over magnesium sulfate, and distilled from calcium hydride under reduced pressure before 

use.  DMA (Tokyo Kasei, >99%) and TMSHEMA (Aldrich, >96%) were distilled from 

calcium hydride under reduced pressure before use.  Ru(Ind)Cl(PPh3)2, (provided from 

Wako Chemicals) and Al(acac)3 (acac = acetylacetonate; Wako Chemicals, >98%) were 

used as received.  All metal compounds were handled in a glovebox (VAC Nexus) under a 

moisture- and oxygen-free argon atmosphere (O2, <1 ppm).  Toluene was distilled over 

sodium benzophenone ketyl and bubbled with dry nitrogen over 15 min just before use.  

n-Bu3N (as an additive), n-hexane, and tetralin (as an internal standards for NMR or gas 

chromatographic analysis of the monomers) were distilled from calcium hydride before use.  

2-Bromoisobutyryl bromide (Aldrich, >98%) and 2,2-dichloroacetophenone (Aldrich, 

>97%) were distilled before use. 

 

Synthesis of Multifunctional Macroinitiator: Ruthenium-Catalyzed Sequential Living 

Radical Block Copolymerization of DMA and TMSHEMA and One-Pot 

Transformation to Macroinitiator. 

All polymerizations were carried out by the syringe technique under dry nitrogen in 

glass tubes equipped with a three-way stopcock.  A typical example for the 

polymerization of DMA with CHCl2(COPh)/Ru(Ind)Cl(PPh3)2/n-Bu3N is given below.  In 

a 50 mL round-bottomed flask was placed Ru(Ind)Cl(PPh3)2 (10 mg, 0.013 mmol), toluene 

(5.4 mL), tetralin (0.4 mL), DMA (18.8 mL, 64.1 mmol), CHCl2(COPh) (0.32 mL of 400 
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mM solution in toluene, 0.128 mmol) and n-Bu3N (0.64 mL of 400 mM solution in toluene, 

0.256 mmol) at room temperature.  The total volume of reaction mixture was 25.6 mL.  

The flask was placed in an oil bath kept at 80 ˚C under vigorous stirring.  After the 

monomer conversion reached 91%, the reaction solution was added TMSHEMA (2.0 mL of 

3.23 M solution in toluene, 6.45 mmol).  In predetermined intervals, the polymerization 

was terminated by cooling the reaction mixtures to –78 ˚C.  Monomer conversion was 

determined by 1H NMR with tetralin as an internal standard.  To the quenched reaction 

solution was then added toluene (14 mL) and 2-bromoisobutyryl bromide (1.6 mL, 13.0 

mmol, 2.0 equiv to the trimethylsilyoxyl unit) at room temperature under stirring for 24 h.  

The reaction mixture was precipitated into acetone and isolated by centrifugation.  After 

three times of the precipitation, the precipitate was diluted with toluene and precipitated 

into methanol.  The procedure was repeated three times.  The precipitate was then 

evaporated to dryness to yield the product, which was subsequently dried overnight in 

vacuo at room temperature (16.6 g, 97% yield; Mn = 98,000, Mw/Mn = 1.16).  The polymer 

was diluted with distilled toluene, and a 2.0 M solution was prepared for the following graft 

copolymerization. 

 

Synthesis of AxBAx Block–Graft Copolymers: Ruthenium-Catalyzed Grafting-From 

Polymerization of MMA. 

Graft copolymerizations were also carried out by the syringe technique under dry 

nitrogen in glass tubes equipped with a three-way stopcock.  A typical example for the 

graft copolymerization of MMA with the multifunctional macroinitiator IxBIx with 

Ru(Ind)Cl(PPh3)2/Al(acac)3 is given below.  In a 50 mL round-bottomed flask was placed 

macroinitiator IxBIx (1.2 mL, 0.12 mmol C–Br bonds), toluene (10 mL), hexane (0.5 mL), 

MMA (0.96 mL, 9.00 mmol), Ru(Ind)Cl(PPh3)2 (10 mg, 0.013 mmol), and Al(acac)3 (0.166 

g, 0.51 mmol) at room temperature.  The total volume of reaction mixture was 12.8 mL.  

The flask was placed in an oil bath kept at 80 ˚C under vigorous stirring.  In 

predetermined intervals, the polymerization was terminated by cooling the reaction 

mixtures to –78 ˚C.  Monomer conversion was determined by gas chromatography with 

hexane as an internal standard.  The quenched reaction solution was precipitated into 

methanol and isolated by centrifugation.  After three times of the precipitation, the 

precipitate was evaporated to dryness to yield the product, which was subsequently dried 
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overnight in vacuo at room temperature (0.35 g, 81% yield; Mn = 126,000, Mw/Mn = 1.23). 

 

Synthesis of ABA Triblock Copolymers by Ruthenium-Catalyzed Block 

Copolymerization of MMA. 

Block copolymerizations were carried out from the poly(DMA) bifunctional 

initiator.  A typical example for the synthesis of poly(DMA) bifunctional macroinitiator 

with CHCl2(COPh)/Ru(Ind)Cl(PPh3)2/n-Bu3N is given below.  In a 50 mL 

round-bottomed flask were placed Ru(Ind)Cl(PPh3)2 (12.7 mg, 0.017 mmol), toluene (7.0 

mL), tetralin (0.6 mL), DMA (23.4 mL, 79.8 mmol), CHCl2(COPh) (0.1 mL of 800 mM 

solution in toluene, 0.080 mmol), and n-Bu3N (0.8 mL of 400 mM solution in toluene, 

0.320 mmol) at room temperature.  The total volume of reaction mixture was 32.0 mL.  

The flask was placed in an oil bath kept at 80 ˚C under vigorous stirring.  In 

predetermined intervals, the polymerization was terminated at ~50% conversion by cooling 

the reaction mixtures to –78 ˚C.  Monomer conversion was determined by 1H NMR with 

tetralin as an internal standard.  The reaction mixture was precipitated into acetone and 

isolated by centrifugation.  After three times of the precipitation, the precipitate was 

diluted with toluene and precipitated into methanol.  The procedure was repeated three 

times.  The precipitate was then evaporated to dryness to yield the product, which was 

subsequently dried overnight in vacuo at room temperature (12.5 g, 94% yield; Mn = 

116,000, Mw/Mn = 1.21).  The polymer was diluted with distilled toluene, and a 2.0 M 

solution was prepared for the following block copolymerization.  A typical example for 

the block copolymerization of MMA on the poly(DMA) bifunctional macroinitiator with 

Ru(Ind)Cl(PPh3)2/Al(acac)3 is given below.  In a 50 mL round-bottomed flask was placed 

poly(DMA) bifunctional macroinitiator (7.1 mL, 0.0276 mmol C–Cl bond), n-hexane (0.5 

mL), MMA (6.0 mL, 55.7 mmol), Ru(Ind)Cl(PPh3)2 (10.7 mg, 0.014 mmol), and Al(acac)3 

(0.179 g, 0.55 mmol) at room temperature.  The total volume of reaction mixture was 13.8 

mL.  The flask was placed in an oil bath kept at 80 ˚C under vigorous stirring.  In 

predetermined intervals, the polymerization was terminated by cooling the reaction 

mixtures to –78 ˚C.  Monomer conversion was determined by gas chromatography with 

hexane as an internal standard.  The quenched reaction solution was precipitated into 

methanol and isolated by centrifugation.  After three times of the precipitation, the 

precipitate was evaporated to dryness to yield the product, which was subsequently dried 
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overnight in vacuo at room temperature (2.54 g, 90% yield; Mn = 189,000, Mw/Mn = 1.18). 

 

Measurements 

The 1H NMR spectra were recorded on a Varian Gemini 2000 spectrometer (400 

MHz).  The number-average molecular weights (Mn) and molecular weight distributions 

(MWDs: Mw/Mn) of the polymers were measured by size exclusion chromatography (SEC) 

using THF at a flow rate 1.0 mL/min at 40 ˚C on two polystyrene gel columns (both 

Shodex KF-805L) that were connected to a JASCO PU-980 precision pump and a JASCO 

RI-930 detector. The molecular weight was calibrated against seven standard poly(methyl 

methacrylate) samples (Mn = 1990 – 6590000) or eight standard polystyrene samples (Mn = 

526 – 900000).  The monomer conversions were determined from the concentration of the 

residual monomer measured by gas chromatography using hexane or tetralin as the internal 

standard.  The absolute weight-average molecular weight (Mw) of the polymers was 

determined by multiangle laser light scattering in tetrahydrofuran (THF) at 40 ˚C on a 

Wyatt Technology DAWN DSP photometer (λ = 633 nm).  The refractive index increment 

(dn/dc) was measured in THF at 25 ˚C on a Wyatt Optilab rEX refractmeter (λ = 633 nm); 

the dn/dc values were 0.072 – 0.127 mL/g for the AxBAx block–graft copolymers.  Sample 

films for dynamic tensile viscoelasticity and transmission electron microscopy (TEM) were 

prepared by hot-press molding of the copolymers at 230 °C.  Dynamic tensile storage (E’) 

and loss (E”) moduli and tan δ (= E”/E’) were measured on a UBM Rheogel-E4000 

spectrometer, operating at 11 Hz frequency (heating rate: 10 °C/min).  For TEM, the 

ultrathin sections of the sample were cut on a Leica Ultracut FCS microtome at –100 °C (ca. 

