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Chapter 1 
 

General Introduction 
 

 

1. Background 

1.1 Polymers with Special Architecture 

 Synthetic polymers with specially designed structures, such as block copolymers, graft 

copolymers, and star-shaped polymers, have attracted much attention in various fields, including 

electronics,1 energy,2,3 and biomedicine,4,5 because their properties are completely different from those of 

linear homopolymers. For example, block copolymers with hydrophilic and hydrophobic segments exhibit 

unique behavior based on the self-assembling properties of each segment, which enables the formation of 

micelles or reverse-micelles in aqueous or organic media, respectively,6 and microphase separation in the 

bulk state.7,8 In addition, characteristics of branched polymers derived from the branched structure, such as 

low solution viscosity and unique phase diagram, are distinguishable from those of linear polymers.9–11 The 

recent remarkable development of precise polymerization techniques have enabled the synthesis of polymers 

with such various architectures.12 However, extremely precise control over polymer structures is needed for 

attaining sophisticated functions. 

 Stepwise synthesis using prepolymers, such as peptide synthesis via fragment condensation 

reactions and dendrimer synthesis via the convergent or divergent method, is a highly effective strategy for 

the synthesis of polymers with complicated structures. More specifically, the following three types of 

prepolymers (Figure 1)–macroinitiators,13 macroterminators,14–17 and macromonomers18–24–are mainly used  

Figure 1. Features of prepolymers.  
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in stepwise synthesis of various polymers. Although polymer synthesis by means of prepolymers is more 

time-consuming than one-pot sequential copolymerization reactions due to the need for isolation and 

purification of prepolymers, a distinct advantage of this method is that each segment of copolymers can be 

prepared under the most appropriate conditions for the polymerization of each monomer. In particular, 

various copolymers were obtained from originally incompatible monomers through a combination of 

different polymerization mechanisms.25–30 For instance, Coca and Matyjaszewski31 reported the synthesis of 

block copolymers using a polystyrene with the terminal carbon–chlorine bond, synthesized by living cationic 

polymerization, as a macroinitiator for the living radical polymerization of methyl methacrylate [Scheme 1, 

(A)]. In addition, Register and co-workers32 obtained block copolymers using a polystyrene with a formyl 

group at the chain end, which was synthesized via living anionic polymerization, as a macroterminator for 

ring-opening metathesis polymerization of norbornene [Scheme 1, (B)]. 

 

Scheme 1. Synthesis of Block Copolymers Using Prepolymers. 

 

 For the precision synthesis of polymers with specifically designed structures, prepolymers and the 

reactive sites of prepolymers are required to satisfy the following conditions: (1) a prepolymer has a 

controlled structure; (2) the reactive site has sufficiently high reactivity; (3) the reactive site is kept intact 

through isolation and purification procedures; and (4) the reactive sites are introduced quantitatively into a 

prepolymer. Although conditions (2) and (3) are contrary to each other, both are absolutely essential to 

accomplish the precision synthesis of polymers with precise structures. 

 

1.2 Graft Copolymer 

 Graft copolymers have branched structures consisting of multiple branch chains and a backbone 

chain. Many researchers have investigated and synthesized graft copolymers as a model branched polymer.33 

For example, in most cases, the aggregation numbers of multimolecular micelles formed by graft copolymers 

were smaller than those of the micelles of linear block copolymers.34,35 Moreover, some graft copolymers 
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form unimolecular micelles via single-chain folding, unlike multimolecular micelles formed via 

intermolecular association of linear block copolymers.36–38 These characteristic phenomena stemmed from 

the efficient shielding of the backbone chain by the surrounding solvated graft chains. In addition, the 

morphology of graft copolymers is obviously different from that of block copolymers because of the 

topological constraints that hinder the polymer reptation motion.39–44 Moreover, graft copolymers with a high 

density of branched chains are classified as “bottlebrush polymers”. Bottlebrush polymers have rodlike 

structures derived from a nearly extended conformation due to the steric repulsion among the branched 

chains,45–48 which is responsible for various unique properties of bottlebrush polymers.49–52 These specific 

properties of graft copolymers have also been exploited for commercial uses as adhesives, emulsifiers, 

compatibilizing agents, and tough plastics.53 

 Three major methodologies, “grafting-from”, “grafting-onto”, and “grafting-through” methods, 

have been employed for the synthesis of graft copolymers with the use of appropriate prepolymers (Figure 2 

upper).12,33 The “grafting-from” method employs a macroinitiator, a polymer that contains initiating moieties 

at side chains, to initiate the polymerization of grafted chains. Graft polymers are obtained in high yield 

through this method due to the minimal steric hindrance of other graft chains. In the case of the 

“grafting-onto” method, the living propagating chains are attached to a backbone polymer through the 

reaction with reactive sites present along its main chain. Graft copolymers consisting of well-defined 

backbone and branch chains are prepared by the “grafting-onto” method because both chains are prepared 

via controlled polymerizations with high initiation efficiency. In the “grafting-through” method, polymers 

with a pendant polymerizable unit are (co)polymerized to synthesize graft copolymers. Graft copolymers 

with branched chains in high density can be synthesized by the “grafting-through” method.  

 A further precise design of graft copolymers was performed by Paraskeva and Hadjichristidis,54 

who synthesized a graft copolymer with a highly defined structure, or an “exact graft copolymer”, by 

combining living anionic polymerization and repetitive polymer coupling reactions by means of 1,4-bis(phe- 

Figure 2. Three methods for syntheses graft copolymer and three parameters defining the structure of a graft 
copolymer.  
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nylethenyl)benzene (Scheme 2). Exact graft copolymers possess the following parameters that define their 

structures (Figure 2 lower): (i) molecular weight of the backbone chain, (ii) molecular weight of the 

branched chain, and (iii) the number of and the distance between the branched chains. Moreover, Hirao and 

co-workers55–59 synthesized a variety of exact graft copolymers with more complicated structures by living 

anionic polymerization, which revealed the influence of minute differences of grafting positions on 

morphology.60 To further investigate the effects of branched structures on the properties of graft copolymers, 

it is necessary to develop new strategies that allow for the synthesis of highly controlled graft copolymers. 

 

Scheme 2. Synthetic Route of “Exact Graft Copolymer” via Living Anionic Polymerization. 

 

1.3 Living Cationic Polymerization 

 Living polymerization, a chain-growth polymerization free from any side reactions, such as chain 

transfer and termination reactions, is a powerful tool for synthesizing polymers with well-defined structures. 

The first report of living polymerization was demonstrated by Szwarc61 in 1956 for the living anionic 

polymerization of styrene. Since this discovery, controlled/living polymerization has been achieved through 

a variety of polymerization mechanisms, including ring-opening,62 cationic,63,64 group transfer,65 radical,66–73 

ring-opening metathesis,74 and coordination mechanisms.75 These living polymerization systems produce 

polymers with predetermined molecular weights and narrow molecular weight distributions. Moreover, 

polymers with various architectures, such as block, gradient, graft, and star-shaped polymers, are obtained 

via living polymerization. In addition, polymers prepared by living polymerization have definite terminal 

structures derived from fragments of initiator or quencher due to the absence of side reactions (Figure 3). 

Figure 3. Control of structures by living polymerization.  
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 Living cationic polymerization is the optimum method to prepare well-defined poly(vinyl ethers) 

[poly(VEs)], poly(styrene derivatives), and polyisobutene. The first achievements of living cationic 

polymerization were the polymerization of isobutyl VE (IBVE) using the HI/I2 initiating system in 198476 

and the polymerization of isobutene using the tertiary ester/BCl3 system in 1986.77 The prerequisite for living 

cationic polymerizations was the construction of a suitable equilibrium between the active and dormant 

species. After this breakthrough, diverse initiating systems for living cationic polymerization, such as the 

systems employing a weak Lewis acid in the absence of additives78–80 or a strong Lewis acid in the presence 

of a weak Lewis base or an added salt,81–84 have been developed to extend the scope of applicable monomers, 

tolerant functional groups, and constructible polymer structures.  

 Among the initiating systems developed, base-assisting living cationic polymerization, which 

employs a weak Lewis base as an additive, has been demonstrated to be highly efficient for the synthesis of 

functional polymers with well-defined structures from a wide variety of monomers. Aoshima and 

Higashimura85–88 reported the living cationic polymerization of VEs via the stabilization of the growing 

carbocationic ends by means of weak Lewis bases, such as ester and ether. In this system, weak Lewis bases 

contribute to establishing an appropriate dormant–active equilibrium, stabilizing propagating ends, and 

adjusting the activity of Lewis acid catalysts. More recently, a wide variety of metal halides were 

demonstrated to function effectively as catalysts for base-assisting living cationic polymerization of isobutyl 

VE89 and p-methoxystyrene90 (Figure 4). In particular, the nature of the central metals of metal halides, such 

as chlorophilicity and oxophilicity, was highly responsible for the polymerization behavior.91 Metal halides 

with suitable catalytic activities and tolerances to functional groups have also enabled the controlled 

polymerization of various monomers that were previously difficult to polymerize in a controlled manner.92–95 

Furthermore, polymers with precisely designed structures, such as block, gradient, and star-shaped polymers, 

have been synthesized through base-assisting living cationic polymerization.96–99 

Figure 4. Features of the base-assisting living cationic polymerization. 

 

 Macroinitiators have been scarcely employed for the preparation of block, graft, or star-shaped 

copolymers by living cationic polymerization, in contrast to the remarkable development of the initiating 

systems for controlled polymerization reactions. The lability of initiating species, such as VE–hydrogen 

halide adducts, in air and/or at ambient temperature, is most likely responsible for the difficulty in employing 
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macroinitiators for living cationic polymerization. A few studies have reported using macroinitiators that 

required a specially prepared initiating site or a stepwise activation of latent initiating sites. Such examples 

include the syntheses of polymers through the initiation of a hemiacetal ester moiety, prepared using SnBr4 

as a catalyst, at the chain end of a poly(IBVE);100 graft copolymers through the activation of cyclic acetal 

moieties at the side chains of poly(2-chloroethyl VE)-block-poly{2-[2-(1,3-dioxan-2-yl)ethoxy]ethyl VE} 

with trimethylsilyl iodide;101 and star-shaped polymers through the generation of initiating sites by reacting 

hydrogen chloride and the residual vinyloxy groups in a microgel prepared from divinyl ethers.102 Thus, the 

development of new initiating sites that possess high stability, reactivity, and accessibility is needed for the 

stepwise synthesis of polymers with more complicated structures by means of macroinitiators via living 

cationic polymerization. 

 

1.4 Application of Acetal for Cationic Polymerization 

 Acetal is a common protective group widely used for the protection of carbonyl, diol, and 

hydroxy groups in organic synthesis.103 Acetal is stable to aqueous and nonaqueous bases, and nucleophiles 

including organometallic reagents. On the other hand, acetal decomposes easily under acidic conditions. In 

addition, the stability of acetal moiety can be adjusted by changing its structure. When a methyl group is 

introduced into the acetal carbon of a non-substituted acyclic acetal, the hydrolysis rate of the acetal becomes 

103 times faster.104 Moreover, acyclic acetals are more labile to acid-catalyzed hydrolysis than cyclic 

acetals.105 In the field of chain-growth polymerization, acetal moieties have been used to introduce aldehyde 

or hydroxy groups into polymers for avoiding undesirable reactions. Initiators or monomers with acetal 

moieties have been used for anionic polymerization106–114 or radical polymerization115–122 to yield polymers 

with acetal (or aldehyde) moieties. 

 In cationic polymerization, acetal compounds, which have structures of VE–alcohol adducts, were 

used as effective initiators for living polymerizations of VEs.123–125 By contrast, the controlled cationic 

polymerizations of acetal-containing monomers have also been achieved without activating the acetal 

moieties present in the side chains.101,126–131 Two conflicting situations arose from the selective activation of 

acetal moieties with suitable Lewis acid catalysts. In fact, Aoshima and co-workers132 achieved Lewis 

acid-selective activation of acetal moieties in living cationic polymerization of VEs. These authors 

demonstrated that highly efficient activation of acetal compounds could be achieved with oxophilic metal 

chlorides, such as TiCl4 and ZrCl4. However, chlorophilic metal chlorides, such as ZnCl2 and SnCl4, were 

inert for activation of acetal compounds. 

 Acetal moieties are possible candidates as reactive sites of prepolymers due to their stability and 

catalyst-selective reactivity. Most importantly, acetal moieties are introduced very easily into the chain end 

of a poly(VE) by quenching the living cationic polymerization reactions with alcohols. The labile  

carbon–halogen bonds at the propagating chain ends are quantitatively converted to acetal moieties through 

reactions with alcohols.133 Acetal moieties have also been introduced into the side chains of polymers   
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Figure 5. Features and strategy of acetal as a reactive site for syntheses polymers with special architecture. 

 

through the cationic polymerization of acetal-containing VEs.101,126–131,132 In addition, an aldehyde group in 

the polymer chains can be converted to an acetal moiety by reaction with alcohols (Figure 5). 

 

2. Objective and Outline of This Thesis 

 The objective of this thesis is to precisely synthesize polymers with specific shape using acetal 

compounds or acetal moieties of prepolymers as reactive sites for base-assisting living cationic 

polymerization through stepwise synthesis (Chart 1). Although various polymers with special architectures 

have been prepared by living cationic polymerization, the high reactivity and lability of initiating sites 

prevented the development of stepwise synthesis via living cationic polymerization. Therefore, the author 

focused on acetal as a reactive site because the features of acetal, such as the catalyst selectivity and the 

stability, are suited for stepwise synthesis by means of prepolymers. First, the author examined the synthesis 

of branched copolymers using prepolymers with acetal moieties that were prepared by cationic 

polymerization. Next, VE macromonomers containing an acetal moiety at the ω-end were prepared with VE 

type of alcohols as quenchers for living cationic polymerization of VEs. The obtained macromonomers were 

polymerized via the cationic mechanism without reaction of the acetal moieties. The author also examined 

the use of acetal compounds as the “two-staged latent initiators”. The α-ends derived from the several acetal 

compounds after the first-stage living cationic polymerization were successfully used as the initiating sites 

for the subsequent living polymerization reaction, yielding block copolymers in high yield. Moreover, a 

novel synthetic method for highly defined graft copolymers was designed with cyclic acetal moieties as 

two-staged initiating sites. 
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Chart 1. Objective of this thesis. 

 

 This thesis consists of two parts (Scheme 3). Part I (Chapters 2 and 3) describes the introduction 

of acetal moieties into polymers and the synthesis of various polymers by adjusting the reactivities of acetal 

moieties. In Part II (Chapters 4–6), acetals were used as two-staged latent initiators for the synthesis of block 

and graft copolymers with highly precise structures. 