70 nm) and collected on mesh copper grids.  The thin sections were stained with an 

aqueous solution of PTA [12-tungsto(VI)phosphoric acid, n-hydrate] containing small 

amounts of benzyl alcohol, washed with water, and then vacuum-dried at room temperature.  

Micrographs were obtained by a transmission electron microscope H-7100 FA (Hitachi, 

Ltd.) equipped with a CCD digital camera (AMT, Ltd.) operated at an acceleration voltage 

of 100 kV.  Atomic force microscopy (AFM) observations were performed on a 

Nanoscope IIIa microscope (Digital Instruments, Santa Barbara, CA) in air using standard 

silicon tips (NCH-10V) in the tapping mode.  All the images were collected with the 

maximum available number of pixels (512) in each direction (2 μm or 500 nm). 
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CHAPTER 4 
 

AxBAx-TYPE BLOCK–GRAFT POLYMERS 

WITH SOFT METHACRYLATE MIDDLE SEGMENTS 

AND HARD STYRENE OUTER GRAFTS: 

MULTIPLE CONTROL 

FOR HIGHER ORDER STRUCTURED MATERIALS 
 

 

ABSTRACT 

This chapter reveals that novel controlled architectural copolymers, AxBAx-type 

block–graft copolymers prepared by living radical polymerization, can function as new 

building blocks for controlled nanostructures based on microphase separation, which is 

different from that of the conventional ABA triblock copolymers.  A series of well-defined 

AxBAx-type block–graft copolymers consisting of soft middle segments [dodecyl 

methacrylate (DMA)] and hard outer graft chains [styrene (St)] were thus synthesized by 

the ruthenium-catalyzed living radical block and graft polymerizations.  NMR and size 

exclusion chromatography equipped with multiangle laser light scattering confirmed the 

well-defined structure of the AxBAx block–graft copolymers with controlled lengths of the 

backbone and the graft chains.  Transmission electron microscopy and transmission 

electron microtomography studies revealed a series of morphologies that change from 

PSt-“honeycomb”-cylinders, lamellae, and PDMA-cylinders with increasing PSt graft 

contents, while the phase diagram was significantly shifted to lower volume fractions of the 

larger number component, i.e., St, in comparison with those of the corresponding ABA 

triblock copolymers.  More specifically, the PDMA-cylinders were observed even before 

the St content reached 50 wt %.  The AxBAx and ABA copolymers with 17–30 wt % of St 

exhibited characteristics of a thermoplastic elastomer with tensile strengths of 1–6 MPa and 

elongations at break of 70–300%.  These mechanical properties were well related to the 

microphase structures of the AxBAx and ABA copolymers. 
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INTRODUCTION 
 

Well-defined block copolymers consisting of immiscible segments can form 

self-assembled ordered nano- or mesoscopic structures depending on the compositions, the 

molecular weights, and the sequence of the segments.1  Such nano-ordered structures have 

been applied to the fabrication of microelectronic devices, separation devices, and 

optoelectronics as templates or scaffolds and have been contributing to the recent 

nanotechnology developments.2  Another wide market for such block copolymers is a 

thermoplastic elastomer (TPE) based on the ABA triblock copolymers consisting of glassy 

outer chains coupled to a rubbery central chain,3 such as poly(styrene-b-butadiene-b-styrene), 

in which the microphase structure functions for the mechanical properties.  The construction 

of the molecular structures including the selection of monomers, molecular weights, 

compositions, and sequences of the blocks is very important for the material designs because 

these parameters highly affect the morphologies, the mechanical properties, and other 

characteristics. 

The effects of their molecular parameters on the morphologies have been extensively 

studied for the block copolymers mainly prepared by living anionic polymerizations of 

hydrocarbon monomers,4 such as styrenes and dienes, under stringent conditions, and a series 

of microphase-ordered structures such as spheres, cylinders, lamellae, and bicontinuous 

structures have been constructed.  Further developments in living anionic polymerization 

techniques using coupling agents have enabled the synthesis of more complex copolymers 

possessing a combination of block and graft structures, such as A-g-Bx,5,6 AxB,7–9 AxBAx.10,11  

The effects of branching on the morphologies were discussed for some polymers with A2B-, 

A3B-, A5B-miktoarm, and A2BA2-H-shaped copolymers.  Although these studies indicated 

that the morphologies and mechanical properties could be drastically changed or purposefully 

controlled by the molecular structures of the block or graft copolymers, the limitations of the 

monomers and the cumbersome synthetic procedures inherent in the living anionic 

polymerizations, including repetitive purifications by fractionation and/or preparative 

size-exclusion chromatography (SEC), restricted the variety of the accessible polymers and 

their practical applications. 

However, recent progress in living or controlled radical polymerizations has readily 

expanded the accessible controlled architectural polymers, such as block, graft, and star 
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polymers, from a variety of monomers including non-polar, polar, and functionalized 

monomers.12–17  They were further applied to the synthesis of more complex polymers with 

combined architectures such as A-g-Bx,18–22 AxB,23,24 AxAAx,25 AxBAx,26–29 etc.  Although a 

variety of these complex structural polymers have become readily accessible by living radical 

polymerizations, there have been few comprehensive and detailed studies on the relationships 

between their architectures and their morphologies as well as their mechanical properties,28,29 

which might greatly contribute to the developments of new polymeric materials for emerging 

nanotechnologies. 

Quite recently, the author has succeeded relatively easily in the preparation of a series 

of all-methacrylic well-defined AxBAx-type block–graft copolymers consisting of soft middle 

segments [dodecyl methacrylate (DMA)] and hard outer graft chains [methyl methacrylate 

(MMA)] by utilizing ruthenium-catalyzed living radical polymerizations.30  The obtained 

copolymers have been characterized by NMR, SEC, multiangle laser light scattering 

(MALLS), differential scanning calorimetry (DSC), dynamic viscoelasticity, and transmission 

electron microscopy (TEM) and a single molecule of the copolymer has been visualized by 

atomic force microscopy (AFM).  These studies revealed that the synthesis proved quite 

successful without any cumbersome synthetic procedures and any purification by 

fractionation and preparative SEC and that branching affected the morphologies to provide 

different properties from those of the corresponding ABA triblock copolymers.  However, 

the morphological details could not be fully understood due to the difficulty in the 

differentiation or the segregation of poly(DMA) segments from PMMA, in which both 

segments processed alkyl ester moieties. 

To develop such novel AxBAx block–graft copolymers for the construction of ordered 

periodic nanoscale morphologies as well as new TPEs, the author constructed a new series of 

AxBAx with soft middle poly(DMA) and hard outer polystyrene (PSt) grafts and focused on 

the analysis of the morphologies by TEM and transmission electron microtomography 

(TEMT),31 which enabled the direct observation of nano-scale morphologies in 

three-dimension (3D),32 and the mechanical properties by comparing with those of the 

corresponding ABA triblocks.  The synthetic method was based on the ruthenium-catalyzed 

living radical block copolymerization of DMA and 2-(trimethylsilyloxy)ethyl methacrylate 

(TMSHEMA) initiated by a bifunctional initiator followed by the direct in-situ conversion of 

the trimethylsilyl groups into C–Br bonds for multifunctional macroinitiator (IxBIx) and the 
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subsequent Ru-catalyzed “grafting-from” living radical polymerization of St (Scheme 1). 
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Scheme 1. Synthesis of AxBAx block–graft copolymers via ruthenium-catalyzed living 

radical polymerization. 

 

RESULTS AND DISCUSSION 
 
1. Synthesis of Methacrylate–Styrene-Based AxBAx Block–Graft Copolymers: 

Ruthenium-Catalyzed Living Radical Grafting-From Polymerization of Styrene. 

Prior to the synthesis of the AxBAx block–graft copolymers, the macroinitiators (IxBIx) 

consisting of DMA (B) and multi-initiating sites (I) [the number-average molecular weights 

(Mn) = 132,000 by MALLS, molecular weight distributions (MWDs) (Mw/Mn = 1.17), the 

initiating sites (f) = 10.9] were prepared as reported previously.30  The ruthenium-catalyzed 

living radical polymerization of styrene was then initiated from the macroinitiator in the 

presence of Ru(Ind)Cl(PPh3)2 and n-Bu3N in toluene at 100 ˚C to form the AxBAx block–graft 

copolymers. 