 

Scheme 3. Outline of This Thesis. 
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 Chapter 2 addresses the precision synthesis of block and graft copolymers containing 

poly(p-methylstyrene) [poly(pMeSt)] segments with the use of acetal-containing poly(alkyl VE)s as 

macroinitiators (Figure 6). The living cationic polymerization of pMeSt from the acetal moiety introduced at 

the chain end (Macroinitiator 1) or the side chains (Macroinitiator 2) of poly(VE)s is achieved with 

quantitative initiation efficiency under optimized conditions, yielding well-controlled block or graft 

copolymers in 100 % yield. The precision synthesis of block and graft copolymers using alkoxystyrenes, 

styrene derivatives that are more reactive than pMeSt, is also successfully achieved in a similar manner. 

Figure 6. Synthesis of block and graft copolymers containing poly(pMeSt) segments. 
 
 Chapter 3 describes the preparation of end-functionalized polymers with an acetal moiety at the 

ω-end by quenching the living cationic polymerization of isobutyl VE (IBVE) with several alcohols (Figure 

7). The use of alcohols with suitable structures for the quenching reaction yields a block copolymer and 

macromonomers in high yield. The cationic copolymerization reactions of the obtained macromonomers are 

investigated by selected metal halide catalysts to synthesize graft copolymers via the grafting-through 

method. 

Figure 7. Synthesis of block copolymers and macromonomers by quenching reaction of living cationic polymerization 
of IBVE with various alcohols.  
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 In Chapter 4, a cyclic acetal is demonstrated to function as a two-staged latent initiator for the 

synthesis of block copolymers (Figure 8). The initiation reaction quantitatively occurs through the 

ring-opening reaction of a cyclic acetal with the use of a suitable Lewis acid catalyst, resulting in the 

successful living cationic polymerization of VEs. The structure of cyclic acetals is also highly responsible for 

the quantitative initiation reactions of the living cationic polymerization. The hydroxy group generated as a 

result of the ring-opening reaction of the cyclic acetal is employed as an initiating site for the subsequent 

ring-opening anionic polymerization of L-lactide (LLA). Notably, the VE prepolymer is used as a 

macroinitiator without post-polymerization modification reactions. 

Figure 8. Synthesis of block copolymers using a cyclic acetal as a two-staged latent initiator (DBU: 1,8-diazabicyclo- 
[5.4.0]-7-undecene). 
 
 Chapter 5 presents the synthesis of well-defined graft copolymers with regular spaces between 

branches by the use of cyclic acetal moieties as two-staged latent initiating sites (Figure 9). Five-membered 

cyclic acetal moieties introduced at the chain end of poly(VE)s through the reaction between the aldehyde 

group and ethylene glycol are employed as the initiating sites for the living cationic polymerization of VEs. 

The repetitive operation of the polymerization and the acetalization generates a macroinitiator with several 

hydroxy groups in the side chain of a poly(VE) backbone. Graft copolymers having branches with narrow 

MWDs and regular spaces between the branches are synthesized by the ring-opening polymerization of LLA 

using this macroinitiator. 

Figure 9. Synthesis of graft copolymers with highly defined structures using cyclic acetal moieties as two-staged latent 
initiating sites (p-TsOH·H2O: p-toluenesulfonic acid monohydrate).  
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 In Chapter 6, to prepare another type of macroinitiators, the author investigates cationic 

polymerization using an aromatic acetal as a two-staged latent initiator (Figure 10). When isopropyl VE is 

polymerized by means of the aromatic acetal/TiCl4 initiating system at low temperature, a polymer with a 

benzyl ether moiety at the α-end is obtained quantitatively (Macroinitiator 5). The benzyl ether unit is 

activated through the abstraction of the alkoxy group under optimized conditions using a suitable Lewis acid 

catalyst, which results in an efficient initiating reaction for the subsequent cationic polymerization of vinyl 

monomers to yield block copolymers. 

Figure 10. Cationic polymerization using an aromatic acetal as a two-staged latent initiator (TMSI: trimethylsilyl 
iodide). 
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Chapter 2 
 

Synthesis of Block or Graft Copolymers Containing Poly(Styrene 
Derivatives) Segments by Living Cationic Polymerization Using Acetal 
Moieties as Latent Initiating Sites 
 

 

Introduction 

 Polymer synthesis using prepolymers containing initiating, terminating, and polymerizable 

units—i.e., macroinitiators, macroterminators, and macromonomers, respectively—is a powerful tool for the 

production of copolymers with well-defined structures from different types of monomers. In peptide 

synthesis via fragment condensation, the use of prepolymers can be crucial to the synthesis of polymers with 

complicated structures. For a prepolymer in chain polymerization, a macroinitiator, a macroterminator, or a 

macromonomer is used: macroinitiator-initiated polymerization or the termination reaction of living 

polymerization by a macroterminator yields block or graft copolymers;1–3 the controlled polymerization of a 

macromonomer produces graft copolymers with branched chains of a regular length.4 

 A distinct advantage of the use of prepolymers over one-pot sequential copolymerization is that 

each segment can be prepared under appropriate conditions for each monomer, enabling the synthesis of 

copolymers from monomers with completely different reactivities. In particular, an unusual combination of 

monomers that polymerize via different mechanisms, such as radically or cationically polymerizable 

monomers, can be employed for copolymer synthesis.5–7 The development of living polymerization has 

expanded the scope of macroinitiators, macroterminators, and macromonomers. 

 Aoshima and co-workers8 recently achieved Lewis acid-selective activation of acetal functional 

groups for controlled cationic polymerization of vinyl ethers (VEs), leading to the facile synthesis of block 

or graft copolymers using only the cationic mechanism without post polymerization transformation of 

functional groups. Systematic investigation revealed that highly efficient acetal activation for the initiation of 

VE polymerization was achieved using an oxophilic metal chloride, such as TiCl4 and ZrCl4, whereas 

chlorophilic metal chlorides, such as ZnCl2 and SnCl4, were inert. Thus, an acetal-inert Lewis acid was used 

to prepare a macroinitiator with acetal moieties in the side chains via living cationic copolymerization of an 

acetal-containing VE monomer. The quantitative activation of the pendant acetals with a catalyst active in 

acetal-initiated living polymerization of another VE produced a graft copolymer. The macroinitiator method 

should be applicable to the synthesis of copolymers derived from comonomers that are cationically 

polymerizable but have very different reactivities. Although cationic polymerizations using acetals as a 

cationogen have been employed in several studies by other groups (e.g., aliphatic acetals treated with 

trimethylsilyl iodide9,10 or aromatic acetals coupled with AlCl3
11), catalyst-selective synthesis has never been 

reported. 
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 In this chapter, the author examines the synthesis of block and graft copolymers containing 

poly(alkyl VE) and poly(styrene derivatives) segments via living cationic polymerization of styrene 

derivatives using acetal-containing macroinitiators (Chart 1). Prior to the macroinitiator synthesis, a 

low-molecular-weight acetal compound is first examined as a model cationogen for the polymerization of 

p-methylstyrene, a monomer that is much less reactive than alkyl VEs. The synthesis of block and graft 

copolymers containing poly(alkyl VE) and poly(pMeSt) segments are then examined using the initiating 

system designed based on the results of the model reaction. Block and graft copolymers containing poly(VE) 

and poly(alkoxystyrene) segments are synthesized in a similar manner. 

Chart 1. Structures of polymers and reagents related to this chapter. 

 

Experimental 

Materials 

 Isobutyl VE (IBVE; TCI; >99%) and 1,1-dimethoxyethane (DME; TCI; >98.0%) were distilled 

twice over calcium hydride. p-Methylstyrene (pMeSt; TCI; >98%), p-tert-butoxystyrene (tBOS; Wako; 

>98%), p-methoxystyrene (pMOS; TCI; >95%), 1,1,2-trimethoxyethane (TME; TCI; >98.0%) and 

2,6-di-tert-butylpyridine (DTBP; Aldrich; 97%) were distilled twice over calcium hydride under reduced 

pressure. Ethyl acetate (Wako; >99.5%) was dried overnight over molecular sieves 3A and 4A and distilled 

twice over calcium hydride. Toluene (Wako; >99.5%), dichloromethane (CH2Cl2; Wako; >99.0%), and 

hexane (Wako; 96.0%) were dried using solvent purification columns (Glass Contour; Solvent Dispensing 

System). The acetal-containing VE 2-(2,2-dimethoxy)ethoxyethyl VE (DMEVE) was prepared from addition 

reaction of 2-hydroxyethyl VE (TCI; >98.0%) with bromoacetaldehyde dimethyl acetal (Aldrich; 97%) 

according to the procedure by Aoshima and co-worekers.8 and distilled three times over calcium hydride. 

The adducts of IBVE with HCl [IBVE–HCl; CH3CH(OiBu)Cl] or acetic acid [IBEA; 

CH3CH(OiBu)OCOCH3] were prepared from addition reaction of IBVE with HCl or acetic acid according to 
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the literature method,12 respectively. LiBH4 (Aldrich; 2.0 M solution in tetrahydrofuran) was used as 

received. TiCl4 (Aldrich; 1.0 M solution in toluene), ZnCl2 (Aldrich; 1.0 M solution in diethyl ether), SnCl4 

(Aldrich; 1.0 M solution in CH2Cl2), Et1.5AlCl1.5 (Nippon Aluminum Alkyls; 1.0 M solution in toluene), and 

EtAlCl2 (Wako; 1.0 M solution in hexane) were used without further purification. A stock solution of ZrCl4 

in ethyl acetate was prepared from anhydrous ZrCl4 (Aldrich; 99.99%). All chemicals, except for toluene, 

dichloromethane, and hexane, were stored in brown ampules under dry nitrogen. 

 

Polymerization Procedure 

Synthesis of the Linear Macroinitiator Containing Acetal Moieties in the Side Chains 

 The polymerization was performed under a dry nitrogen atmosphere in a glass tube with a 

three-way stopcock. The glass tube was baked using a heat gun (Ishizaki; PJ-206A; blow temperature 

~450 °C) under dry nitrogen for 10 min before use. The statistical copolymerization of DMEVE and IBVE in 

toluene at 0 °C is described as a representative example. The reaction was initiated by the addition of a 

prechilled Et1.5AlCl1.5 solution in toluene (0.20 mL; 200 mM) to a mixture of DMEVE, IBVE, ethyl acetate, 

and the cationogen (IBVE–HCl) (3.80 mL) at 0 °C using a dry syringe. After a certain period, the 

polymerization was terminated using a solution of LiBH4 in tetrahydrofuran13 (0.20 mL; 2.0 M). The 

quenched reaction mixture was diluted with CH2Cl2 and washed with water to remove the initiator residues. 

The volatile substances were then removed under reduced pressure. The monomer conversion was 

determined by a gravimetric method. 

 

Synthesis of the Block Copolymer by Sequential Copolymerization 

 The first-stage polymerization of IBVE was started by addition of an SnCl4 solution (0.30 mL in 

toluene; 100 mM) to a solution (2.40 mL) containing toluene, IBVE, ethyl acetate, the cationogen (IBEA), 

and Et1.5AlCl1.5 using dry syringes. To this solution, pMeSt (0.30 mL) was added to start the second-stage 

polymerization. After a certain period, the polymerization was terminated using chilled methanol containing 

a small amount (0.1%) of an aqueous ammonia solution (3.0 mL). The quenched reaction mixture was 

diluted with CH2Cl2 and then washed with water to remove the initiator residues. The volatiles were then 

removed under reduced pressure at 50 °C, and the residue was vacuum-dried for > 3 h at 60 °C. The 

conversion of IBVE and pMeSt were determined by a gravimetric method. 

 

Synthesis of the Graft Copolymer 

 For the graft copolymerization of pMeSt, a solution (2.10 mL) of predried 

poly(IBVE-co-DMEVE), ethyl acetate, DTBP solution in CH2Cl2, and a solution of TiCl4 in CH2Cl2 (0.30 

mL; 50 mM) were successively added to the tube using dry syringes. To this solution, pMeSt (0.30 mL) and 

SnCl4 in CH2Cl2 (0.30 mL; 200 mM) were successively added to start the pMeSt polymerization. After a 

certain period, the polymerization was terminated using chilled methanol containing a small amount (0.1%) 
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of an aqueous ammonia solution (3.0 mL). The monomer conversion was determined by a gravimetric 

method. 

 

Characterization 

 The molecular weight distribution (MWD) of the polymers was measured by gel permeation 

chromatography (GPC) in chloroform at 40 ºC with polystyrene gel columns [Tosoh; TSKgel G-4000HXL, 

G-3000HXL, and G-2000HXL (exclusion limit molecular weight = 4 × 105, 6 × 104, and 1 × 104, respectively; 

bead size = 5 µm; column size = 7.8 mm i.d. × 300 mm), TSKgel MultiporeHXL-M × 3 (exclusion limit 

molecular weight = 2 × 106; bead size = 5 µm; column size = 7.8 mm i.d. × 300 mm), or TSKgel GMHHR-M 

× 3 or 2 (exclusion limit molecular weight = 4 × 106; bead size = 5 µm; column size = 7.8 mm i.d. × 300 

mm) flow rate = 1.0 mL/min] connected to a Tosoh DP-8020 pump, a CO-8020 column oven, a UV-8020 

ultraviolet detector, and an RI-8020 refractive index detector. The number-average molecular weight (Mn) 

and polydispersity ratio [weight-average molecular weight/number-average molecular weight (Mw/Mn)] were 

calculated from the chromatographs with respect to 16 polystyrene standards (Tosoh; Mn = 577�1.09 × 106, 

Mw/Mn ≤ 1.1). The absolute weight-average molecular weight and the exponent a of the Mark–Houwink–

Sakurada equation were determined using the GPC system comprised of a pump (Viscotek VE 1122), two 

polystyrene gel columns [TSKgel GMHHR-M × 2 (exclusion limit molecular weight = 4 × 106; bead size = 5 

µm; column size = 7.8 mm i.d. × 300 mm) flow rate = 0.7 mL/min], and a Viscotek TDA 305 triple detector 

[refractive index, laser light scattering (λ = 670 nm, 90º and 7º; RALS and LALS), and differential pressure 

viscometer]. NMR spectra were recorded using a JEOL JNM-ECA 500 spectrometer (500.16 MHz for 1H). 

Differential scanning calorimetry (DSC; DSC-6220, Hitachi High-Tech Science) was used to determine the 

glass transition temperature (Tg) of product copolymers. The heating and cooling rates were 10 ºC/min. The 

Tg of the copolymers was defined as the temperature of the midpoint of a heat capacity change on the second 

heating scan. 

 

Results and Discussion 

Catalyst Survey for Acetal-Initiated Living Cationic Polymerization of p-Methylstyrene 

 To identify a suitable catalyst for the acetal-initiated living cationic polymerization of 

p-methylstyrene (pMeSt), various metal chlorides were examined for the polymerization of pMeSt using 

1,1,2-trimethoxyehane (TME) as the cationogen. The reactions were conducted in CH2Cl2 at 0 °C in the 

presence of ethyl acetate as an added base and 2,6-di-tert-butylpyridine (DTBP) as a proton trap reagent 

(Table 1). The catalyst concentration was similar to that used for the living polymerization of pMeSt with a 

hydrogen chloride adduct of a styrene derivative or a VE as the cationogen.14,15 However, the Lewis acid 

catalysts used (ZnCl2, SnCl4, Et1.5AlCl1.5, and TiCl4) induced almost no polymerization (entries 1–4 in Table 

1). The most unexpected outcome was the lack of polymerization in the presence of TiCl4, which induces the 

living polymerization of IBVE using TME.8 One of the main roles of TiCl4 is the generation of the real   
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Table 1. Cationic Polymerization of pMeSt by TME/Lewis Acid Initiating Systemsa 

entry solvent Lewis acid additive conv. (%) Mn × 10-4 
(GPC)b 

Mn × 10-4 
(calcd) 

Mw/Mn 
(GPC)b 

1 CH2Cl2 ZnCl2 ethyl acetate, DTBP  0 – – – 

2  SnCl4   2 0.42 0.04 2.02 

3  Et1.5AlCl1.5   1 0.73 0.02 2.40 

4  TiCl4   1 0.06 0.02 1.41 

5  TiCl4/SnCl4  98 2.00 2.20 1.15 

6 
  

none 97 0.91 2.19 2.05 

7 
  

ethyl acetate 99 0.66 2.22 1.24 

8 toluene 
 

ethyl acetate, DTBP  4 0.11 0.09 1.22 
a [pMeSt]0 = 0.76 M, [TME]0 = 4.0 mM, [Lewis acid]0 = 20 mM (entries 1, 3 and 4) or 10 mM (entry 2) or 5.0/10 mM 
(entries 5–8), [DTBP] = 10 mM (except for entries 6 and 7), [ethyl acetate] = 50 mM (except for entry 6), at 0 ºC. b 
Determined by GPC with polystyrene calibration. 
 

initiating species, i.e., a β-methoxy methyl VE–hydrogen chloride adduct, via the exchange reaction between 

the methoxy group of TME and the chloride anion of TiCl4. This type of exchange reaction was confirmed 

by 1H NMR analysis of the reactions of 1,1-dimethoxyethane (DME) and TiCl4 in the presence of ethyl 

acetate [Figure 1 (E)]. Thus, the inability of TiCl4 in the presence of ethyl acetate to polymerize pMeSt may 

reflect insufficient Lewis acidity for the propagation of the polymerization of the much less reactive pMeSt. 

SnCl4, a stronger Lewis acid that enables living cationic polymerization of pMeSt with a different 

cationogen,14,15 did not induce polymerization due to the limited exchange reaction between the methoxy 

group of TME and the chloride anion of SnCl4 [cf. Figure 1 (C)]. 

Figure 1. 1H NMR spectra of (A) DME in toluene-d8 and the mixtures of DME, ethyl acetate, and (B) ZnCl2, (C) SnCl4, 
(D) EtAlCl2, and (E) TiCl4 in toluene-d8 at 0 ºC: [DME]0 = 10 mM, [ethyl acetate] = 100 mM, [Lewis acid]0 = 10 mM. 
*The methoxy group that coordinated with Ti.  
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Scheme 1. Living Cationic Polymerization of pMeSt Using TME-TiCl4/SnCl4 System. 

 

 Based on the results above, the polymerization of pMeSt was conducted with an initiating system 

comprising both TiCl4 and SnCl4, which respectively induced the quantitative generation of the real initiating 

species through the exchange reaction between the methoxy group and the chloride anion [Figure 1 (E)], and 

catalyzed the efficient propagation reaction as a real activator (Scheme 1). Polymerization using the 

TiCl4/SnCl4 dual catalysts in conjunction with TME proceeded smoothly, with near quantitative conversion 

in 24 h. Furthermore, the product polymer had a narrow MWD (Mw/Mn = 1.15) and an Mn value consistent 

with that calculated from the monomer-to-initiator ratio (entry 5 in Table 1; Figure 2). The linear increase in 

the Mn values is consistent with the theoretical value and indicates that the living polymerization proceeded 

under these conditions. 

Figure 2. (A) Time–conversion curve, (B) Mn and Mw/Mn–conversion plots, and (C) MWD curves of the poly(pMeSt)s 
obtained using the TME-TiCl4/SnCl4 system: [pMeSt]0 = 0.76 M, [TME]0 = 4.0 mM, [TiCl4]0 = 5.0 mM, [SnCl4]0 = 10 
mM, [DTBP] = 10 mM, [ethyl acetate] = 50 mM, in CH2Cl2 at 0 ºC. 

 

 The use of appropriate additives was very important for the living polymerization of pMeSt using 

TME as a cationogen. When the polymerization using the TiCl4/SnCl4 initiating system was performed in the 

absence of additives, the reaction was uncontrolled and yielded poly(pMeSt) with a broad MWD (Mw/Mn = 

2.05), most likely because the Lewis acidity of the catalysts was not moderated and/or the propagating 

carbocation was not stabilized in the absence of a weak Lewis base (entry 6 in Table 1). The polymerization 

using ethyl acetate alone as an additive was controlled, but the molecular weight of the resulting polymer 

was lower than the calculated value, likely due to the occurrence of initiation reactions from protic impurities 

other than TME, such as adventitious water (entry 7 in Table 1). A proton trap reagent, DTBP, was essential 
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for the suppression of such undesired initiation reactions. In addition, a lower polarity solvent was not 

suitable for the polymerization. Almost no polymerization of pMeSt occurred when toluene was used as the 

polymerization medium instead of CH2Cl2 (entry 8 in Table 1). Thus, the use of the TiCl4/SnCl4 initiating 

system in CH2Cl2 with an added base and a proton trap reagent was indispensable for the living cationic 

polymerization of pMeSt using acetal as a cationogen. 

 

Macroinitiator-Initiated Block Copolymerization of pMeSt 

 The synthesis of a block copolymer composed of poly(IBVE) and poly(pMeSt) segments using a 

poly(IBVE) macroinitiator with an acetal moiety at the chain end was examined (Scheme 2). The 

macroinitiator with the methoxy- and isobutoxy-containing acetal moiety was prepared simply by quenching 

the living cationic polymerization of IBVE with methanol.16 This macroinitiator quantitatively initiated the 

polymerization of pMeSt using the TiCl4/SnCl4 initiating system in a manner similar to the reaction using 

TME as the cationogen. The reaction yielded a block copolymer with a very narrow MWD (Mw/Mn = 1.08) 

without unreacted macroinitiator, suggesting that the terminal acetal moiety was quantitatively activated to 

function as an initiating site for the polymerization [Figure 3 (A)]. 

 

Scheme 2. Synthetic Routes of the Block and Graft Copolymers via Living Cationic Polymerization Using 
Macroinitiator. 
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Figure 3. MWD curves for the synthesis of poly(IBVE)-block-poly(pMeSt) (A) using poly(IBVE) as a macroinitiator 
or (B) through sequential block copolymerization: (A) [pMeSt]0 = 0.76 M, [poly(IBVE)]0 = 4.0 mM, [TiCl4]0 = 5.0 mM, 
[SnCl4]0 = 10 mM, [DTBP] = 10 mM, [ethyl acetate] = 50 mM, in CH2Cl2 at 0 ºC (B) (a) [IBVE]0 = 0.46 M, [IBEA]0 = 
4.0 mM, [Et1.5AlCl1.5]0 = 2.5 mM, [pMeSt]add = 0.51 M, [SnCl4]add = 10 mM, [ethyl acetate] = 1.0 M, in toluene at 0 ºC 
(b) [IBVE]0 = 0.76 M, [IBEA]0 = 4.0 mM, [Et1.5AlCl1.5]0 = 5.0 mM, [ethyl acetate] = 50 mM, in CH2Cl2 at 0 ºC. *The 
subsequent addition of pMeSt was not conducted because the first segment was not synthesized precisely. 

 

 A considerable benefit of polymerization using acetal-containing macroinitiators is that both 

segments can be prepared under completely different reaction conditions. Although a past report17 showed 

the successful sequential block copolymerization of methyl VE and styrene, i.e., monomers with a very large 

difference in reactivity, a drastic change of reaction conditions (the addition of a catalyst and the rise of 

temperature) after the addition of styrene was needed for the efficient synthesis of block copolymers. To 

confirm the superiority of the current method, sequential block copolymerizations of IBVE and pMeSt were 

examined under conditions suitable for the living polymerization of either of the two monomers. When the 

sequential block copolymerization was performed under the conditions optimized for IBVE, the 

polymerization of IBVE proceeded in a living manner, but the subsequent reaction of pMeSt did not occur 

[Figure 3 (B), (a)]. By contrast, the polymerization of IBVE was uncontrolled under the conditions suitable 

for the living cationic polymerization of pMeSt, yielding a polymer with a broad MWD [Figure 3 (B), (b)]. 

These results demonstrate that it is difficult to synthesize poly(IBVE)-block-poly(pMeSt) via sequential 

block copolymerization with the present system because of the significantly large differences in reactivity 

between IBVE and pMeSt. 

 

Precision Synthesis of Graft Copolymer via the Polymerization of pMeSt Using a 

Macroinitiator Containing Acetal Moieties in Its Side Chains 

 The synthesis of graft copolymers was examined via the initiation of living cationic 

polymerization of pMeSt from the acetal moieties in the side chains of a poly(VE). Poly(IBVE-co-DMEVE) 
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(Scheme 2), a macroinitiator, was prepared via the living cationic copolymerization of IBVE with DMEVE, 

an acetal-containing monomer.8 To synthesize the linear macroinitiator, the reactivity of acetal moiety of 

DMEVE was very important [the star-shaped copolymer was synthesized using high reactive 

acetal-containing VE (Supporting Information)]. The acetal moieties were intact during the copolymerization 

with Et1.5AlCl1.5 as a catalyst. Using this copolymer as a macroinitiator, the polymerization of pMeSt was 

conducted under similar conditions as those for the polymerization using TME as a cationogen and the 

synthesis of poly(IBVE)-block-poly(pMeSt). The polymerizations at the [acetal units]0/[TiCl4]0/[SnCl4]0 ratio 

of 4.0 mM/5.0 mM/10 mM or 4.0 mM/10 mM/10 mM yielded the product with a narrow MWD, but the 

conversion of pMeSt plateaued (entry 1 in Table 2; circle symbols in Figure 4) or the product had a 

multimodal MWD (Mw/Mn = 2.10; entry 2 in Table 2; square symbols in Figure 4), respectively. The lower 

reactivity of the acetal moieties on the side chain than that at the chain end may be due to the 

electron-withdrawing inductive effect of the oxygen atom adjacent to the β-carbon. Quantitative 

consumption of pMeSt was achieved when the amount of SnCl4 was increased ([acetal 

units]0/[TiCl4]0/[SnCl4]0 = 4.0 mM/5.0 mM/20 mM). The monomer conversion neared 100% within 2 h, and 

a product with a unimodal MWD was obtained without the generation of any byproducts (entry 3 in Table 2; 

triangle symbols in Figure 4; Figure 5). 1H NMR analysis revealed the disappearance of the acetal peak 

(peak k) and the appearance of the methine peak of the carbon–chlorine end at the poly(pMeSt) chain end (p- 

 

Table 2. Synthesis of Graft Copolymer Containing Poly(pMeSt) by Macroinitiator-TiCl4/SnCl4 Initiating Systemsa 

entry [TiCl4]0 (mM) [SnCl4]0 (mM) time conv. (%) Mn × 10-4 
(GPC)b 

Mw/Mn 
(GPC)b NBc 

1       5.0 10 20 h  40 2.85 1.20 4 

2      10 10 24 h 100 2.44 2.10 – 

3       5.0 20  2 h  94 5.69 1.22 4 
a [pMeSt]0 = 0.76 M, [acetal units]0 = 4.0 mM, [DTBP] = 10 mM, [ethyl acetate] = 50 mM, in CH2Cl2 at 0 ºC. b 
Determined by GPC with polystyrene calibration. c The number of branches: calculated from 1H NMR integral ratios. 

Figure 4. Time-conversion curves for the synthesis of poly(IBVE-co-DMEVE)-graft-poly(pMeSt) using 
poly(IBVE-co-DMEVE) as a macroinitiator: [pMeSt]0 = 0.76 M, [acetal units]0 = 4.0 mM, [TiCl4]0 = 5.0 or 10 mM, 
[SnCl4]0 = 10 or 20 mM, [DTBP] = 10 mM, [ethyl acetate] = 50 mM, in CH2Cl2 at 0 ºC; the data correspond to those 
listed in Table 2.  



Chapter 2 

28 

Figure 5. MWD curves for the synthesis of poly(IBVE-co-DMEVE)-graft-poly(pMeSt) using poly(IBVE-co-DMEVE) 
as a macroinitiator: [pMeSt]0 = 0.76 M, [acetal units]0 = 4.0 mM, [TiCl4]0 = 5.0 mM, [SnCl4]0 = 20 mM, [DTBP] = 10 
mM, [ethyl acetate] = 50 mM, in CH2Cl2 at 0 ºC. 

Figure 6. 1H NMR spectra of the linear macroinitiator [Mn(GPC) = 0.83 × 104, Mw/Mn(GPC) = 1.15] (A) and 
poly(IBVE-co-DMEVE)-graft-poly(pMeSt) [Mn(GPC) = 5.02 × 104, Mw/Mn(GPC) = 1.24] (B) (500.16 MHz, in CDCl3 
at 30 ºC; *CHCl3, water). 

 

eak q) after the polymerization (Figure 6). These results indicated that the pendant acetal moieties of the 

macroinitiator were activated quantitatively for the initiation reactions, and a graft copolymer of 

poly(pMeSt) graft chains was successfully synthesized with the use of the initiating system composed of 

appropriate concentrations of TiCl4 and SnCl4. The number of branch chains was estimated to be 
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approximately 4 by 1H NMR, indicating quantitative initiation of the reaction by the copolymer 

macroinitiator. 

 The absolute molecular weight of the resulting poly(IBVE-co-DMEVE)-graft-poly(pMeSt) was 

determined by GPC analysis using RALS and LALS detectors. The resulting value (Mw = 11 × 104) was in 

good agreement with the calculated value (Mw = 9.8 × 104) and was larger than the relative Mw value 

obtained from the GPC analysis with polystyrene standards (Mw = 7.0 × 104), supporting the formation of a 

branched and compact structure. In addition, the exponent a of the Mark–Houwink–Sakurada equation was 

calculated to be 0.34 from the GPC data obtained with a viscosity detector. The a value of less than 0.5 also 

indicates the formation of a branched structure in the copolymer synthesized using the linear macroinitiator. 