Figure 1 shows the SEC curves, Mn, and Mw/Mn of the copolymers obtained simply by 

the precipitation of the polymerization mixtures into methanol.  As the graft polymerization 

 80



AxBAx Block–Graft Polymers: Multiple Control for Higher Order Structured Materials 

proceeded, the SEC curves shifted toward higher molecular weights retaining the unimodal 

and narrow MWDs (Mw/Mn ≤ 1.4).  The Mn obtained from the absolute molecular weights 

(Mw) by MALLS agreed well with the calculated values assuming that one molecule of the 

IxBIx macroinitiator generates one molecule of the AxBAx polymers.  However, the Mn values 

based on a PMMA standard calibration by SEC were lower than the calculated values due to 

the smaller hydrodynamic volumes of the branched structures.30  These results indicate that 

the methacrylate–styrene-based AxBAx copolymers were successfully prepared by the 

ruthenium-catalyzed living radical grafting-from polymerizations of styrene. 
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Figure 1. Graft copolymerization of styrene (St) from the IxBIx multifunctional 

macroinitiator [Mn(MALLS) = 132,000, Mw/Mn = 1.17] with 

Ru(Ind)Cl(PPh3)2/n-Bu3N in toluene at 100 ˚C [ : Mn(MALLS); : Mw/Mn].  

[St]0 = 3.0–6.0 M; [C–X bonds in the macroinitiator]0 = 10 mM; 

[Ru(Ind)Cl(PPh3)2]0 = 1.0 mM; [n-Bu3N]0 = 5.0 mM. 

The AxBAx block–graft copolymers and the macroinitiators were also analyzed by 1H 

NMR (Figure 2).  The IxBIx macroinitiators (Figure 2A) showed the characteristic signals of 

DMA units, i.e., the ester methylene protons (g) and other alkyl protons (h–j), and the 

multifunctional initiating sites, i.e., the ester ethylene protons (a and b) with the isobutyryl 

groups (d) adjacent to the C–Br bonds, in addition to the large absorptions of the α-methyl (f) 

and main-chain methylene protons (e) of both units.  The unit ratio of DMA to the initiating 

sites calculated from the peak intensity ratio (g vs b) was 491/8.7, in good agreement with the 

calculated value of 491/8.9 for the macroinitiator.  The obtained macroinitiators thus 
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possessed about 11 initiating sites, including the C–Br bonds and the original C–Cl bonds at 

the chain ends, per molecule. 
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Figure 2. 1H NMR spectra (CDCl3, 50 ˚C) of the IxBIx multifunctional macroinitiator [A: 

Mn(MALLS) = 132,000, Mw/Mn = 1.17] and the AxBAx block–graft copolymer 

[B: Mn(MALLS) = 152,000, Mw/Mn = 1.19] obtained with 

Ru(Ind)Cl(PPh3)2/n-Bu3N in toluene at 100 ˚C. 

The AxBAx block–graft copolymers showed the characteristic signals of the aromatic 

protons (q) of the polystyrene graft chains and the methine proton (r) adjacent to the C–X 

terminals in addition to the absorptions of the prepolymer (Figure 2B).  The DMA/St unit 

ratio (83/17 wt/wt), calculated from the peak intensity ratio (g vs q), agreed with the 

calculated DMA/St ratio from the monomer feed ratio and the monomer conversion (81/19 

wt/wt).  These results also support that the simple synthetic method, based on the 

ruthenium-catalyzed living radical block and graft polymerization, is quite effective in the 

synthesis of the methacrylate–styrene AxBAx block–graft copolymer with controlled 

molecular weights and compositions.  A series of the AxBAx block–graft polymers with 

varying graft chain lengths were thus successfully synthesized simply by changing the 

monomer conversions and are summarized in Table 1.  All these copolymers had controlled 

molecular weights, narrow MWDs, and variable monomer compositions ranging from 
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DMA/St = 85/15 to 53/47 wt/wt. 
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The PSt graft chains in the AxBAx block–graft copolymers thus prepared are connected to the 

backbone chain via the ester linkages, which can be hydrolyzed into the backbone and the 

graft chains.  To confirm the molecular weights and the uniformity of the PSt graft chain 

lengths, hydrolysis of the copolymers was carried out using potassium hydroxide in a mixture 

of methanol and N,N-dimethylformamide (1/3 v/v) at 80 ˚C (Scheme 2).22 
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Scheme 2. Detachment of PSt graft chains from the backbone chain. 

Figure 3 shows a series of SEC curves of the hydrolyzed products (dashed and dotted 

lines) from the AxBAx block–graft copolymers obtained at different monomer conversions as 

well as that of the IxBIx macroinitiator (solid line).  After the hydrolysis, each SEC curve 

showed two peaks.  The higher molecular weight peak was attributed to the original 
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Figure 3. SEC curves of the original IxBIx multifunctional macroinitiator (solid line) and the 

hydrolyzed products from the AxBAx block–graft copolymers (codes 3, 6, and 8 in 

Table 1) (dashed or dotted lines) and Mn ( ) and Mw/Mn ( ) of the detached PSt 

graft chains. 
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backbone chain from which the PSt grafts were removed, while the lower one was ascribed to 

the detached PSt graft chains.  The lower molecular weight peaks shifted with the styrene 

conversion and showed narrow MWDs (Mw/Mn <1.4).  The Mn of the detached PSt graft 

chains increased in direct proportion to the monomer conversion and agreed with the 

calculated values assuming that each initiating site in the macroinitiator generates one PSt 

graft chain.  These results indicate that each initiating site initiates the graft polymerization 

of styrene to form the PSt graft chains with controlled molecular weights and gives the 

well-defined methacrylate–styrene-based AxBAx block–graft copolymers. 

 

2. Morphology of AxBAx Block–Graft Copolymers: TEM and TEMT Analysis. 

The author thus analyzed the bulk morphology of a series of the 

methacrylate–styrene-based AxBAx block–graft copolymers, for which the PSt graft chain 

lengths were systematically changed while keeping the same molecular weight for the 

mid-poly(DMA) to result in varying DMA/St contents (85/15–53/47 wt/wt) by TEM (Figure 

4).  In these TEM micrographs, the PSt domains were stained dark with RuO4.  In contrast 

to the TEM micrographs of the all-methacrylate AxBAx block–graft copolymers, which 

exhibited a complex microphase-separated structure probably due to the similarity in the 

structures of PMMA and poly(DMA) segments,30 the methacrylate–styrene-based 

counterparts showed clearer nano-ordered microphase-separated structures.  Similar to the 

linear block polymers, the morphologies can be systematically changed by the composition.  

As the fraction of PSt (φPSt) increased, the morphology changed in the following order; sphere 

or cylinder of PSt [φPSt = 0.15 (a) – 0.17 (b)], coexistence of PSt cylinder and lamella [φPSt = 

0.23 (c)], lamella [φPSt = 0.30 (d) – 0.38 (e)], and coexistence of poly(DMA) cylinder and 

lamella or two cylindrical phases [φPSt = 0.47 (f)].  Especially in the micrograph of the 

specimen with the 17 wt % PSt fraction (Figure 4b), the morphology of highly-ordered and 

long-range hexagonally packed PSt domains in a poly(DMA) matrix was observed.  More 

interestingly, the PSt cylinders seem to be hexagonally-shaped to form a “honeycomb” 

morphology, as described later. 

According to Milner’s theory, introduction of a branching architecture into block 

copolymers results in asymmetry in copolymer microphases, in which the larger excluded 

volume of the graft chains, anchored around the domain boundary, compared to that of a 

single block chain causes an interfacial curvature.33  The volume fraction windows for our 
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Figure 4. Transmission electron microscopy (TEM) images of the AxBAx block–graft 

copolymers (f = 10.9) [a: Mn(MALLS) = 161,000, Mw/Mn = 1.23, B/A = 85/15;  b: 

Mn(MALLS) = 152,000, Mw/Mn = 1.19, B/A = 83/17; c: Mn(MALLS) = 167,000, 

Mw/Mn = 1.23, B/A = 77/23; d: Mn(MALLS) = 186,000, Mw/Mn = 1.27, B/A = 

70/30; e: Mn(MALLS) = 202,000, Mw/Mn = 1.25, B/A = 62/38; f: Mn(MALLS) = 

235,000, Mw/Mn = 1.41, B/A = 53/47].  Bars indicate 200 nm.  Stained by RuO4. 

AxBAx block–graft copolymers were thus shifted to lower volume fractions of the larger 

number component, i.e., PSt in this case, than in the corresponding linear block copolymers.  