 

Solubility and Thermal Properties of the Resulting Copolymers 

 The solubilities of the resulting copolymers composed of poly(IBVE) and poly(pMeSt) segments 

were investigated. Although poly(IBVE) and poly(pMeSt) exhibit similar solubilities in various solvents, 

poly(IBVE) is soluble in acetone, whereas poly(pMeSt) exhibits upper critical solution temperature 

(UCST)-type phase separation. The resulting graft copolymer exhibited UCST-type phase separation in 

acetone, indicating that the solubilities of the resulting copolymers are likely governed largely by the 

poly(pMeSt) branches. 

 DSC analysis was also conducted to assess the thermal properties of the copolymers (Table 3, 

Figure 7). The resulting block copolymer had two glass transition temperatures (Tgs) of –19 °C and 110 °C. 

These values correspond to the Tgs of the poly(IBVE) and poly(pMeSt) segments, respectively. The Tg of the 

poly(pMeSt) segment was slightly higher than that of a pMeSt homopolymer because the former has a 

molecular weight larger than that of the analyzed homopolymer.18 By contrast, the graft copolymer exhibited 

a single Tg of 85 °C, most likely because the thermal properties of the graft copolymer are governed mainly 

by the properties of the branch segments. The lower Tg of the graft copolymer is attributable to the larger 

amount of terminal end groups and larger free volume.19 

 

Table 3. Tg Values of Polymers 

polymer Tg (ºC)a 

poly(IBVE) –19b 

poly(IBVE110-co-DMEVE5)c –27 

poly(pMeSt88)d  100 

poly(IBVE138)-block-poly(pMeSt144)e –19, 110 

poly(IBVE78-co-DMEVE4)-graft-poly(pMeSt179)f  85 
a The heating and cooling rates were 10 ºC/min. b Reference 20. c Mn(GPC) = 1.19 × 104, Mw/Mn(GPC) = 1.13. d 
Mn(GPC) = 1.04 × 104, Mw/Mn(GPC) = 1.19. e Mn(GPC) = 3.81 × 104, Mw/Mn(GPC) = 1.12. f Mn(GPC) = 5.69 × 
104, Mw/Mn(GPC) = 1.22.  
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Figure 7. DSC thermograms for poly(IBVE110-co-DMEVE5) [Mn(GPC) = 1.19 × 104, Mw/Mn(GPC) = 1.13] (A), 
poly(pMeSt88) [Mn(GPC) = 1.04 × 104, Mw/Mn(GPC) = 1.19] (B), poly(IBVE138)-block-poly(pMeSt144) [Mn(GPC) = 
3.81 × 104, Mw/Mn(GPC) = 1.12] (C), and poly(IBVE78-co-DMEVE4)-graft-poly(pMeSt179) [Mn(GPC) = 5.69 × 104, 
Mw/Mn(GPC) = 1.22] (D); the data correspond to those listed in Table 3. 

 

Polymerizations of Alkoxystyrenes Using Macroinitiators 

 Copolymer syntheses using acetal-containing macroinitiators were also examined for the 

polymerization of alkoxystyrenes, which are styrene derivatives that are more reactive than pMeSt21 (past 

studies showed that the sequential block copolymerization of IBVE and alkoxystyrenes proceed22) (Scheme 

3). The cationic polymerizations of pMOS or tBOS were performed using an acetal end-containing 

poly(IBVE) as a macroinitiator under conditions similar to those for the polymerization of pMeSt, except 

that a larger amount of ethyl acetate was employed. The polymerizations proceeded smoothly, selectively 

producing block copolymers with narrow MWDs (Mw/Mn < 1.1) (Figure 8). These polymerizations were not 

accompanied by side reactions or unreacted macroinitiators. 

 

Scheme 3. Synthesis of the Block and Graft Copolymers via Living Cationic Polymerization of Alkoxystyrens 
Using Macroinitiator. 
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Figure 8. MWD curves for the synthesis of poly(IBVE)-block-poly(alkoxystyrene)s using poly(IBVE) as a 
macroinitiator: [monomer]0 = 0.75 M (A) or 0.53 M (B), [poly(IBVE)]0 = 4.0 mM, [TiCl4]0 = 5.0 mM, [SnCl4]0 = 10 
mM, [DTBP] = 10 mM, [ethyl acetate] = 1.0 M (A) or 0.50 M (B), in CH2Cl2 at 0 ºC. 

 

 For the syntheses of graft copolymers containing poly(alkoxystyrene) segments the cationic 

polymerization of pMOS using poly(IBVE-co-DMEVE) as a macroinitiator was performed under similar 

conditions as for the synthesis of poly(IBVE)-block-poly(pMOS). The initiation efficiency of the synthesis 

of graft copolymers using pMOS was low when equimolar amounts of TiCl4 and acetal units were employed 

(entry 1 in Table 4). In turn, the reaction using a higher concentration of TiCl4 proceeded without the 

occurrence of any side reactions unlike the case of tBOS (vide infra). Very high initiation efficiencies were 

accomplished with the use of a five-fold molar excess of TiCl4 to acetal units. The polymerization was 

complete in 3 min, yielding a product with a relatively narrow MWD (Mw/Mn = 1.30) [entry 2 in Table 4; 

Figure 9 (A)]. Approximately 90% of the acetal units on the side chains of the macroinitiator were activated 

during the polymerization, as confirmed by 1H NMR spectroscopy [Figure 10 (A)]. The graft 

copolymerization using tBOS proceeded also smoothly, and a product with a unimodal MWD was obtained 

[entry 3 in Table 4; Figure 9 (B), (a)]. However, detailed 1H NMR analysis revealed that half of the acetal 

moieties on the macroinitiator remained unactivated [Figure 10 (B)]. The polymerization was conducted with  

 

Table 4. Synthesis of Graft Copolymer Containing Poly(alkoxystyrene) by Macroinitiator-TiCl4/SnCl4 Initiating 
Systemsa 

entry monomer [TiCl4]0 
(mM) time conv. (%) Mn × 10-4 

(GPC)b 
Mw/Mn 
(GPC)b 

initiation 
efficiency (%)c NBd 

1 pMOS   10 3 min  59   2.86 1.34 ~40 2 

2    20 3 min  98   6.71 1.30 ~90 4 

3 tBOS    5.0 10 min  99  13.8 1.58 ~50 4 
a [monomer]0 = 0.75 M (entries 1 and 2) or 0.53 M (entry 3), [acetal units]0 = 4.0 mM (entries 1 and 2) or 4.8 mM 
(entry 3), [SnCl4]0 = 10 mM, [DTBP] = 10 mM (entries 1 and 3) or 20 mM (entry 2), [ethyl acetate] = 1.0 M (entries 1 
and 2) or 0.50 M (entry 3), in CH2Cl2 at 0 ºC. b Determined by GPC with polystyrene calibration. c Determined by 1H 
NMR analysis. d The number of branches: calculated from 1H NMR integral ratios.  
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a larger concentration of TiCl4 (10 mM) to improve the initiation efficiency. However, the polymerization 

was hampered by the side reaction between TiCl4 and the tert-butoxy group23 on tBOS [Figure 9 (B), (b)]. 

 

Figure 9. MWD curves for the synthesis of poly(IBVE-co-DMEVE)-graft-poly(alkoxystyrene)s using 
poly(IBVE-co-DMEVE) as a macroinitiator: [monomer]0 = 0.75 M (A) or 0.53 M (B), [acetal units]0 = 4.0 mM (A) or 
4.8 mM (B), [TiCl4]0 = 20 mM (A) or 5.0 mM [(B), (a)] or 10 mM [(B), (b)], [SnCl4]0 = 10 mM, [DTBP] = 20 mM (A) 
or 10 mM (B), [ethyl acetate] = 1.0 M (A) or 0.50 M (B), in CH2Cl2 at 0 ºC. 

Figure 10. 1H NMR spectra of poly(IBVE-co-DMEVE)-graft-poly(pMOS) [Mn(GPC) = 6.71 × 104, Mw/Mn(GPC) = 
1.30] (A) and poly(IBVE-co-DMEVE)-graft-poly(tBOS) [Mn(GPC) = 13.8 × 104, Mw/Mn(GPC) = 1.58] (B) (500.16 
MHz, in CDCl3 at 30 ºC; *CHCl3, water, and vaseline).  
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 The absolute molecular weight of the resulting poly(IBVE-co-DMEVE)-graft-poly(pMOS) (entry 

2 in Table 4) was determined by GPC analysis using light scattering detectors. The resulting value (Mw = 15 

× 104) was close to the calculated value (Mw = 11 × 104) and was larger than the relative Mw value obtained 

from the GPC analysis with polystyrene standards (Mw = 8.7 × 104). The exponent a of the Mark–Houwink–

Sakurada equation was calculated to be 0.31. These results indicated the obtained copolymer having 

branched structure. 

 

Conclusion 

 The precise synthesis of block and graft copolymers containing poly(alkyl VE) and poly(styrene 

derivatives) segments was successfully achieved using macroinitiators featuring acetal moieties at the chain 

ends or on the side chains. Living cationic polymerization of pMeSt, pMOS, or tBOS proceeded via 

initiation reactions from the acetal units with the use of the TiCl4/SnCl4 initiating system at appropriate 

concentration ratios. A notable benefit of the method used in this study is that each segment of the block or 

graft copolymers can be synthesized under completely different reaction conditions. In particular, a block 

copolymer was successfully obtained from IBVE and pMeSt, monomers that are incompatible under 

identical conditions and cannot be copolymerized via the sequential addition method. Thus, the synthetic 

method using macroinitiators with acetal units as latent initiating sites is expected to expand the strategies for 

the precise synthesis of copolymers with well-defined structures from monomers with very different 

reactivities. 
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Supporting Information 

 The reactivity of acetal can be adjusted by altering the electron density at the acetal carbon using 

electron-donating or electron-withdrawing substituents. Therefore, the reactivity of acetal moieties in 

cationic polymerization can also be adjusted through the design of acetal-containing monomers, which 

allows for the synthesis of polymers with various well-defined structures (Scheme S1).  
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Scheme S1. Control of Reactivity of Acetal Moiety of Acetal-Containing VE for Syntheses of Polymers with 
Various Structures. 

 

 The synthesis of star-shaped copolymers was examined using a branched oligomer, produced by 

the self-condensing vinyl polymerization of acetal-containing VE with butylene spacer (DMBVE), as a 

multifunctional macroinitiator (Scheme S2). First, the self-condensing vinyl polymerization of DMBVE was 

conducted with ZrCl4 as a catalyst for the preparation of a hyperbranched macroinitiator. The reaction 

proceeded smoothly to reach quantitative conversion in 8 h (Figure S1, upper). The obtained DMBVE 

oligomer with an average of four acetal moieties in one molecule, derived from the quenching reaction using 

methanol, was used as a multifunctional macroinitiator to synthesize a star-shaped polymer via the 

“core-first” method. The cationic polymerization of IBVE using the macroinitiator was conducted with TiCl4, 

a catalyst that is effective in the quantitative activation of acetal moieties. IBVE was steadily consumed to 

yield a polymer with a bimodal MWD (Figure S1, lower). The peak in the higher-MW region was assigned 

to a star-shaped polymer generated from the macroinitiator, whereas the peak in the lower-MW region was 

likely to be a linear poly(IBVE) derived from initiation by protic impurities, such as adventitious water. All 

of the acetal units of the macroinitiator were activated during the polymerization, resulting in the formation 

of a star-shaped polymer with an average of four polymer chain arms, as confirmed by 1H NMR 

spectroscopy [Figure S2 (B)]. 

 

Scheme S2. Synthetic Route of the Star-Shaped Polymer via Living Cationic Polymerization Using Multi 
Functional Macroinitiator.  
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Figure S1. MWD curves for he polymerization of DMBVE and the synthesis of poly(IBVE)-star using poly(DMBVE) 
as a macroinitiator: [DMBVE]0 = 0.24 M, [ZrCl4]0 = 10 mM, [DTBP] = 10 mM, [ethyl acetate] = 1.0 M, in CH2Cl2 at 0 
ºC; [IBVE]0 = 0.76 M, [acetal units]0 = 4.0 mM, [TiCl4]0 = 20 mM, [DTBP] = 20 mM, [ethyl acetate] = 1.0 M, in 
CH2Cl2 at 0 ºC. 

Figure S2. 1H NMR spectra of the blanched macroinitiator [Mn(GPC) = 0.8 × 103, Mw/Mn(GPC) = 1.50] (A) and 
poly(IBVE)-star [Mn(GPC) = 18.4 × 103, Mw/Mn(GPC) = 1.27] (B) (500.16 MHz, in CDCl3 at 30 ºC; *water, vaseline). 
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Chapter 3 
 

End-Capping Reaction of Living Cationic Propagating Poly(Vinyl 
Ether)s Using Appropriate Alcohols: Precision Synthesis of 
Macromonomers for the Preparation of Graft Copolymers via a 
Grafting-Through Method 
 

 

Introduction 

 Chain-end structures of polymers have appreciable effects on a variety of polymer properties such 

as stimuli responsivity, self-assembling behavior, and surface properties.1,2 In addition, polymers containing 

a functional group at the chain end can be attached to functional molecules, such as drugs and biomolecules, 

to provide them with characteristic functions.3–5 To effectively fulfill these functions, functional groups need 

to be incorporated quantitatively onto the chain ends of polymers. In this respect, living polymerization 

techniques are very useful for the precise synthesis of end-functionalized polymers containing definite 

terminal structures due to the absence of side reactions such as the chain-transfer reaction.6–8 The following 

two methods are typically employed for the synthesis of end-functionalized polymers: (1) living 

polymerization via initiation with functional initiators and (2) end-capping reaction of living propagating 

chains by functional terminators. Moreover, telechelic polymers can be synthesized by combining these two 

methods. 

 In the living cationic polymerization of vinyl ethers (VEs) or highly reactive styrene derivatives, 

end-functionalized polymers are easily prepared by quenching the polymerization reaction with nucleophilic 

compounds. When a nucleophilic compound is added to the reaction solution during living cationic 

polymerization, a substitution reaction occurs between the nucleophilic compound and the carbon–

heteroatom bond, such as a carbon–halogen bond at the propagating chain end, resulting in the incorporation 

of the nucleophilic compound-derived moiety into the ω-end of the polymer chain. Various nucleophiles 

such as amines,9 anilines,10 malonate anions,11 silyl ketene acetals,12 silyl enol ethers,13 and fullerene 

derivatives14 have been used as quenchers for the living cationic polymerization of VEs, which successfully 

yielded ω-end functionalized poly(VE)s. Alcohols have also been employed as nucleophilic compounds for 

the synthesis of end-functionalized poly(VE)s.15,16 The acetal moiety generated at the ω-end by the reaction 

with an alcohol17 can be used as the initiating site for the subsequent living cationic polymerization of VEs 

or styrene derivatives through activation with appropriate catalysts.18 

 Macromonomers can also be synthesized by end-capping reactions using a quencher that has a 

vinyl group. In fact, macromonomers containing a poly(VE) segment have been prepared by quenching the 

living cationic polymerization of VEs with alcohols having a vinyl group.19,20 The acryloyl in methacryloyl 

group-containing macromonomers obtained via such methods can be polymerized via a radical mechanism 
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to yield graft polymers. In contrast, cationic polymerizations of macromonomers bearing a vinyloxy group 

were difficult because the acetal moiety of the macromonomers, which was generated via the reaction 

between the VE-derived carbocation and the hydroxy group of the alcohol quencher, was degraded by Lewis 

acid catalysts. Therefore, Lewis acid catalysts that catalyze the propagating reaction but are inert toward 

acetal moieties are needed for the cationic polymerization of these macromonomers.  

 The present chapter focuses on the synthesis of end-functionalized poly(VE)s using various 

alcohols as quenchers for living cationic polymerization (Scheme 1). In particular, macromonomers are 

prepared using alcohol quenchers and subsequently (co)polymerized using highly selective Lewis acid 

catalysts.18,21 To elucidate the effect of alcohol quenchers on the stabilities of the resulting acetal end 

structures, quenching reactions are first examined using primary, secondary, and tertiary alcohols. Based on 

the obtained results, macromonomers containing a vinyloxy group are synthesized using appropriate alcohols. 

Subsequently, graft copolymers are synthesized via cationic copolymerization of these macromonomers. 

 

Scheme 1. Quenching Reactions of Living Cationic Polymerization of IBVE with Various Alcohols. 

 

Experimental 

Materials 

 Ethylene glycol monovinyl ether (HEVE; TCI; >98.0%) and tetramethylene glycol monovinyl 

ether (HBVE; TCI; >97.0%) were distilled over calcium hydride under reduced pressure. Ethanol (Nacalai 

Tesque; ≥99.5%), 2-propanol (Nacalai Tesque; 99%), tert-butyl alcohol (Aldrich; >99.5%), and 

triethylamine (TEA; Wako; >99.0%) were used as received. α-Hydroxy-ω-methoxy polyethylene glycol 

(PEG-OH; NOF Corporation; SUNBRIGHT® MEH-50H; Mn = 5.1 × 103, Mw/Mn = 1.02) was dried by the 

azeotropic method using toluene before use. Other materials were prepared and used as described in Chapter 

2.  
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Polymerization Procedure 

Synthesis of the Macromonomer 

 The polymerization was performed under a dry nitrogen atmosphere in a glass tube with a 

three-way stopcock. The glass tube was baked using a heat gun (Ishizaki; PJ-206A; blow temperature 

~450 °C) under dry nitrogen for 10 min before use. The polymerization of isobutyl VE (IBVE) in toluene at 

–30 °C and the subsequent quenching reaction using HEVE as the quencher are described as a representative 

example. The polymerization of IBVE was initiated by the addition of a prechilled ZnCl2 solution in toluene 

(0.40 mL; 50 mM) to a mixture (3.6 mL) of toluene, ethyl acetate, IBVE, and IBVE–HCl at 0 °C using a dry 

syringe. After a predetermined period, the polymerization was terminated using chilled HEVE containing a 

small amount (1 wt%) of TEA (2.0 mL). The quenched reaction mixture was diluted with hexane and then 

washed with water to remove the initiator residues. The volatiles were then removed under reduced pressure. 

The monomer conversion was determined by a gravimetric method. 

 

Synthesis of the Graft Copolymer by Copolymerization of a Macromonomer 

 For the copolymerization of a macromonomer and IBVE, a solution in toluene (0.80 mL) of a 

predried macromonomer, ethyl acetate, IBVE, and a solution of cationogen (IBVE–HCl) in toluene (0.10 

mL; 20 mM) were successively added to the tube using dry syringes. To this solution, ZnCl2 in toluene (0.10 

mL; 25 mM) was added to start the copolymerization. After a predetermined period, the polymerization was 

terminated using chilled methanol containing a small amount (0.1%) of aqueous ammonia solution (1.0 mL). 

The quenched reaction mixture was diluted with CH2Cl2 and then washed with water to remove the initiator 

residues. The volatiles were then removed under reduced pressure. The conversion of macromonomer and 

IBVE were determined by a gravimetric method and 1H NMR analysis. 

 

Characterization 

 The MWD of the polymers and NMR spectra were measured as described in Chapter 2. 

Matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI–TOF–MS) was 

conducted on a Shimadzu/Kratos AXIMA-CFR spectrometer (linear mode; voltage, 20 kV; pressure, <1.9 × 

10−3 Pa) using dithranol and sodium trifluoroacetate as matrix and ion source, respectively. A solution (2−3 

µL) containing the polymer, matrix, and ion source (polymer/matrix/ion source = 2 mg/7 mg/1 mg in 1 mL 

of THF) was cast onto a stainless steel sample plate (Shimadzu Biotech, DE1580TA) and loaded into the 

spectrometer. 

 

Results and Discussion 

Effects of the Structure of Alcohol on the Stability of the Acetal End 

 To determine the appropriate structure of alcohol for the synthesis of end-functionalized 

poly(VE)s by the end-capping technique, quenching reactions using ethanol, 2-propanol, and tert-butyl 
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alcohol were examined in the living cationic polymerization of IBVE. The living cationic polymerization 

was conducted using the IBVE–HCl/ZnCl2 initiating system in the presence of ethyl acetate in toluene at 

0 °C. In the living cationic polymerization, when methanol was used as a quencher, the obtained poly(IBVE) 

had an acetal moiety at the ω-end quantitatively. Then, the other employed alcohols successfully quenched 

the polymerization reaction, resulting in the cessation of monomer consumption. 1H NMR analysis of the 

product polymers, however, revealed that the efficiency of the chain-end functionalization obviously became 

low due to the bulkiness of the quencher. The quenching reaction using ethanol quantitatively yielded 

poly(IBVE) with an acetal moiety at the chain end in near quantitative yield (95%) in similar to that using 

methanol. In contrast, the acetal functionality of the polymer obtained using 2-propanol as the quencher was 

88%. Moreover, the functionality was 43% when tert-butyl alcohol was used as the quencher. 

 The low efficiency of chain-end functionalization using secondary and tertiary alcohols as 

quenchers was most likely due to the low stability of acetal moieties consisting of secondary or tertiary 

alkoxy groups. It was reported that the hydrolysis reaction of diisopropyl acetal proceeded under milder 

conditions than those for the reaction of dimethyl acetal.22 In the present study, some of the acetal moieties 

generated from the isopropoxy or tert-butoxy groups via the quenching reaction appeared to decompose 

during the purification steps. Indeed, peaks for the aldehyde moieties that were most likely derived from the 

hydrolysis of acetal moieties were observed in the 1H NMR spectrum of the poly(IBVE) obtained by 

quenching with tert-butyl alcohol. Therefore, primary alcohols should be used as quenchers for the synthesis 

of end-functionalized polymers by living cationic polymerization. 

 A polymer containing a primary alcohol structure at the chain end was also useful as a 

macroterminator for an efficient quenching reaction. When the monomer conversion reached approximately 

90% in the living cationic polymerization of IBVE, PEG-OH (Mn = 5.1 × 103), which has a primary hydroxy 

group at the chain end, was added as the quencher (Figure 1). The molar ratio of the quencher to the living  

Figure 1. MWD curves for the synthesis of poly(IBVE)-block-PEG using PEG-OH as a macroterminator. IBVE 
polymerization: [IBVE]0 = 0.76 M, [IBVE–HCl]0 = 4.0 mM, [ZnCl2]0 = 5.0 mM, [ethyl acetate] = 1.0 M, in toluene at 0 
ºC. Coupling reaction: [PEG-OH]add/[IBVE–HCl]0 = 10. †For a main peak. *Residual macroterminator. 
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Figure 2. 1H NMR spectrum of poly(IBVE)-block-PEG [Mn(GPC) = 19.5 × 103, Mw/Mn(GPC) = 1.16] (500.16 MHz, in 
CDCl3 at 30 ºC; *CHCl3, water). 
 
propagating chains was set to 10. The reaction between the living propagating end and the hydroxy group 

successfully proceeded to result in the efficient incorporation of the PEG moiety into the ω-end of the 

poly(IBVE) chain. The efficiency of the end functionalization was determined to be approximately 93% by 
1H NMR spectroscopy (Figure 2). 

 

Synthesis of Macromonomer Using VEs Containing a Hydroxy Group as Quenchers 

 For the synthesis of macromonomers bearing a VE moiety, primary hydroxy group-containing 

VEs were employed as quenchers for living cationic polymerization. When HEVE was added into a reaction 

solution of the living polymerization of IBVE, the polymerization reaction stopped immediately. The ratio of 

the acetal moiety generated at the ω-end (4.7 ppm) to the α-end moiety (1.1 ppm) was found to be almost 

quantitative by 1H NMR analysis. However, the MALDI–TOF–MS spectrum of the obtained polymer had 

two series of peaks [Figure 3 (A), (a)]. The m/z values of the main peaks agreed with the mass values of the 

ideal polymer structures with the ω-end derived from HEVE. In contrast, the m/z values of the other series of 

peaks (+88 from the main peaks) were in good agreement with the mass values of the polymer chains with 

two HEVE units. This result suggests that a cationic vinyl addition reaction of the vinyl ether moiety of 

HEVE with the propagating chain occurred before the quenching reaction by the hydroxyl moiety of HEVE. 

After the polymerization reactions were examined under various conditions, such side reactions were found 

to be suppressed by quenching the polymerization reaction at lower temperature, –30 °C, resulting in one 

series of peaks in the MALDI spectrum of the product polymer [Figure 3 (A), (b)]. The propagation rate was 

slow at a lower temperature, resulting in suppression of extra addition of HEVE. Under the same conditions, 

HBVE, a hydroxy group-containing VE with a longer alkylene chain than HEVE, also functioned as a 

quencher to yield a polymer with a vinyloxy group at the ω-end without any side reactions [Figure 3 (B)]. 

Thus, two types of macromonomers were synthesized quantitatively using primary hydroxy 

group-containing VEs as quenchers at low temperature. 
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Figure 3. MALDI–TOF–MS spectra of end-functionalized poly(IBVE)s obtained using HEVE (A) and HBVE as a 
quencher (B) {(A) (a): Mn(GPC) = 7.4 × 103, Mw/Mn(GPC) = 1.07; (b) Mn(GPC) = 6.3 × 103, Mw/Mn(GPC) = 1.04; (B) 
Mn(GPC) = 5.7 × 103, Mw/Mn(GPC) = 1.03 (polymerization conditions: [IBVE]0 = 0.76 M, [IBVE–HCl]0 = 10 mM, 
[ZnCl2]0 = 5.0 mM, [ethyl acetate] = 1.0 M, in toluene at 0 or –30 ºC)}. 

 

Synthesis of Graft Copolymers Using Macromonomers Having a VE Structure 
 The macromonomers obtained from the quenching reaction using HEVE [poly(IBVE)-EVE] and 

HBVE [poly(IBVE)-BVE] were cationically polymerized for the synthesis of graft copolymers via the 

grafting-through method. ZnCl2 was used as a catalyst to avoid the degradation of the acetal moiety18,21 of 

the macromonomers. The reactions of both macromonomers proceeded smoothly to result in the quantitative 

consumption of vinyl groups, as confirmed by the 1H NMR spectra. However, the peak of the product 

obtained from poly(IBVE)-EVE in GPC analysis was very similar to that of the original macromonomer 

[Figure 4 (A)]. 1H NMR analysis revealed that a five-membered cyclic acetal moiety was generated after the 

reaction [Figure 5 (B)]. A possible mechanism for the generation of the cyclic acetal structure is shown in 

Scheme 2. After the reaction of the initiating or propagating carbocation with the vinyl group of the 

macromonomer, the generated carbocation abstracted the alkoxy group of the acetal moiety of the 

macromonomer to form the cyclic acetal structure.23 This reaction generated a new propagating chain 

derived from the poly(IBVE) moiety of the macromonomer, which triggered the subsequent similar reactions. 

In the case of poly(IBVE)-BVE, the seven-membered cyclic acetal was generated in a similar manner 

[Figure 5 (D)], but oligomers were partly produced through the vinyl-addition reactions [Figure 4 (B)]. The 

difference between poly(IBVE)-EVE and poly(IBVE)-BVE most likely stemmed from the efficiency of the 

formation of five- and seven-membered cyclic acetal structures.24 
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Figure 4. MWD curves for the polymerization of poly(IBVE)-EVE (A) or poly(IBVE)-BVE (B): [macromonomer]0 = 
20 mM, [IBVE–HCl]0 = 2.0 mM, [ZnCl2]0 = 2.5 mM, [ethyl acetate] = 1.0 M, in toluene at 0 ºC. 
 

Figure 5. 1H NMR spectra of poly(IBVE)-EVE (A) [Mn(CPC) = 6.3 × 103, Mw/Mn(GPC) = 1.04], the product of the 
polymerization of poly(IBVE)-EVE (B) [Mn(GPC) = 6.5 × 103, Mw/Mn(GPC) = 1.05], poly(IBVE)-BVE (C) [Mn(GPC) 
= 5.7 × 103, Mw/Mn(GPC) = 1.03], and the product of the polymerization of poly(IBVE)-BVE (D) [Mn(GPC) = 6.5 × 
103, Mw/Mn(GPC) = 1.17] (500.16 MHz, in CDCl3 at 30 ºC; *CHCl3, CH2Cl2, and water).  
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Scheme 2. Postulated Mechanism for the Cyclization Reaction of Poly(IBVE)-EVE. 

 

 Steric hindrance of the macromonomers was considered to be responsible for the decrease in the 

rate of the propagation reactions and the preferential cyclization reactions forming cyclic acetal structures. 

Copolymerizations of macromonomers with IBVE were examined under similar conditions to those of the 

homopolymerization reactions (Scheme 3, upper). The copolymerization of poly(IBVE)-EVE and IBVE 

proceeded smoothly via the consumption of both monomers to yield high MW products. The MW of the 

products, however, did not increase with the increase in monomer conversion values [Figure 6 (A)]. The 

uncontrolled copolymerization was attributed to the side reaction that formed the five-membered cyclic 

acetal structure in a manner similar to the homopolymerization of poly(IBVE)-EVE, as confirmed by the 1H 

NMR spectrum [Figure 7 (A)]. In contrast, the peak of the MWD curves of the products obtained in the 

copolymerization of poly(IBVE)-BVE and IBVE shifted to the higher MW region [Figure 6 (B)]. In addition, 

the 1H NMR spectrum reveals that the copolymerization proceeded without the generation of cyclic acetal 

 

Scheme 3. Synthesis of Graft Copolymers Using Grafting-Through Method via Cationic Polymerization and 
Acid Hydrolysis of Acetal Moieties at Connecting Points of Branch Segments. 
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structures [Figure 7 (B)]. Thus, the synthesis of graft copolymers via the cationic copolymerization of an 

acetal-containing macromonomer was accomplished by using a macromonomer with an appropriate structure. 