These phenomena were also observed for A2B-, A3B-, and A5B-miktoarm, and 

A2BA2-H-shaped copolymers of isoprene and styrene prepared by living anionic 

polymerizations, although some deviations from the theory were suggested.7–10  The AxBAx 

block–graft copolymers prepared by such simple living radical polymerizations also showed a 

similar asymmetry as predicted by Milner’s theory and similar deviations.  It is worth noting 

that the coexistence of poly(DMA) cylinder and lamella or two cylindrical phases vertical and 

parallel to the cross-sectional direction were observed even at a 47 wt % PSt fraction (Figure 

4f).  The microstructure was further clarified by TEMT as below.  This would be beneficial 

for material designs because the morphology can be controlled by the branching number 
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without changing the volume fraction or the hardness of the materials.  While the precedent 

results for the miktoarm and H-shaped polymers, prepared by living anionic polymerizations, 

have already shown that the morphological design can be attained not only by the volume 

fraction but also by the molecular architectural change, this study further widens this scope to 

living radical polymerizations, which would be more practical for making materials. 

To clarify the morphologies of the AxBAx block–graft copolymers in more detail, 

TEMT observations were carried out for two samples; one for the hexagonal-cylinder-like 

morphology (φPSt = 0.17) and the other for the mixtures of cylinders and lamellae or two 

lamellar phases (φPSt = 0.47).  Figure 5 shows two-dimensional planar (x,y) and 
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Figure 5. Two-dimensional planar (x,y) and cross-sectional (x,z; y,z) slices of the 

morphologies generated from 3D TEMT (a and b) and the 3D solid renditions of 

the poly(DMA) microdomains within a transparent PSt matrix (c and d: 400 × 

400 × 50 nm).  Z axis is parallel to the depth direction of the ultrathin section.  

Dashed and solid lines in each cross section represent position of two other 

orthogonal cross sections. 
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cross-sectional (x,z; y,z) slices of the morphologies generated from 3D TEMT and the 3D 

solid-rendered images of the poly(DMA) microdomains within a transparent PSt matrix.  As 

shown in Figures 5c and 5d, the 3D reconstructed images of the morphologies proved the 

orthogonally aligned “honeycomb” cylinder (φPSt = 0.17) and the coexistence of 

lamellar/cylindrical morphologies (φPSt = 0.47) both in alignment with the Z axis, respectively.  

Thus, TEMT was quite effective in determining the microstructure.  Although the 

“honeycomb” morphology has been reported in multiple component copolymers such as ABC 

triblock, ABC heteroarm star, ABCD tetrablock copolymers, and their blends, this is the first 

time that the “honeycomb” morphology was observed in the two-component AxBAx 

block–graft copolymers.34-36 

To further characterize the morphologies built by the AxBAx block–graft copolymers 

in comparison to the ABA triblock copolymers, a series of poly(St-b-DMA-b-St) with a 

similar composition was thus synthesized by the ruthenium-catalyzed living radical 

polymerizations according to Scheme 3.  As summarized in Table 1, the obtained triblock 

copolymers also showed the controlled molecular weights, narrow MWDs, and the desired 

compositions of DMA and St, in which codes 11 and 12 of the ABA triblocks have values 

similar to codes 3 or 4 and 6 or 7 of the AxBAx block–grafts, respectively. 
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Scheme 3. Synthesis of ABA triblock copolymers via ruthenium-catalyzed living radical 

polymerization. 

The ABA samples with DMA/St = 81/19 (Figure 6a) and 70/30 (Figure 6b) exhibited 

spherical and cylindrical morphologies, respectively, as expected from the comonomer 

compositions for the conventional block copolymers.  As mentioned above, the AxBAx 

samples that have similar PSt compositions showed cylinders (Figure 6c; DMA/St = 83/17) 

and lamellae (Figure 6d; DMA/St = 70/30), respectively, which were apparently shifted to 

lower volume fractions of the larger number component.  As stated below, these 
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morphologies were crucial for some of the mechanical properties, in which the AxBAx 

block–grafts showed similar mechanical properties to the ABA triblocks with different 

compositions but with similar morphologies. 

 

Figure 6. TEM images of the ABA triblock copolymers [a: Mn(MALLS) = 191,000, Mw/Mn 

= 1.20, B/A = 81/19;  b: Mn(MALLS) = 228,000, Mw/Mn = 1.20, B/A = 70/30] 

and the AxBAx block–graft copolymers (f = 10.9) [c: Mn(MALLS) = 152,000, 

Mw/Mn = 1.19, B/A = 83/17;  d: Mn(SEC) = 186,000, Mw/Mn = 1.27, B/A = 

70/30].  Stained by RuO4. 

 

3. Mechanical Properties of AxBAx Block–Graft Copolymers: Comparison with ABA 

Triblock Copolymers. 

The mechanical characteristics of the AxBAx copolymers were then evaluated by the 

dynamic viscoelasticity and tensile stress-strain property along with the ABA triblock 

copolymers.  Figure 7 shows the dynamic tensile storage modulus (E’) and tan δ (= E”/E’) 

as a function of temperature.  In all the spectra, the storage moduli showed the two loss 

peaks, associated with the glass transitions of the poly(DMA) and PSt domains in the 

microphase-separated structure, and the rubbery plateau between the two transition 
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temperatures.  These indicate that the AxBAx block-graft copolymers (blue and green lines) 

also behave as thermoplastic elastomers between the two transitions, where the PSt domains 

serve as anchor phases, similar to the ABA triblock copolymers (red and black lines).  The 

storage moduli of the plateau in the AxBAx block–graft copolymers were higher than those in 

the corresponding ABA triblocks and became lower as the PSt contents increased.  More 

interestingly, at a lower temperature, the tensile moduli of AxBAx (green line; code 4; DMA/St 

= 82/18) and ABA (red line; code 12; DMA/St = 70/30) were the same, though they had 

different A/B compositions, and became different at a higher temperature due to the difference 

in the Tg of the PSt segments.  These results most probably resulted from the differences in 

the morphologies as mentioned above. 

Figure 8 shows the stress-strain curves of the AxBAx block–graft and the ABA triblock 

copolymers.   As also summarized in Table 2, the mechanical strength and strain at break of 

all the copolymers were relatively low (1–6 MPa) compared to the commercially available 

styrene–diene block copolymers,3 most probably due to the central poly(DMA) blocks which 

had a high molecular weight between chain entanglements (Me) [Me(DMA) = 115,000].37,38  

The stresses at the early stage of the tensile test (Young’s modulus) of the AxBAx block–graft 

copolymers (blue and green lines) were apparently dependent on the PSt content and were 

much higher than those of the corresponding ABA copolymers (red and black lines), which 

were also ascribed to the differences in the morphologies.  The tensile strength and strain at 

break of the AxBAx block–graft copolymers were comparable to those of the corresponding 

ABA samples.  This is contrary to the result for the multigraft copolymers with equally 

spaced grafting chains prepared by living anionic polymerization, in which the mechanical 

values increased in proportion to the number of the junction points.6  Thus, the mechanical 

properties at break for these DMA/St copolymers are dependent on the comonomer 

compositions but not on the microphase structures, whereas the dynamic viscoelastic property 

and Young’s modulus were determined by the morphology, as mentioned above.  These 

results suggest that the AxBAx block–graft copolymers have specific mechanical properties, 

which are clearly different from those of the ABA triblocks and equally-spaced graft 

copolymers.  The rheological properties of the AxBAx block–graft copolymers are now under 

investigation. 
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Figure 7. Dynamic tensile storage moduli (E’) and tan δ as a function of temperature for the 

AxBAx block–graft copolymers (f = 10.9) [green: Mn(MALLS) = 175,000, Mw/Mn 
= 1.20, B/A = 82/18;  blue: Mn(MALLS) = 202,000, Mw/Mn = 1.22, B/A = 70/30] 
and the ABA triblock copolymers [black: Mn(MALLS) = 191,000, Mw/Mn = 1.20, 
B/A = 81/19;  red: Mn(MALLS) = 228,000, Mw/Mn = 1.20, B/A = 70/30].  
Heating rate: 10 ˚C/min.; frequency: 11 Hz. 

0

2

4

6

0 100 200 300 400
Strain, %

S t r e s s ,  M P a

AxBAx (φPSt = 0.30)

ABA (φPSt = 0.30)

AxBAx (φPSt = 0.18)

ABA (φPSt = 0.19)

 

Figure 8. Stress-strain curves of the AxBAx block–graft copolymers (f = 10.9) [green: 
Mn(MALLS) = 175,000, Mw/Mn = 1.20, B/A = 82/18;  blue: Mn(MALLS) = 
202,000, Mw/Mn = 1.22, B/A = 70/30] and the ABA triblock copolymers [black: 
Mn(MALLS) = 191,000, Mw/Mn = 1.20, B/A = 81/19;  red: Mn(MALLS) = 
228,000, Mw/Mn = 1.20, B/A = 70/30]. 
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Table 2. Tensile Properties of AxBAx Block–Graft and ABA Triblock Copolymers. 