The absolute MW of the obtained polymer (Mw = 75 × 103), determined by GPC analysis using light 

scattering detectors, was obviously larger than the relative MW (Mw = 37 × 103) calculated based on  

Figure 6. MWD curves for the copolymerization of IBVE with poly(IBVE)-EVE (A) or poly(IBVE)-BVE (B): [IBVE]0 
= 1.5 M, [macromonomer]0 = 20 mM, [IBVE–HCl]0 = 2.0 mM, [ZnCl2]0 = 2.5 mM, [ethyl acetate] = 1.0 M, in toluene 
at 0 ºC. †For main peaks. 

Figure 7. 1H NMR spectra of the products of the copolymerizations of IBVE with poly(IBVE)-EVE (A) [Mn(GPC) = 
14.4 × 103, Mw/Mn(GPC) = 1.29], and poly(IBVE)-BVE (B) [Mn(GPC) = 24.7 × 103, Mw/Mn(GPC) = 1.50] (500.16 
MHz, in CDCl3 at 30 ºC; *water).  
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polystyrene calibration. In addition, the value of the exponent a of the Mark–Houwink–Sakurada equation 

was smaller (a = 0.57) than the values of linear poly(IBVE) (a ~ 0.7). These results also support the 

generation of a polymer containing a branched structure. 

 Because the graft copolymer obtained by the copolymerization of poly(IBVE)-BVE and IBVE 

contained acetal structures on the side chains derived from the macromonomer, the branch segments were 

completely cleaved from the backbone under acidic conditions (Scheme 3, lower). The decomposition 

reaction was conducted using 0.5 M HCl(aq) in 1,2-dimethoxyethane at room temperature for 3 h (Figure 

8).25 After the acid hydrolysis reaction, the MWD curve in the GPC analysis shifted to the lower MW region, 

and a new peak appeared instead in a similar region to the peak of the original macromonomer. This result 

indicates that the backbone and the poly(IBVE) segments derived from the macromonomer were separated 

through the degradation of the acetal moieties by acid hydrolysis. 

Figure 8. MWD curves for the copolymer (upper) and its hydrolysis product (lower). Hydrolysis conditions: 0.5 M 
HCl(aq) in 1,2-dimethoxyethane (3 mg/mL polymer) at room temperature for 3 h. †For main peaks. 

 

Conclusion 

 In conclusion, end-functionalized polymers were synthesized using primary alcohols as quenchers 

for the living cationic polymerization of IBVE. The quenching reactions using ethanol, 2-propanol, and 

tert-butyl alcohol indicated that primary alcohols were suitable for end functionalization due to the stability 

of the acetal ω-ends. A block copolymer was also synthesized in high yield by the quenching reaction using 

a polymer containing a primary hydroxy group at the chain end as a macroterminator. In addition, 

macromonomers were prepared by the end-capping method using primary alcohols containing a vinyloxy 

group as quenchers for the living cationic polymerization of IBVE under appropriate conditions. The 

structure adjacent to the vinyloxy group of the macromonomer was very important to obtain efficient 

cationic copolymerization reactions that proceeded without cyclization reactions. A macromonomer prepared 

from HBVE was successfully copolymerized with IBVE using an appropriate catalyst, yielding graft 

copolymers in high yield. The end-capping method demonstrated in this study will contribute to the precise 

synthesis of end-functionalized poly(VE)s with a variety of functional groups at the ω-end.
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Chapter 4 
 

Synthesis of Block Copolymers by a Combination of Living Cationic 
Polymerization and Ring-Opening Anionic Polymerization Using 
Cyclic Acetal as a “Two-Staged Latent Initiator” 
 

 

Introduction 
 Numerous methods for the synthesis of block copolymers have been developed to produce 

polymeric materials that exhibit suitable properties, such as microphase separation or formation of micelles, 

for emerging technologies (e.g., microelectronics and biomedicine). In particular, the syntheses of block 

copolymers from monomers that polymerize via different mechanisms have been attracting much interest 

because a variety of segments can be incorporated into block copolymers.1,2 For example, the synthesis of 

block copolymers by the direct transformation of an active species into another type of active species3–6 or by 

coupling reactions of two types of living propagating chains7–9 were developed with the use of living 

polymerization techniques. Moreover, methods using macroinitiators are highly efficient for the synthesis of 

block copolymers with highly controlled structures since each segment can be prepared under conditions that 

are most favorable for each monomer.10–12 

 In most cases, using macroinitiators that are prepared by cationic polymerization, post 

polymerization modification is required to introduce initiating sites before the second polymerization 

reaction due to the limitation of functional groups that are tolerant to conditions used in cationic 

polymerization.13–15 Since a carbocation is easily deactivated by anionic species or by polar functional groups 

such as amino and hydroxy groups, it is difficult to directly synthesize macroinitiators by cationic 

polymerization using initiators or terminators containing these functional groups. For instance, in the 

combination of cationic polymerization and subsequent ring-opening anionic polymerization, a hydroxy 

group, as an initiating site for ring-opening polymerization, must be protected using protective groups that 

are inert to Lewis acids and carbocationic species, such as acetyl and tert-butyldimethylsilyl groups, before 

conducting cationic polymerization.16,17 

 Macroinitiator synthesis that is free from protection and deprotection procedures is highly 

attractive as an efficient and reasonable method. In cationic polymerization, the introduction of a hydroxy 

group at the α-end without a post polymerization reaction was achieved using a cyclic acetal with 

trimethylsilyl iodide (TMSI) for the polymerization of vinyl ether (VE)18 or using an epoxy compound with 

TiCl4 for the polymerization of isobutene.19 In these cases, alkoxy–TMS or alkoxy–titanium bonds were 

formed through the generation of cationic species via the ring-opening reaction of cyclic acetal or epoxy 

moieties. After efficient propagation reactions via carbocationic species without deactivation by alkoxide 

groups, polymers containing a hydroxy group at the α-end were obtained by the transformation of  
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alkoxy–TMS or alkoxy–titanium bonds to hydroxy groups by a reaction with alcohol quenchers. 

 In chapter 2, the author demonstrated that quantitative initiation reactions from an acyclic acetal 

occurred in the living cationic polymerization of styrene derivatives with the use of oxophilic metal chlorides 

such as TiCl4. This method was applicable for the synthesis of block or graft copolymers that are derived 

from monomers with completely different reactivities using a macroinitiator containing acetal moieties. Thus, 

cyclic acetals may also function as an efficient initiator when combined with oxophilic Lewis acids, which 

will allow for the quantitative introduction of a hydroxy group at the α-end of poly(VE)s and poly(styrene 

derivative)s, in a manner similar to the examples discussed above.18,19 

 In this chapter, block copolymers are synthesized by living cationic polymerization and 

subsequent ring-opening anionic polymerization using a cyclic acetal as a “two-staged latent initiator” that 

generates a new initiating site after the first polymerization reaction (Scheme 1). First, the cationic 

polymerization of isobutyl VE (IBVE) is examined using several cyclic acetals as initiators. Subsequently, 

the synthesis of block copolymers by the anionic ring-opening polymerization of lactide is examined using 

poly(IBVE) containing a hydroxy group at the α-end, which is obtained by polymerization with a suitable 

cyclic acetal as a macroinitiator. In addition, a block copolymer containing a poly(alkoxystyrene) segment is 

synthesized in a similar manner. 

 

Scheme 1. Synthesis of Block Copolymers Using Cyclic Acetal as a Two-Staged Latent Initiator. 

 

Experimental 

Materials 

 2-Methyl-1,3-dioxolane (MDOL; TCI; >98.0%), 1,3-dioxolane (DOL; Wako; >99.0%), and 

2,2-dimethyl-1,3-dioxolane (DMDOL; TCI; >98.0%) were distilled twice over calcium hydride. 

2-Benzyl-1,3-dioxolane (BnDOL; TCI; >98.0%) and 1,8-diazabicyclo[5.4.0]-7-undecene (DBU; TCI; 

>98.0%) were distilled twice over calcium hydride under reduced pressure. 2-Methyl-1,3-dioxane (MDOX) 

was prepared by reacting paraldehyde (TCI; >98.0%) with 1,3-propandiol (TCI; >98.0%) according to a 

literature method20 and was then distilled twice over calcium hydride. L-(–)-Dilactide (LLA; TCI; >98.0%) 

was recrystallized twice from ethyl acetate and toluene and vacuum dried for more than 3 h prior to use. 

Imidazole (Nacalai Tesque; 99%) and tert-butyldimethylchlorosilane (tBuMe2SiCl; Nacalai Tesque; ≥98%) 
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were used as received. Other materials were prepared and used as described in Chapter 2. 

 

Polymerization Procedure 

 Cationic polymerizations were conducted in a similar manner to that described in Chapter 2. 

 

Silylating Reaction Procedure 
 The silyl ether moiety was introduced by the reaction of a hydroxy group and a silylating agent as 

described below.21 A solution of tBuMe2SiCl (0.28 mmol) in CH2Cl2 (3.0 mL) was added dropwise to a 

mixture of poly(IBVE) containing a hydroxy group at α-end (8.0 × 10–3 mmol) and imidazole (0.56 mmol) 

in CH2Cl2 (5.0 mL) at 0 °C under a nitrogen atmosphere. The mixture was stirred for 6 h at 0 °C and then 

washed with water. After the organic solvents were removed by evaporation, the product was purified by 

reprecipitation into a large excess of methanol. The product was recovered after evaporation of the methanol 

under reduced pressure and then vacuum-dried overnight. 

 

Synthesis of the Block Copolymer Using a Macroinitiator 

 The polymerization was performed under a dry nitrogen atmosphere in a glass tube with a 

three-way stopcock. The glass tube was baked using a heat gun (Ishizaki; PJ-206A; blow temperature 

~450 °C) under dry nitrogen for 10 min before use. A typical example for the synthesis of 

poly(IBVE)-block-poly(LLA) in CH2Cl2 at 25 °C is as follows: For the block copolymerization of LLA, a 

DBU solution (0.30 mL in CH2Cl2; 50 mM) was added to a solution (2.70 mL) containing CH2Cl2, LLA, and 

poly(IBVE) with a hydroxy group at the α-end at 25 °C. After a predetermined period, the polymerization 

was terminated with acetic acid (0.1 mL). The quenched reaction mixture was diluted with CH2Cl2 and then 

washed with water to remove the initiator residues. The volatile materials were then removed under reduced 

pressure. The monomer conversion was determined by a gravimetric method and 1H NMR analysis. 

 

Characterization 

 The MWD of the polymers and their NMR spectra were determined as described in Chapter 2. 

 

Results and Discussion 

Cationic Polymerizations Using Cyclic Acetals as Initiators: Effect of the Structure on 

Initiator Efficiency 

 The cationic polymerizations of IBVE using cyclic acetal/Lewis acid initiating systems were 

examined to optimize the reaction conditions for polymerization with quantitative initiator efficiency 

(Scheme 2). The reactions were conducted at 0 °C in the presence of ethyl acetate as an added base and 

2,6-di-tert-butylpyridine (DTBP) as a proton trap reagent (Table 1). The polymerizations using MDOL as an 

initiator produced polymers with molecular weights (MW) much higher than the theoretical values when   
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Scheme 2. Cationic Polymerization of IBVE Using a Cyclic Acetal as an Initiator. 

 
EtAlCl2 and ZrCl4 were used as catalysts (entries 1 and 2 in Table 1), indicating that these catalysts were not 

suited for quantitative activation of the initiator. In contrast, the Mn values of the polymers obtained using 

TiCl4 as a catalyst were smaller than the calculated values. 1H NMR analysis of the product suggests that the 

polymer chains were generated from both the cyclic acetal and protic impurities such as adventitious water 

(entry 3 in Table 1). Then, the polymerization was conducted using a higher concentration of DTBP in 

CH2Cl2. As a result, the polymerization proceeded smoothly to yield a polymer with a very narrow MWD 

(Mw/Mn = 1.04) (entry 4 in Table 1). The Mn value of the obtained polymer was consistent with that 

calculated from the monomer-to-initiator ratio [Figure 1 (B)]. 1H NMR analysis of the product indicates a 

quantitative initiation reaction from MDOL. Moreover, the Mn values increased linearly in proportion to the 

amount of monomer that was converted, indicating that the polymerization proceeded in a living manner. 

 
Table 1. Cationic Polymerization of IBVE by Cyclic Acetal/Lewis Acid Initiating Systemsa 

entry initiator Lewis 
acid 

DTBP 
(mM) solvent time conv. 

(%) 
Mn × 10–3 
(GPC)b 

Mn × 10–3 
(calcd) 

Mw/Mn 
(GPC)b IEc Mn(NMR)/

Mn(calcd)
d 

1 MDOL EtAlCl2    5.0 toluene   8 h 27 37.9  4.1 1.14   0.20    5.1 

2 
 

ZrCl4    5.0 toluene   8 h 26  9.9  4.0 1.24   0.47    2.1 

3 
 

TiCl4    5.0 toluene  48 h 92 10.8 14.0 1.05  ~1.0    0.76 

4 
 

TiCl4   10 CH2Cl2  90 min 84 12.5 12.8 1.04  ~1.0    0.95 

5 DOL TiCl4   10 CH2Cl2  90 min 47 14.6  7.2 1.13  ~0    1.8 

6 DMDOL TiCl4   10 CH2Cl2  90 min 52  6.6  7.9 1.05   0.63    0.79 

7 BnDOL TiCl4   10 CH2Cl2  90 min 72  9.4 11.0 1.05  ~1.0    0.93 

8 MDOX TiCl4   10 CH2Cl2  90 min 40  4.5  6.1 1.19  ~1.0    0.79 
a [IBVE]0 = 0.76 M, [initiator]0 = 5.0 mM, [Lewis acid]0 = 20 mM (except for entry 2) or 10 mM (entry 2), [DTBP] = 
5.0 mM (entries 1–3) or 10 mM (entries 4–8), [ethyl acetate] = 1.0 M, at 0 ºC. b Determined by GPC with polystyrene 
calibration. c Initiator efficiency determined by the Mn(calcd) value calculated from the [monomer]0/[initiator]0 ratio and 
the monomer conversion value, the Mn(NMR) value determined from the integral ratio between the peaks of the side 
chains and the peak of the ω-end, and comparison of the integral ratio between the peaks of the α-end and the ω-end in 
the 1H NMR spectra. d The value of Mn(NMR) determined from 1H NMR/Mn(calcd) calculated from the monomer 
conversion value. A small value is obtained when many chains are generated via initiation reactions from protic 
impurities.  
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Figure 1. (A) Time–conversion curve, (B) Mn and Mw/Mn–conversion plots, and (C) MWD curves of the poly(IBVE)s 
obtained using the MDOL/TiCl4 system: [IBVE]0 = 0.76 M, [MDOL]0 = 5.0 mM, [TiCl4]0 = 20 mM, [DTBP] = 10 mM, 
[ethyl acetate] = 1.0 M, in CH2Cl2 at 0 ºC. 
 

 The postulated mechanism for the polymerization with the MDOL/TiCl4 initiating system is 

shown in Scheme 3. The reaction between the oxygen atom of the cyclic acetal and TiCl4 formed a Ti–O 

bond and subsequently produced a species having a structure similar to a VE–HCl adduct through the 

transfer of a chloride anion from the Ti species to the acetal carbon. The ring-opening reaction via such 

mechanisms may involve the transient formation of a zwitterionic species that consists of a carbocationic 

center and a negatively charged Ti atom.19 The generation of the VE–HCl adduct and the formation of the 

Ti–oxygen bond were demonstrated by lH NMR analysis of an equimolar mixture of MDOL and TiCl4 

(Figure 2). The spectrum, however, indicated that a part of the cyclic acetal remained intact, unlike the 

quantitative reactions using acyclic acetals under the same conditions.22 The lower reactivity of cyclic acetals 

compared with acyclic acetals is likely responsible for the difference in the reaction efficiency.23–25 In the 

polymerization reaction, the use of excess TiCl4 appeared to contribute to the quantitative generation of the 

VE–HCl adduct and the quantitative initiator efficiency. The propagation reactions were catalyzed by the 

presence of extra TiCl4 species that were not consumed in the initiation reaction. Moreover, the Ti–O bond 

was decomposed in the quenching reaction with methanol, which led to the generation of a hydroxy group at 

the α-end. 

 
Scheme 3. Postulated Reaction Mechanism for Cationic Polymerization of IBVE Using MDOL/TiCl4 Initiating 
System.  
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Figure 2. 1H NMR spectrum of the mixture of MDOL, ethyl acetate, and TiCl4 in CD2Cl2 at 0 ºC: [MDOL]0 = 40 mM, 
[ethyl acetate] = 1.0 M, [TiCl4]0 = 40 mM. *CH2Cl2 and CDHCl2. 
 
 To confirm the quantitative introduction of a hydroxy group at the α-end, the silylation reaction of 

the hydroxy group was examined. The reaction was conducted using tBuMe2SiCl with imidazole in CH2Cl2 

at 0 °C for 6 h. 1H NMR analysis of the product that was obtained revealed the incorporation of a 

tert-butyldimethylsilyl group. The ratio of the initiator fragment (peak d), the acetal moiety at the ω-end 

(peak j), and the silyl group (peak p) was in good agreement with the theoretical value [d:j:p = 1.0:3.2:5.9 

(the calculated ratio is 1.0:3.0:6.0)] (Figure 3). This result indicated that poly(IBVE) with a hydroxy group at 

the α-end was successfully produced without post polymerization modification reactions. 

Figure 3. 1H NMR spectrum of poly(IBVE) obtained after silylation reaction {silylation conditions: [poly(IBVE)]0 = 
1.0 mM, [imidazole]0 = 70 mM, [tBuMe2SiCl]0 = 35 mM, in CH2Cl2 at 0 ºC for 6 h; 500.16 MHz, in CDCl3 at 30 ºC; 
*vaseline}. 

 

 The number of substituents on the acetal carbon of cyclic acetals was very important for the 

quantitative initiating reaction with TiCl4. The polymerization using DOL, a non-substituted five-membered 

cyclic acetal as a cationogen, produced a poly(IBVE) with a high MW (entry 5 in Table 1). The 1H NMR 

spectrum of the polymer did not contain a peak that could be assigned to a DOL moiety, which suggests that 

the polymer chains were generated only from protic impurities [Figure 4 (A)]. The initiating reaction from 

DOL by TiCl4 was not induced due to the low reactivity of the cyclic acetal.26 In contrast, the polymerization 

using DMDOL, a five-membered cyclic acetal with two methyl groups on the acetal carbon, yielded a 
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polymer with a MW similar to the calculated value (entry 6 in Table 1). The analysis of the product by 1H 

NMR, however, revealed that approximately 40% of the polymer chains had α-ends that were derived from 

protons [Figure 4 (B)]. The high reactivity of the ketal moiety of DMDOL to acid26 is likely responsible for 

the low initiator efficiency. A carbocation generated from DMDOL may be decomposed at 0 ºC through 

processes such as a β-proton elimination reaction,27 although the details are not clear at the present time. 

Thus, non- or di-substituted five-membered cyclic acetals were unsuitable for the quantitative introduction of 

hydroxy groups at the α-end, unlike a monosubstituted cyclic acetal. Indeed, BnDOL, a monosubstituted 

cyclic acetal with a benzyl group on the acetal carbon, was also efficient as a cationogen for the 

polymerization with quantitative initiator efficiency, in a manner similar to MDOL. The obtained polymer 

had an α-end that was derived from the initiating reaction with BnDOL [entry 7 in Table 1, Figure 4 (C)]. 

 

Figure 4. 1H NMR spectra of the products obtained in the polymerization using DOL (A) [Mn(GPC) = 14.6 × 103, 
Mw/Mn(GPC) = 1.13], DMDOL (B) [Mn(GPC) = 6.6 × 103, Mw/Mn(GPC) = 1.05], BnDOL (C) [Mn(GPC) = 6.0 × 103, 
Mw/Mn(GPC) = 1.07] and MDOX as initiators (D) [Mn(GPC) = 4.4 × 103, Mw/Mn(GPC) = 1.16] (500.16 MHz, in CDCl3 
at 30 ºC; *CHCl3, water, and vaseline).  
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 The number of ring members of cyclic acetals also influenced the ability to control the 

polymerization. The polymerization using MDOX, a six-membered cyclic acetal containing a methyl group 

at the acetal carbon, as an initiator proceeded smoothly with quantitative initiator efficiency [entry 8 in Table 

1, Figure 4 (D)]. However, the MWD of the polymer obtained was broader (Mw/Mn = 1.19) compared to the 

polymer produced by the initiation reaction using the monosubstituted five-membered cyclic acetals. In 

addition, an undesired initiating reaction appeared to have occurred, as deduced from the Mn value smaller 

than the calculated value, and from the 1H NMR analysis (1.1 ppm). The less-controlled polymerization 

using MDOX, compared to the case using MDOL, most likely stemmed from the low reactivity of the 

six-membered cyclic acetal. In fact, the reactivity of monosubstituted 1,3-dioxanes in hydrolysis reactions 

was reported to be lower than that of monosubstituted 1,3-dioxolanes.28,29 

 An end-functionalized poly(styrene derivative) with a hydroxy group at the α-end was also 

synthesized by the cationic polymerization of p-methoxystyrene (pMOS), which is a styrene derivative less 

reactive than IBVE,30 using DMOL as an initiator. A quantitative initiating reaction was achieved when the 

polymerization was conducted under the same conditions as those for the living cationic polymerization of 

IBVE (Figure 5). Although the rate of polymerization was low, due to the low reactivity of pMOS, the 

polymerization was highly controlled and yielded poly(pMOS) with a very narrow MWD (Mw/Mn = 1.05). In 

addition, the integral ratio of the α-end (peaks a–d) and the ω-end (peaks i and j) in the 1H NMR spectrum 

accorded with the calculated value [a:(b + c + d + i):j = 1.0:1.9:0.97 (the calculated ratio is 1.0:2.0:1.0)], 

indicating that almost all of the α-ends of the poly(pMOS) chains were derived from the cyclic acetal (Figure 

6). 

Figure 5. (A) Time–conversion curve, (B) Mn and Mw/Mn–conversion plots, and (C) MWD curves of the obtained 
poly(pMOS)s using the MDOL/TiCl4 system: [pMOS]0 = 0.74 M, [MDOL]0 = 5.0 mM, [TiCl4]0 = 20 mM, [DTBP] = 
10 mM, [ethyl acetate] = 1.0 M, in CH2Cl2 at 0 ºC. 
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Figure 6. 1H NMR spectrum of poly(pMOS) obtained using MDOL/TiCl4 initiating system [Mn(GPC) = 3.8 × 103, 
Mw/Mn(GPC) = 1.07] (500.16 MHz, in CDCl3 at 30 ºC; *CHCl3, water). 

 

Syntheses of Block Copolymers via Polymerization of Lactide Using Macroinitiators 

Containing Hydroxy Groups at the α-End 
 The syntheses of block copolymers bearing a polylactide segment were examined using polymers 

that contained a hydroxy group at the α-end which was obtained by polymerization using MDOL, as 

macroinitiators for ring-opening polymerization of L-lactide (Scheme 1). The reaction was conducted in 

CH2Cl2 with DBU as a catalyst.31 The polymerization using poly(IBVE) that contained a hydroxy group at 

the α-end as a macroinitiator, proceeded smoothly without unreacted macroinitiators to yield a block 

copolymer with a very narrow MWD (Mw/Mn = 1.06) [Figure 7 (A)]. Although a small amount of 

homopoly(LLA) was generated from protic impurities, the polymerization proceeded in a highly controlled 

manner as confirmed by 1H NMR analysis (Figure 8). In particular, the quantitative synthesis of a block 

copolymer was verified by the integral ratio of the peaks of both chain ends (peaks a and p) and the  

 

Figure 7. MWD curves for the synthesis of poly(IBVE)-block-poly(LLA) (A) and poly(pMOS)-block-poly(LLA) (B) 
using poly(IBVE) or poly(pMOS) as macroinitiators: [LLA]0 = 0.20 M, [macroinitiator]0 = 4.0 mM, [DBU]0 = 5.0 mM, 
in CH2Cl2 at 25 ºC. †For a main peak. *Homopoly(LLA) derived from protic impurities. 
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Figure 8. 1H NMR spectrum of the poly(IBVE)-block-poly(LLA) [Mn(GPC) = 19.0 × 103, Mw/Mn(GPC) = 1.06] 
(500.16 MHz, in CDCl3 at 30 ºC; *CH2Cl2, vaseline). 

 

MDOL-derived moiety (peaks d and g) [(a + d):g:p = 3.1:3.2:1.0 (the calculated ratio is 3.0:3.0:1.0)]. In 

addition, the polymerization of lactide using the hydroxy group-functionalized poly(pMOS) as a 

macroinitiator proceeded as it did with poly(IBVE), yielding a block copolymer with a well-defined structure 

[Figure 7 (B)]. These results demonstrated that block copolymers were synthesized using MDOL as a 

two-staged latent initiator for living cationic polymerization and subsequent ring-opening anionic 

polymerization without post-polymerization modification. 

 

Conclusion 

 This chapter presented the syntheses of block copolymers using a cyclic acetal as a two-staged 

latent initiator for living cationic polymerization of VE or pMOS and the subsequent ring-opening anionic 

polymerization of lactide. Living cationic polymerization of IBVE using the MDOL/TiCl4 initiating system 

in CH2Cl2 with a high concentration of a proton trap reagent quantitatively produced polymers containing a 

hydroxy group at the α-end. The numbers of both substituents and ring members of cyclic acetals were very 

important for conducting living cationic polymerization with quantitative initiator efficiency. MDOL was 

also useful as a cationogen for the living cationic polymerization of pMOS. The reaction yielded 

poly(pMOS) with a hydroxy group at the initiating end. A notable benefit of the method that is demonstrated 

in this chapter is that hydroxy groups can be incorporated into chain ends without post-polymerization 

modification. The end-functionalized polymers were employed as macroinitiators for the syntheses of block 

copolymers via ring-opening anionic polymerization of LLA. The polymerizations proceeded in a controlled 

manner to yield block copolymers containing a poly(LLA) segment. It is expected that the syntheses of 

polymeric compounds with more complicated structures than block copolymers will be possible using 

appropriate cyclic acetal moieties as two-staged initiating sites. 
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Chapter 5 
 

A Novel Strategy to Synthesize a Highly Defined Graft Copolymer via 
a Repetitive Reaction Using a Cyclic Acetal Moiety 
 
 

Introduction 

 Graft copolymers have been studied as model branched polymers in terms of their properties in 

solution, such as critical micelle concentration or viscosity, and in the bulk state including their 

morphology.1 Recently, graft copolymers have attracted much attention in commercial applications for use as 

adhesives and compatibilizing agents due to characteristics derived from their branched compact structure 

and many terminal functional groups.2 For the syntheses of graft copolymers, a variety of precise synthetic 

methods using prepolymers have been developed in recent years utilizing living/controlled polymerization 

techniques,3,4 while conventional studies mainly employed transfer reactions of propagating species for 

branch formation.5 The methods are classified into three main strategies: “grafting-from”, “granting-onto”, 

and “grafting-through” methods. In the “grafting-from” method, a polymer with initiating sites on the side 

chains is used as a macroinitiator for the generation of graft chains. Graft copolymers are obtained in high 

yield without residual unreacted prepolymer due to the minimal steric hindrance of other graft chains.6,7 

Graft copolymers consisting of a backbone and branch chains with well controlled molecular weights (MW) 

are synthesized by the “grafting-onto” method because graft copolymers are prepared by the direct reaction 

between living polymers and a backbone polymer.8,9 In the “grafting-through” method, a polymer with a 

pendant polymerizable unit, or a macromonomer, is polymerized to prepare graft copolymers having graft 

chains in high density. Bottlebrush polymers can also be synthesized using this method.10–12 

 Recently, the synthesis of graft copolymers with highly defined structures was achieved through 

both the elaborate design of synthetic strategies and the development of living polymerization reactions. The 

structure of a graft copolymer is defined by the following three parameters: (i) MW of the backbone chain, 

(ii) MW of the branched chains, and (iii) the number of and the distance between branched chains (Figure 1). 

To obtain the desired functions, these three parameters need to be controlled very precisely because minute 

differences of grafting positions have been reported to influence the morphology of graft copolymers in the 

bulk state.13 Motivated by these results, Paraskeva and Hadjichristidis14 achieved the synthesis of the “exact 

graft copolymer”, a graft copolymer consisting of a precisely defined backbone and branch structures, by 

combining living anionic polymerization and repetitive polymer coupling reactions. In addition, Hirao and 

co-workers15–21 have developed synthetic methods for graft and star-shaped copolymers with precisely 

defined structures using repetitive cycles of living anionic polymerization and post-polymerization reactions. 
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Figure 1. Three parameters defining the structure of a graft polymer. 