Codea 
fb 

(m+2) 

DMA/St, 

wt/wtb 

Young’s 

modulus, 

MPa 

100% 

modulus, 

MPa 

Tensile 

strength at 

break, MPa

Elongation 

at break, % 
Morphologyc 

4 10.9 82/18 8.4 1.6 1.8 310 cylinder 

7 10.9 70/30 210 - 5.6 66 lamella 

11 2 81/19 0.33 0.18 1.3 280 sphere 

12 2 70/30 3.5 3.3 4.6 140 cylinder 
aCode numbers as in Table 1.  bDetermined by 1H NMR.  cObserved by transmission electron microscopy (TEM). 

 

 

CONCLUSIONS 
Novel well-defined AxBAx-type block–graft copolymers were readily prepared by 

ruthenium-catalyzed living radical block and graft copolymerizations and induced the 

characteristic nano-ordered microphase separation, which is different from that of the 

conventional ABA triblock copolymers, to result in different types of TPEs.  This study can 

thus widen the scope of material design based on the well-defined copolymer structures 

because the morphologies can be controlled by the molecular architecture, i.e, branching 

numbers, without changing the comonomer compositions, which may affect other properties 

of the materials. 

 

 

EXPERIMENTAL SECTION 
 

Materials 

Styrene (Wako Chemicals, >98%), DMA (Tokyo Kasei, >99%), and TMSHEMA 

(Aldrich, >96%) were distilled from calcium hydride under reduced pressure before use.  

Ru(Ind)Cl(PPh3)2 and Ru(Cp*)Cl(PPh3)2 (both provided from Wako Chemicals) were used as 

received.  All metal compounds were handled in a glove box (VAC Nexus) under a 

moisture- and oxygen-free argon atmosphere (O2, <1 ppm).  Toluene was distilled over 

sodium benzophenone ketyl and bubbled with dry nitrogen over 15 minutes just before use.  

n-Bu3N (as an additive) and tetralin (as an internal standards for NMR or gas 
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chromatographic analysis of the monomers) were distilled from calcium hydride before use.  

2-Bromoisobutyryl bromide (Aldrich, >98%) and 2,2-dichloroacetophenone (Aldrich, >97%) 

were distilled before use. 

 

Synthesis of Multifunctional Macroinitiator: Ruthenium-Catalyzed Sequential Living 

Radical Block Copolymerization of DMA and TMSHEMA and One-Pot Transformation 

to Macroinitiator 

All polymerizations were carried out by syringe technique under dry nitrogen in glass 

tubes equipped with a three-way stopcock.  A typical example for the polymerization of 

DMA with CHCl2(COPh)/Ru(Ind)Cl(PPh3)2/n-Bu3N is given below.  In a 100 mL 

round-bottomed flask was placed Ru(Ind)Cl(PPh3)2 (25.4 mg, 0.032 mmol), toluene (14.3 

mL), tetralin (0.5 mL), DMA (46.8 mL, 160 mmol), CHCl2(COPh) (0.8 mL of 400 mM 

solution in toluene, 0.320 mmol) and n-Bu3N (1.6 mL of 400 mM solution in toluene, 0.640 

mmol) at room temperature.  The total volume of reaction mixture was 64.0 mL.  The flask 

was placed in an oil bath kept at 80 ˚C under vigorous stirring.  After the monomer 

conversion reached 91%, the reaction solution was added TMSHEMA (3.2 mL of 1.0 M 

solution in toluene, 3.20 mmol).  In predetermined intervals, the polymerization was 

terminated by cooling the reaction mixtures to –78 ˚C.  Monomer conversion was 

determined by 1H NMR with tetralin as an internal standard.  The quenched reaction solution 

was then added toluene (20 mL) and 2-bromoisobutyryl bromide (0.8 mL, 6.4 mmol, 2.0 

equiv to the trimethylsilyoxyl unit) at room temperature under stirring for 24 h.  The reaction 

mixture was precipitated into acetone and isolated by centrifugation.  After three times of the 

precipitation, the precipitate was diluted with toluene and precipitated into methanol.  The 

procedure was repeated three times.  The precipitate was then evaporated to dryness to yield 

the product, which was subsequently dried overnight in vacuo at room temperature (38.0 g, 

93% yield; Mn = 99,000, Mw/Mn = 1.21).  The polymer was diluted with distilled toluene and 

2.0 M solution was prepared for the following graft copolymerization. 

 

Synthesis of AxBAx Block–Graft Copolymers: Ruthenium-Catalyzed Grafting-from 

Polymerization of St 

Graft copolymerizations were also carried out by syringe technique under dry nitrogen 

in glass tubes equipped with a three-way stopcock.  A typical example for the graft 
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copolymerization of St with the multifunctional macroinitiator IxBIx with 

Ru(Ind)Cl(PPh3)2/n-Bu3N is given below.  In a 50 mL round-bottomed flask was placed 

macroinitiator IxBIx (17.7 mL, 0.381 mmol C-Br bonds), toluene (5.0 mL), tetralin (1.7 mL), 

St (13.5 mL, 117 mmol), Ru(Ind)Cl(PPh3)2 (30 mg, 0.038 mmol), and n-Bu3N (0.48 mL of 

400 mM solution in toluene, 0.192 mmol) at room temperature.  The total volume of 

reaction mixture was 38.4 mL.  The flask was placed in an oil bath kept at 100 ˚C under 

vigorous stirring.  In predetermined intervals, the polymerization was terminated by cooling 

the reaction mixtures to –78 ˚C.  Monomer conversion was determined by gas 

chromatography with hexane as an internal standard.  The quenched reaction solution was 

precipitated into methanol and isolated by centrifugation.  After three times of the 

precipitation, the precipitate was evaporated to dryness to yield the product, which was 

subsequently dried overnight in vacuo at room temperature (6.36 g, 94% yield; Mn = 136,000, 

Mw/Mn = 1.22). 

 

Synthesis of ABA Triblock Copolymers by Ruthenium-Catalyzed Block 

Copolymerization of St 

Block copolymerizations were carried out from the poly(DMA) bifunctional initiator.  

A typical example for the synthesis of poly(DMA) bifunctional macroinitiator with 

CHCl2(COPh)/Ru(Ind)Cl(PPh3)2/n-Bu3N is given below.  In a 50 mL round-bottomed flask 

was placed Ru(Ind)Cl(PPh3)2 (12.7 mg, 0.017 mmol), toluene (7.0 mL), tetralin (0.6 mL), 

DMA (23.4 mL, 79.8 mmol), CHCl2(COPh) (0.1 mL of 800 mM solution in toluene, 0.080 

mmol) and n-Bu3N (0.80 mL of 400 mM solution in toluene, 0.320 mmol) at room 

temperature.  The total volume of reaction mixture was 32.0 mL.  The flask was placed in 

an oil bath kept at 80 ˚C under vigorous stirring.  In predetermined intervals, the 

polymerization was terminated at ~50% conversion by cooling the reaction mixtures to –78 

˚C.  Monomer conversion was determined by 1H NMR with tetralin as an internal standard.  

The reaction mixture was precipitated into acetone and isolated by centrifugation.  After 

three times of the precipitation, the precipitate was diluted with toluene and precipitated into 

methanol.  The procedure was repeated three times.  The precipitate was then evaporated to 

dryness to yield the product, which was subsequently dried overnight in vacuo at room 

temperature (12.5 g, 94% yield; Mn = 116,000, Mw/Mn = 1.21).  The polymer was diluted 

with distilled toluene and 2.0 M solution was prepared for the following block 
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copolymerization.  A typical example for the block copolymerization of St on the 

poly(DMA) bifunctional macroinitiator with Ru(Cp*)Cl(PPh3)2/n-Bu3N is given below.  In a 

50 mL round-bottomed flask was placed poly(DMA) bifunctional macroinitiator (18.2 mL, 

0.0702 mmol C-Cl bond), tetralin (0.50 mL), St (6.5 mL, 56.5 mmol), Ru(Cp*)Cl(PPh3)2 

(89.5 mg, 0.112 mmol), and n-Bu3N (2.81 mL of 400 mM solution in toluene, 1.12 mmol) at 

room temperature.  The total volume of reaction mixture was 28.1 mL.  The flask was 

placed in an oil bath kept at 80 ˚C under vigorous stirring.  In predetermined intervals, the 

polymerization was terminated by cooling the reaction mixtures to –78 ˚C.  Monomer 

conversion was determined by gas chromatography with tetralin as an internal standard.  The 

quenched reaction solution was precipitated into acetone and isolated by centrifugation.  

After three times of the precipitation, the precipitate was evaporated to dryness to yield the 

product, which was subsequently dried overnight in vacuo at room temperature (6.65 g, 93% 

yield; Mn = 214,000, Mw/Mn = 1.20). 

 

Detachment of PSt Graft Chains from the Backbone 

The AxBAx block–graft copolymers with PSt graft chains (50 mg) was placed in a 25 

mL round-bottom flask and dissolved in N,N-dimethylformamide (7.5 mL).  After adding 

KOH solution (0.3 g dissolved in 2.5 mL of methanol), the mixture was heated to 60 ˚C for 24 

h.  The solvent was removed by evaporation, and 10.0 mL of CHCl3 was added to the 

remaining solid.  The solution was washed with water (10.0 mL × 3).  The organic layer 

was evaporated to dryness to yield the product, which was subsequently dried overnight in 

vacuo at room temperature to give 39 mg of the mixture of the backbone polymers and the 

detached PSt. 

 

Measurements 

The 1H NMR spectra were recorded on a Varian Gemini 2000 spectrometer (400 

MHz).  The number average molecular weights (Mn) and molecular weight distributions 

(MWDs: Mw/Mn) of the polymers were measured by size exclusion chromatography (SEC) 

using THF at a flow rate 1.0 mL/min. at 40 ˚C on two polystyrene gel columns; both Shodex 

KF-805L, that were connected to a JASCO PU-980 precision pump and a JASCO RI-930 

detector. The molecular weight was calibrated against seven standard poly(methyl 

methacrylate) samples (Mn = 1,990 – 6,590,000) or eight standard polystyrene samples (Mn = 
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526 – 900,000).  The monomer conversions were determined from the concentration of the 

residual monomer measured by gas chromatography using tetralin as the internal standard.  

The absolute weight-average molecular weight (Mw) of the polymers was determined by 

multiangle laser light scattering in tetrahydrofuran (THF) at 40 ˚C on a Wyatt Technology 

DAWN DSP photometer (λ = 633 nm).  The refractive index increment (dn/dc) was 

measured in THF at 25 ˚C on a Wyatt Optilab rEX refractmeter (λ = 633 nm), the dn/dc 

values were 0.072–0.160 mL/g for the AxBAx block-graft copolymers.  Glass transition 

temperature (Tg) of the polymer was recorded on SSC-5200 differential scanning calorimetry 

(Seiko Instruments Inc.).  Samples were first heated to 150 °C at 10 °C/min., equilibrated at 

this temperature for 5 min, and cooled to –120 °C at 5 °C/min.  After being held at this 

temperature for 20 min, the samples were then reheated to 150 °C at 10 °C/min.  All Tg 

values were obtained from the second scan, after removing the thermal history.  Sample 

films for dynamic tensile viscoelasticity was prepared by hot-press molding of the 

copolymers at 230 °C.  Dynamic tensile storage (E’) and loss (E”) moduli and tan δ (= 

E”/E’) were measured on a UBM Rheogel-E4000 spectrometer, operating at 11 Hz frequency 

(heating rate: 10 °C/min).  For transmission electron microscopy (TEM), a film specimen 

was prepared by casting from 5 wt% toluene solution for 2 weeks.  The cast film was 

annealed at 140 ˚C for 24 h under vacuum, which was subsequently stained by exposing the 

film to ruthenium tetraoxide (RuO4) vapor for 2 min.  The stained film thus obtained was 

cryomicrotomed with a diamond knife at –120 ˚C using a Lica Ultracut UCT.  The ultrathin 

section of ca. 100 nm was transferred onto a Cu mesh grid with a polyvinylformal substrate.  

TEM and transmission electron microtomography (TEMT) experiments were performed 

using an energy-filtering transmission electron microscope with a field-emission gun operated 

at 200 kV (JEM-2200FS JEOL Co., Ltd., Japan).31a  The tensile properties (Young’s modulus, 

tensile strength at break, and elongation at break) were measured on compression-molded 

dogbone specimens (width: ca. 4.0 mm, thickness: ca. 0.6–0.7 mm) using an Instron 

Universal Testing Machine 5566 at a crosshead speed of 200 mm/min at 23 °C.  At least two 

specimens per sample were tested. 
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CHAPTER 5 
 

STEREPGRADIENT POLYMERS BY RUTHENIUM-CATALYZED 

STEREOSPECIFIC LIVING RADICAL COPOLYMERIZATION 

OF TWO MONOMERS WITH DIFFERENT 

STEREOSPECIFITIES AND REACTIVITIES: 

MULTIPLE CONTROL OF CHAIN LENGTH 

AND STEREOCHEMISTRY 
 

 

 

ABSTRACT 

Stereogradient polymers, a fundamentally new type of polymers, were prepared by 

the stereospecific living radical copolymerization of two monomers that have different 

stereospecificities and reactivities.  The ruthenium-catalyzed living radical 

copolymerization of 2-hydroxyethyl methacrylate (HEMA) and the silyl-capped HEMA 

[(tert-butyldimethylsilyl)-HEMA] (SiHEMA) in (CF3)2C(Ph)OH  afforded stereogradient 

poly(HEMA), in which the rr content gradually increased from 62 to 77% at 0 °C, due to 

the lower reactivity and the higher syndiospecificity of SiHEMA. 
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INTRODUCTION 
 

Recently, the development of various living polymerizations has enabled the 

synthesis of a wide variety of well-defined polymers, including not only end-functionalized, 

block, graft, and star polymers but also more complex polymers built up by a combination 

of these architectures.1  Living radical polymerization is one of the most suitable methods 

for this purpose in terms of the vast availability of monomers, tolerance to polar functional 

groups, and easy access to complex architectures.2  Another recent significant 

development in precision polymer synthesis has been observed in stereospecific 

polymerizations, which can drastically alter the thermal and mechanical properties of the 

resulting polymers depending on the microstructure.3  Although most of the stereospecific 

polymerizations were reported for the coordination polymerizations of olefins such as 

propylene, the stereocontrol during radical polymerizations has recently become possible.4  

Furthermore, a combination of living and stereospecific radical polymerizations permitted 

not only the simultaneous control of the molecular weight and the tacticity but also the 

synthesis of stereoblock polymers, in which segments with different tacticities are 

connected together.5 

Gradient copolymers are a new class of polymers, in which the instantaneous 

composition continuously varies along each chain, and were recently prepared by living 

radical copolymerization.6  This copolymer has a unique feature different from traditional 

block and random copolymers due to the continuous change in the composition from one 

end of the chain to the other and is expected as a new type of functional copolymer, in 

which the properties gradually change along the main chain.6,7 

This study is directed toward the synthesis of stereogradient polymers by the 

stereospecific living radical copolymerization of two monomers that have different 

stereospecificities and reactivities.  Stereogradient polymers can be defined as the 

polymers in which the tacticity continuously varies along the chain and have never been 

synthesized except for a few examples.8,9  Although a quite recent study of the living 

degenerative-transfer Ziegler–Natta polymerizations revealed the first example of 

stereogradient poly(propylene),9 the synthetic methods for stereogradient polymers have 

not been well established.  The author now reports the first synthesis of stereogradient 

polymers of 2-hydroxyethyl methacrylate (HEMA), the polymers of which are utilized as 
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functional biocompatible materials,10 via the ruthenium-catalyzed stereospecific living 

radical copolymerizations of HEMA11 and the silyl-capped HEMA 

[(tert-butyldimethylsilyl)-HEMA (SiHEMA)] in a fluoroalcohol (Scheme 1). 
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Scheme 1. Stereogradient Polymers by Ru-Catalyzed Living Radical Copolymerization of 

HEMA and SiHEMA. 
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Figure 1. Mn, Mw/Mn, and size-exclusion chromatograms of poly(HEMA) obtained with  
H–(MMA)2–Cl/Ru(Cp*)Cl(PPh3)2/n-Bu3N in (CF3)2C(Ph)OH at 0 ˚C ( , ) and 
60 ˚C ( , ).  [HEMA]0 = 1.0 M; [H–(MMA)2–Cl]0 = 10 mM; 
[Ru(Cp*)Cl(PPh3)2]0 = 4.0 mM; [n-Bu3N]0 = 40 mM.  The diagonal dotted line 
represents the calculated Mn values, assuming each H–(MMA)2–Cl molecule 
generates one living polymer. 
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homopolymerizations of each monomer by the ruthenium-based systems [H–(MMA)2–Cl/Ru 
Cp*Cl(PPh3)2/n-Bu3N] gave the living polymers with controlled molecular weights and 

narrow molecular weight distributions (MWDs) even in (CF3)2C(Ph)OH at 0 and 60 °C 

(Figures 1 and 2).  However, the tacticity depended on the two monomers; HEMA was 

polymerized to give less syndiotactic or more or less atactic polymers [rr = 59.0% (0 °C) 

and 51.4% (60 °C)],12 while SiHEMA resulted in syndiotactic-rich polymer [rr = 77.2% 

 
Figure 2. Mn, Mw/Mn, and size-exclusion chromatograms of poly(SiHEMA) obtained with  

H–(MMA)2–Cl/Ru(Cp*)Cl(PPh3)2/n-Bu3N in (CF3)2C(Ph)OH at 0 ˚C ( , ) 
and 60 ˚C ( , ).  [SiHEMA]0 = 1.0 M; [H–(MMA)2–Cl]0 = 10 mM; 
[Ru(Cp*)Cl(PPh3)2]0 = 4.0 mM; [n-Bu3N]0 = 40 mM.  The diagonal dotted 
line represents the calculated Mn values, assuming each H–(MMA)2–Cl 
molecule generates one living polymer. 

 
Figure 3. Kinetic plots for the ruthenium-catalyzed copolymerization of HEMA and 

SiHEMA (0.50/0.50 M) with H–(MMA)2–Cl/RuCp*Cl(PPh3)2/n-Bu3N 
(10/4.0/40 mM) in (CF3)2C(Ph)OH at 0 ˚C. 
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(0 °C) and 66.9% (60 °C)].  This is due to the remarkable solvent effects of such a bulky 

fluoroalcohol on the radical polymerizations of alkyl methacrylates and HEMA. 

The two monomers were then copolymerized with the ruthenium-based systems in 

the fluoroalcohol at 0 and 60 °C.  The two monomers were consumed at different rates, 

but simultaneously, in which HEMA was polymerized faster than SiHEMA (Figure 3A).  

The reactivities obtained from the initial slopes of the first-order plots were about 2.2 times 

greater for HEMA than for SiHEMA at 0 °C (Figure 3B). 

Figure 4 shows the number-average molecular weights (Mn), MWDs, and 

size-exclusion chromatograms (SEC) of the obtained copolymers.  In both cases, the Mn 

increased in direct proportion to the monomer conversion and agreed well with the 

calculated values assuming that one molecule of the initiator generates one living polymer 

chain though the Mn values were based on the PMMA calibration.  The SEC curves 

shifted to high molecular weights with conversion while maintaining narrow MWDs during 

the polymerizations.  Thus, the ruthenium-based system gave the living copolymers from 

the two monomers in (CF3)2C(Ph)OH. 
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Figure 4. Ruthenium-catalyzed living radical copolymerization of HEMA and SiHEMA 
(0.50/0.50 M) with H–(MMA)2–Cl/RuCp*Cl(PPh3)2/n-Bu3N (10/4.0/40 mM) in 
(CF3)2C(Ph)OH at 0 and 60 ˚C. 

The copolymers were then converted into poly(HEMA) by the acid hydrolysis of 

the silyl groups.  The quantitative transformation of the silyl groups into hydroxyl groups 

was confirmed by 1H NMR spectroscopy (Figure 5).  The poly(HEMA)s thus obtained 

were analyzed by 13C NMR spectroscopy to determine the tacticity of poly(HEMA) (Figure 
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6 and Table 1). 
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Figure 6. 13C NMR spectra (100 MHz, DMSO–d6, 80 °C) of the stereogradient 

poly(HEMA) obtained after the hydrolysis of copoly(HEMA-grad-SiHEMA) 
with H–(MMA)2–Cl/Ru(Cp*)Cl(PPh3)2/n-Bu3N in (CF3)2C(Ph)OH at 60 ˚C 
[(a)–(c)] or 0 ˚C [(d)–(f)]. 

Figure 5. 1H NMR Spectra (400 MHz, DMSO–d6, 80 °C) of 
copoly(HEMA-grad-SiHEMA) (A; code 5 in Table 1) and the stereogradient 
poly(HEMA) after the hydrolysis of tert-butyldimethylsilyl group (B). 
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Table 1. Ru-catayzed Stereospecific Living Radical Copolymerization of HEMA and 
SiHEMA in (CF3)2C(Ph)OH at 0 and 60 °C  

Code, 
i 

Temp. 
(˚C) 

Tim  e
(h) 

Conv.HEMAb 
(%) (%) (%) 

M M
 

F

(%

r

(%)

Conv.SiEMAb 
Conv.totalc n

d w/Mnd
S

cum, 
iHEMA

r
e 

) 

cumf 

1 0 2 18 4.9 12 5 1.17 2 62,300 1 .2
2 0 12 44 20 32 1.21 3 64

7 1 1.20 40 66
9 1 1.25 47 67
9 1 1.25 48 67

4.7 1 4 1.15 22 54
0.25 34 1.16 34 56

6 1 1.19 40 57
9 2 1.26 47 58

5’ 60 20 99 92 96 21,700 1.27 48 58.4

A).  
ined by 13C NMR in DMSO–d6 at 80 ˚C after the hydrolysis of the silyl groups in the SiHEMA units.

 

was enhanced at both tem

9,600 1 .5
3 0 36 84 57 1 6,400 .0
4 0 120 99 88 4 8,700 .4
5 0 168 99 96 8 9,800 .5
1’ 60 0.1 17 1 ,500 .6
2’ 60 44 23 8,800 .4
3’ 60 1 73 48 1 4,700 .4
4’ 60 12 99 88 4 0,100 .3

aPolymerization conditions: [HEMA]0/[SiHEMA]0/[H–(MMA)2–Cl]0/[Ru(Cp*)Cl(PPh3)2]0/[n-Bu3N]0 = 
500/500/10/4.0/40 mM in (CF3)2C(Ph)OH.  bDetermined by 1H NMR with tetralin as an internal standard in 
CDCl3 at r.t.  cConv.total = (Conv.HEMA + Conv.SiHEMA)/2.  dDetermined by size-exclusion chromatography in 
DMF containing 100 mM LiCl at 40 °C.   eFcum, SiHEMA = Conv.SiHEMA/(Conv.HEMA + Conv.SiHEM

 fDeterm

Figure 7A is a plot of the original SiHEMA (Fcum, SiHEMA) contents6 and the rr (rrcum) 

of the resulting poly(HEMA) versus the total conversion of the two monomers.  These 

contents are for the cumulative values of the whole chains obtained at each conversion.  As 

the conversions increased, the syndiotacticity peratures along with 

Figure 7. Dependences of SiHEMA and rr contents on the total conversion of monomers 
(A) and the normalized chain length (B) in the ruthenium-catalyzed living radical 
copolymerization of HEMA and SiHEMA in (CF3)2C(Ph)OH at 0 and 60 ˚C. 

Normalized Chain Length

F i n s t ,  S i H E M A ,  %F c u m ,  S i H E M A ,  %

Conv.total, %

r r c u m ,  % r r i
(A) (B)

E , C : 0 ÞC
J , H: 60 ÞC

E , C : 0 ÞC
J , H: 60 ÞC
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an increase in the original SiHEMA content.  This is due to the fact that SiHEMA, which 

has a lower reactivity than HEMA, shows a higher syndiospecificity at both temperatures.  

Therefore, a gradual increase in the syndiotacticity was observed with the increasing 

convers

 and Finst, SiHEMA, in which the linear plots passed through the rr values 

r the homopolymers 

Table 2. cific 
Living Radical Copolymerization of HEMA and SiHEMA 2C(Ph)OHa 

Cod )–i Tem ˚C) Normalized Chain Lengthb Finst, SiHE  
( rr )d

ions. 

Figure 7B shows the instantaneous composition of SiHEMA (Finst, SiHEMA)6 and rr 

content (rrinst) plotted versus the normalized chain length of the polymers.  Herein, Finst, 

SiHEMA and rrinst are for each part that propagates during each sampling interval.  The 

normalized chain length can then be obtained by the total conversion of the monomers, 

assuming the full chain length as that obtained at the complete conversions.   Table 2 

summarizes these data for the polymers with different conversions.  The Finst, SiHEMA and 

rrinst were plotted versus the intermediate conversions for each sampling.  The rrinst values 

gradually increased along the normalized chain length similar to Finst, SiHEMA.  These sigmoid 

curves clearly indicate the gradient nature of the two parameters.  Especially for the 

syndiotacticity, the rr content gradually increased from 62.2 to 76.8% at 0 °C and from 54.6 

to 63.1% at 60 °C.  These results indicate the spontaneous formation of the stereogradient 

polymers by the stereospecific living radical copolymerizations of the two monomers without 

using a gradual monomer-addition technique.  Furthermore, linear relationships were 

observed between rrinst

fo

 
Normalized Chain Length, Finst, SiHEMA, and rrinst for Ru-catalyzed Stereospe

 in (CF3)

MAe, (i–1 p. ( %)c  inst (%

0–1 0 0.058 21 62.2 
1–2 0 0.22 37 65.8 
2–3 0 0.51 48 67.2 
3–4 0 0.82 67 70.4 
4–5 0 0.95 100 76.8 

0’–1’ 60 0.056 22 54.6 
1’–2’ 60 0.22 40 57.3 
2’–3’ 60 0.47 46 58.6 
3’–4’ 60 0.77 61 60.0 
4’–5’ 60 0.95 100 63.1 

 111



 

aPolymerization conditions: [HEMA]0/[SiHEMA]0/[H–(MMA)2–Cl]0/[Ru(Cp*)Cl(PPh3)2]0/[n-Bu3N]0 = 
500/500/10/4.0/40 mM in (CF3)2C(Ph)OH.  bNormalized Chain Length ((i–1)– i) = (Conv.total (i) + Conv.total 
(i–1))/2.  cFinst, SiHEMA ((i–1)– i) = (Conv.SiHEMA (i) – Conv.SiHEMA (i–1))/[(Conv.HEMA (i) – Conv.HEMA (i–1)) 

e same conditions (Table 3).  Other properties of the polymers 

 under investigation. 

Table 3. 

) in the Ruthenium-Catalyzed 
Living Radic erizations in (CF ) C(Ph)OHa 

M  Tem C) M b M  Mw n
c mm/mr/rrd 

+ (Conv.SiHEMA (i) – Conv.SiHEMA (i–1))].  drrinst ((i–1)– i) = (rrcum (i) × Conv.total (i) – rrcum (i–1) × Conv.total 
(i–1))/(Conv.total (i) – Conv.total (i–1)). 
(Figure 8), though the mechanism for the chain growth should be further clarified by 

investigating the reactivity ratios6 and cotactic parameters.13  These stereogradient 

poly(HEMA) showed the intermediate glass transition temperatures (Tg) for the two 

homopolymers obtained at th

 
Figure 8. Dependence of rrinst on Finst, SiHEMA in the ruthenium-catalyzed stereospecific living 

radical copolymerizations of HEMA and SiHEMA and rr on FSiHEMA in the 
ruthenium-catalyzed homopolymerizations of SiHEMA and HEMA in 
(CF3)2C(Ph)OH at 0 and 60 °C. 

are now
 

Glass Transition Temperature (Tg) of Poly(HEMA) Obtained in the 
Homopolymerization of HEMA or after the Hydrolysis of 
Copoly(HEMA-grad-SiHEMA) and Poly(SiHEMA

al Polym

Polymn 

3 2

onomer p. (˚ Mn
b w/Mn n

c /M
(%) 

Tg 
(˚C)

HEMA 60 24,100 1,44 – – 6.4/41.8/51.4 94.4
HEMA+SiHEMA 60 

S  32,800 1  

HEMA+SiHEMA 0 

21,700 1,27 28,000 1.35 4.4/37.2/58.4 99.9
iHEMA 60 21,500 1.18 .23 1.9/31.2/66.9 104.7
HEMA 0 28,100 1.21 – – 3.6/37.4/59.0 100.8

19,800 1.25 24,800 1.43 2.3/30.2/67.5 105.1
SiHEMA 0 21,700 1.14 33,600 1.17 0.9/21.9/77.2 107.6
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aPolymerization conditions: [HEMA+SiHEMA]0/[H–(MMA)2–Cl]0/[Ru(Cp*)Cl(PPh3)2]0/[n-Bu3N]0 = 1000/10/ 
4.0/40 mM in (CF3)2C(Ph)OH.  bBefore hydrolysis; by size-exclusion chromatography in DMF containing 100 
mM LiCl at 40 °C [poly(HEMA) and copoly(HEMA-grad-SiHEMA)] or in THF at 40 °C [poly(SiHEMA)]. 
cAfter hydrolysis; by size-exclusion chromatography in DMF containing 100 mM LiCl at 40 °C

 
.  dDetermined 

80 ˚C after the hydrolysis of the silyl groups in the SiHEMA units. 

pected in terms of the synthetic 

ethods as well as the properties of the new polymers. 

XPERIMENTAL 

Materials.

 

 distillation at 80 ˚C/2 mmHg.  All other reagents were purified by 

ethods. 

Ruthenium-Catalyz

tubes equipped with a three-way stopcock or in baked and sealed glass vials.  A typical 

by 13C NMR in DMSO–d6 at 

CONCLUSIONS 
In conclusion, this communication revealed a new synthetic method of 

stereogradient polymers, a new class of polymers, based on the stereospecific living radical 

copolymerizations of two monomers with different reactivities and stereospecificities.  

Further expansion of the stereogradient polymers can be ex

m

 

 

E
 

 

2-Hydroxyethyl methacrylate (HEMA, Tokyo Kasei, >99%) and (CF3)2C(Ph)OH 

(Wako, >99%) were distilled from calcium hydride under reduced pressure before use. 

Ru(Cp*)Cl(PPh3)2 (provided from Wako Chemicals) was used as received and handled in a 

glove box (VAC Nexus) under a moisture- and oxygen-free argon atmosphere (O2, <1 ppm).  

Me2C(CO2Me)CH2C(CO2Me)(Me)Cl [H–(MMA)2–Cl] was prepared according to the 

literature.1  (2-tert-Butyldimethylsilyloxy)ethyl methacrylate (SiHEMA) was synthesized 

according to the literature14 as follows.   HEMA (10 mL, 76 mmol) was dissolved in diethyl 

ether (200 mL) and cooled to 0 ˚C.  Triethylamine (10.6 mL, 76 mmol) and a solution of 

t-butyldimethylsilyl chloride (11.46 g, 76 mmol) in diethyl ether (30 mL) were added to the 

HEMA-solution under nitrogen, and the mixture was kept at r.t. overnight.  The reaction 

mixture was washed with aqueous 5% NaOH aqueous solution (50 mL) and water (50 mL × 

3).  The organic layer was dried with sodium sulfate and evaporated to dryness.  The crude 

product was purified by

the usual m

 

ed Living Radical Copolymerization. 

All polymerizations were carried out by syringe technique under dry nitrogen in glass 
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example for copolymerization of HEMA and SiHEMA with H–(MMA)2–Cl/ 

Ru(Cp*)Cl(PPh3)2/n-Bu3N is given below.  In a 50 mL round-bottomed flask was placed 

Ru(Cp*)Cl(PPh3)2 (47.8 mg, 0.060 mmol), (CF3)2C(Ph)OH (11.2 mL), tetralin (0.41 mL), 

HEMA (0.91 mL, 7.50 mmol), SiHEMA (2.00 mL, 7.50 mmol), H–(MMA)2–Cl (0.25 mL of 

602 mM solution in toluene, 0.150 mmol) and n-Bu3N (0.14 mL, 0.600 mmol) at room 

temperature.  The total volume of reaction mixture was 15.0 mL.  Immediately after mixing, 

eighteen aliquots (0.80 mL each) of the solutions were injected into backed glass tubes.  The 

reaction vials were sealed and placed in an oil bath kept at 60 ˚C or methanol bath kept at 0 ˚C.  

In predetermined intervals, the polymerization was terminated by cooling the reaction 

mixtures to –78 ˚C.  Monomer conversion was determined by 1H NMR in CDCl3 with 

tetralin as an internal standard.  The quenched reaction solutions were diluted with methanol 

(ca. 0.8 mL) and vigorously shaken with an absorbent [Kyowaad-2000G-7 (Mg0.7Al0.3O1.15); 

Kyowa Chemical] (ca. 0.5 g) to remove the metal-containing residues.  After the absorbent 

was separated by filtration (Advantec No.2), the filtrate was evaporated to dryness and diluted 

with 1,4-dioxane (5 mL) to prepare for the following hydrolysis reaction. 

 

Hydrolysis of Silyl-Groups in SiHEMA Units. 

The hydrolysis was done according to the literature15 as follows.  Conc. HCl (11 M; 1 

mL) was added dropwise to a 1,4-dioxane solution of the polymer (150 mg in 5.8 mL) at 0 °C.  

After 24 h, the reaction mixture was concentrated to ca. 1.0 mL by evaporation, precipitated 

into a large amount of hexane/ethanol (3/1 v/v, 7.0 mL), collected by centrifugation, and 

evaporated to dryness.  The hydrolysis was confirmed by 1H NMR analysis of the obtained 

polymer in DMSO-d6. 

 

Measurements. 

The 1H and 13C NMR spectra were recorded on a Varian Gemini 2000 spectrometer 

(400 MHz and 100 MHz), respectively.  The triad tacticity of the polymer was determined 

by the area of the methyl carbon protons of the backbone, and the measurement was carried 

out at 80 °C in DMSO-d6.  The number-average molecular weight (Mn) and polydispersity 

index (Mw/Mn) were determined by size-exclusion chromatography (SEC) in DMF containing 

100 mM LiCl [for poly(HEMA) and copolymers of HEMA and SiHEMA] or THF [for 

poly(SiHEMA)] at 40 °C on two polystyrene gel columns [Shodex K-805L (pore size: 
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20–1000 Å; 8.0 mm i.d. × 30 cm) × 2; flow rate 1.0 mL/min] connected to Jasco PU-980 

precision pump and a Jasco 930-RI detector.  The columns were calibrated against 7 

standard poly(MMA) samples (Shodex; Mp = 1,990–1,950,000; Mw/Mn = 1.02–1.09).  Glass 

transition temperature (Tg) of the polymer was recorded on SSC-5200 differential scanning 

calorimetry (Seiko Instruments Inc.).  Samples were first heated to 150 °C at 10 °C/min, 

equilibrated at this temperature for 5 min, and cooled to 30 °C at 2 °C/min.  After being held 

at this temperature for 20 min, the samples were then reheated to 150 °C at 10 °C/min.  All 

Tg values were obtained from the second scan, after removing the thermal history. 
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