 

 In this chapter, graft copolymers with precisely defined structures are synthesized using a 

combination of living cationic polymerization of vinyl ethers (VEs) and ring-opening anionic polymerization 

of lactide using cyclic acetal moieties as two-staged latent initiating sites. A cyclic acetal moiety is 

quantitatively introduced into the ω-end of a poly(VE) chain by a post-polymerization modification reaction. 

A three-arm star-shaped polymer is then prepared using the cyclic acetal moiety at the ω-end as a two-staged 

latent initiating site for the living cationic polymerization of VE and subsequent anionic ring-opening 

polymerization of lactide. A polymer containing two or three hydroxy groups on the side chains, which is 

achieved by repeatedly introducing a cyclic acetal moiety and living cationic polymerization, is used as a 

macroinitiator for the syntheses of graft copolymers with an exact number of branch chains and controlled 

chain length (Scheme 1). 

 

Scheme 1. Synthetic Route of Highly Defined Graft Copolymers. 
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Experimental 

Materials 

 Ethylene glycol (Nacalai Tesque; ≥99.0%) and p-toluenesulfonic acid monohydrate 

(p-TsOH·H2O; TCI; >98.0%) were used without further purification. Tetrahydrofuran (THF; Wako; >99.9%, 

stabilizer free) was used as received. Other materials were prepared and used as described in Chapters 2 and 

4. 

 

Polymerization Procedure 

 Cationic polymerization, ring-opening anionic polymerization, and silylating reactions were 

performed in a manner similar to those described in Chapters 2 and 4. 

 

Cyclic Acetalization Procedure 

 The aldehyde group in a poly(VE) chain was converted into a cyclic acetal moiety as described 

below.22 Poly(isobutyl VE) [poly(IBVE)] containing an aldehyde group at the ω-end was dissolved in 

toluene to prepare a 2.0 mM solution. Ethylene glycol (two equivalents relative to the aldehyde group) and 

p-TsOH·H2O (one-fifth equivalents relative to the aldehyde group) were then added into the solution. The 

mixture was magnetically stirred with a stir bar at 80 °C for 8 h. The reaction was quenched by the addition 

of ice-cold saturated aqueous NaHCO3. The organic layer was washed with saturated aqueous NaHCO3 and 

water. The volatile substances were then removed under reduced pressure. 

 

Acid Hydrolysis of the Silyl Protecting Group 

 The silyl ether pendant was converted into a hydroxy group as described below.23 Poly(IBVE) 

containing silyl ether pendants was dissolved in THF to prepare a 2 wt% solution. Aqueous (3.0 M) 

hydrogen chloride-ethanol [aqueous HCl:ethanol = 1:3 (v/v)] (100 equivalents relative to the silyl group) was 

then added into the solution. The mixture was magnetically stirred with a stir bar at 0 °C for 6 h. The mixture 

was neutralized with NaHCO3, and then insoluble residues were filtered off. After the organic solvents were 

removed by evaporation, the product was purified by reprecipitation from CH2Cl2 into a large excess of 

methanol. The product was recovered by the evaporation of methanol under reduced pressure and then 

vacuum-dried overnight. 

 

Characterization 

 The MWD of the polymers and NMR spectra were measured as described in Chapter 2. 
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Results and Discussion 

Introduction of a Cyclic Acetal Moiety into the Polymer ω-End and Synthesis of a Three-Arm 

Star-Shaped Polymer Using the Cyclic Acetal Moiety 
 A five-membered cyclic acetal moiety was introduced into the chain end of a VE polymer by the 

reaction between ethylene glycol and an aldehyde group at the ω-end under acidic conditions. Poly(IBVE) 

with an aldehyde group at the ω-end was prepared by quenching the living cationic polymerization of IBVE 

with water (Mn = 14.0 × 103, Mw/Mn = 1.07).24 Subsequently, the acetalization reaction using ethylene glycol 

was conducted at 80 °C in toluene with p-TsOH·H2O as a catalyst for 8 h. The progress of the reaction 

without any side reactions and the quantitative conversion of the aldehyde group (peak h) into a cyclic acetal 

moiety (peaks j and k) were confirmed by lH NMR analysis (Figure 2). Thus, an end-functionalized polymer 

containing a cyclic acetal moiety at the ω-end was quantitatively obtained by the living cationic 

polymerization and the subsequent post-polymerization reaction. 

 

Figure 2. 1H NMR spectra of (A) poly(IBVE) with an aldehyde group at the ω-end and (B) poly(IBVE) obtained after 
cyclic acetalization reaction {polymerization conditions: [IBVE]0 = 0.76 M, [IBEA]0 = 4.0 mM, [EtAlCl2]0 = 20 mM, 
[ethyl acetate] = 1.0 M, in hexane at 0 ºC for 4 h; acetalization conditions: [poly(IBVE)]0 = 2.0 mM, [ethylene glycol]0 
= 4.0 mM, [p-TsOH·H2O]0 = 0.42 mM, in toluene at 80 ºC for 8 h; 500.16 MHz, in CDCl3 at 30 ºC; *CHCl3, CH2Cl2, 
and water}. 

 

 The synthesis of a three-arm star-shaped polymer was studied using the poly(IBVE) with a cyclic 

acetal moiety at the ω-end as a two-staged latent macroinitiator (Scheme 2). First, the living cationic 

polymerization of IBVE from the cyclic acetal moiety at the chain end was performed in CH2Cl2 at 0 °C 

using TiCl4 as a catalyst in the presence of ethyl acetate as an added base and 2,6-di-tert-butylpyridine   
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Scheme 2. Synthesis of a Three-Arm Star-Shaped Copolymer Using Poly(IBVE) Containing a Cyclic Acetal 
Moiety at ω-End as a Two-Staged Latent Macroinitiator. 

 

(DTBP) as a proton trap reagent. The polymerization proceeded smoothly from the macroinitiator to yield a 

polymer with a very narrow MWD (Mw/Mn = 1.07) (Figure 3, middle portion). Because the polymerization 

was initiated from the cationic species derived from the ring-opening reaction of the cyclic acetal moiety by 

TiCl4 in a manner similar to the reaction demonstrated in Chapter 4, a hydroxy group was introduced into a 

mid-chain position through the reaction between an alcohol quencher and the Ti-alkoxide bond generated 

along with the cationic species. Subsequently, the polymerization of L-lactide (LLA) using the hydroxy 

group as an initiating site was conducted with 1,8-diazabicyclo[5.4.0]-7-undecene (DBU) as a catalyst in 

CH2Cl2 at 25 °C. The polymerization proceeded smoothly with high conversion of LLA. In addition, the 

MWD curves of the obtained polymers shifted toward the higher MW region than that of the macroinitiator  

Figure 3. MWD curves for the synthesis of three-arm star-shaped polymer: [IBVE]0 = 0.76 M, [macroinitiator]0 = 5.0 
mM, [TiCl4]0 = 20 mM, [DTBP] = 20 mM, [ethyl acetate] = 1.0 M, in CH2Cl2 at 0 ºC; [LLA]0 = 0.20 M, 
[macroinitiator]0 = 4.0 mM, [DBU]0 = 5.0 mM, in CH2Cl2 at 25 ºC. †For main peaks. *Homopolymers derived from 
protic impurities.  
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(Figure 3, bottom portion). This indicates that the polymerization proceeded in a highly controlled manner, 

although a small amount of an LLA homopolymer, which was easily removed by reprecipitation, was also 

produced through the initiation reaction from protic impurities. In the 1H NMR spectrum of the product 

(Figure 4), the integral ratio of the peaks of both chain ends of the poly(IBVE) segment (peaks a and n), the 

chain end of the poly(LLA) segment (peak m), and the junction point (peak j) were in good agreement with 

the calculated value [a:(j + m):n = 3.3:3.0:1.0 (the calculated ratio is 3.0:3.0:1.0)], indicating that the 

quantitative initiation reaction of the LLA polymerization occurred from the macroinitiator. Thus, a 

three-arm star-shaped polymer consisting of two poly(IBVE) chains and one polylactide chain was 

successfully synthesized by the living cationic polymerization of IBVE and subsequent ring-opening anionic 

polymerization of LLA using poly(IBVE) with a cyclic acetal moiety at the ω-end as a two-staged latent 

macroinitiator. 

Figure 4. 1H NMR spectrum of three-arm star-shaped polymer [Mn(GPC) = 20.3 × 103, Mw/Mn(GPC) = 1.09] (500.16 
MHz, in CDCl3 at 30 ºC; *LLA, water, and vaseline). 

 

Synthesis of Highly Defined Graft Copolymers by Repetitive Cycles of Cyclic Acetalization 

Reaction and Living Cationic Polymerization 

 To synthesize graft copolymers with highly controlled structures, the synthesis of a macroinitiator 

containing several hydroxy groups on the side chains was studied through repetitive cyclic-acetalization 

reaction and living cationic polymerization (Scheme 1). First, the living cationic polymerization of IBVE 

using a cyclic acetal-containing poly(IBVE) as a macroinitiator was quenched with water to introduce an 

aldehyde group at the ω-end (Figure 5, upper portion). The aldehyde group was then transformed to a cyclic 

acetal structure using ethylene glycol in a similar manner to the first step. The cyclic acetal moiety was 

further used as an initiating site for the living cationic polymerization of IBVE. However, a relatively large 

amount of homopolymer was produced as a side product in the polymerization (the bottom curve in Figure 

5). The hydroxy group at the mid-chain position was most likely responsible for the uncontrolled polymeriz-  
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Figure 5. MWD curves for the products obtained in the repetitive polymerization of IBVE using macroinitiators: (1st) 
[IBVE]0 = 0.76 M, [IBEA]0 = 4.0 mM, [EtAlCl2]0 = 20 mM, [ethyl acetate] = 1.0 M, in hexane at 0 ºC; (2nd, 3rd) 
[IBVE]0 = 0.76 M, [macroinitiator]0 = 5.0 mM, [TiCl4]0 = 20 mM, [DTBP] = 20 mM, [ethyl acetate] = 1.0 M, in CH2Cl2 
at 0 ºC. †For main peaks. *Homopolymer derived from protic impurities. 
 
ation. Specifically, the initiation reaction from a proton generated through the reaction of the hydroxy group 

with TiCl4 resulted in the homopolymer generation. Therefore, the hydroxy group must be protected to 

inhibit the reaction with TiCl4. 

 The hydroxy group at the mid-chain position of the poly(IBVE) chain was protected by a 

silylation reaction using tBuMe2SiCl. The integral ratio of the α-end (peak a), the cyclic acetal moiety at the 

ω-end (peak p), and the silyl group (peak k) in the 1H NMR spectrum of the silylated product was in good 

agreement with the theoretical value [a:k:p = 3.3:5.9:1.0 (the calculated ratio is 3.0:6.0:1.0)] (Figure 6), 

indicating the quantitative protection of the hydroxy group. The cationic polymerization of IBVE using the 

obtained polymer as a macroinitiator proceeded in a highly controlled manner without the generation of 

homopolymers, yielding a poly(IBVE) with a silyloxy group and a hydroxy group in the side chains [the 

upper curve in Figure 7 (A)]. 

Figure 6. 1H NMR spectrum of poly(IBVE) after silylation reaction {silylation conditions: [poly(IBVE)]0 = 1.0 mM, 
[imidazole]0 = 70 mM, [tBuMe2SiCl]0 = 35 mM, in CH2Cl2 at 0 ºC for 6 h; 500.16 MHz, in CDCl3 at 30 ºC; *grease}.  
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 Graft copolymers with well-defined structures were synthesized by the ring-opening 

polymerization of LLA using macroinitiators containing two or three hydroxy groups on the side chains. The 

silyloxy group of the poly(IBVE) obtained above was deprotected under acidic conditions to yield 

poly(IBVE) containing two hydroxy groups on the side chains. This polymer was used as a macroinitiator 

for the polymerization of LLA. The controlled polymerization proceeded smoothly to yield a graft 

copolymer containing two poly(LLA) segments as branched chains [the bottom curve in Figure 7 (A); Figure 

8]. Additionally, a poly(IBVE) with three hydroxy groups on the side chains at intervals of approximately 

100 IBVE units [poly(IBVE)96-OH-poly(IBVE)113-OH-poly(IBVE)118-OH-poly(IBVE)94] (Mn = 42.2 × 103) 

was synthesized through a repetitive cycle consisting of the introduction of a cyclic acetal moiety, the 

protection of the hydroxy group, the living cationic polymerization of IBVE, and the deprotection reaction 

[Figure 7 (B)]. A graft copolymer with three branch chains containing approximately 14 LLA units in each 

branch was prepared by the polymerization of LLA using the poly(IBVE) containing three hydroxy groups 

as a macroinitiator [Figure 7 (B), bottom portion]. The MW, the number of and the distances between branch 

chains can be adjusted using this methodology. 

 

Figure 7. MWD curves for the synthesis of graft copolymers: (1st) [IBVE]0 = 0.76 M, [IBEA]0 = 4.0 mM, [EtAlCl2]0 = 
20 mM, [ethyl acetate] = 1.0 M, in hexane at 0 ºC; (2nd–4th) [IBVE]0 = 0.76 M, [macroinitiator]0 = 5.0 mM, [TiCl4]0 = 
20 mM, [DTBP] = 20 mM, [ethyl acetate] = 1.0 M, in CH2Cl2 at 0 ºC; [LLA]0 = 0.20 M, [hydroxy group]0 = 4.0 mM, 
[DBU]0 = 5.0 mM, in CH2Cl2 at 25 ºC. †For a main peak. *Homopolymer derived from protic impurities. 
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Figure 8. 1H NMR spectrum of poly(IBVE)-graft-poly(LLA) [Mn(GPC) = 36.2 × 103, Mw/Mn(GPC) = 1.13] (500.16 
MHz, in CDCl3 at 30 ºC; *LLA, water). 

 

 The comparison of the absolute MWs determined by GPC with RALS and LALS detectors and 

the relative MWs determined by GPC using a polystyrene calibration indicated that the obtained polymers 

had branched structures. The absolute MW (Mw = 53 × 103) of the graft copolymer containing two branch 

chains was larger than the relative MW value obtained from the GPC analysis with polystyrene standards 

(Mw = 41 × 103). Additionally, the absolute MW was in relatively good agreement with the value calculated 

from the MW of the macroinitiator and the conversion of LLA (Mw = 48 × 103). In addition, the value of the 

exponent a of the Mark–Houwink–Sakurada equation was smaller (a = 0.55) than the values of linear 

poly(IBVE) and poly(LLA) (a ~ 0.7).25 Similar results were obtained for the graft copolymer with three 

branch chains [Mw(absolute) = 63 × 103, Mw(relative) = 55 × 103, Mw(calcd) = 61 × 103, a = 0.50].  

 

Conclusion 

 The synthesis of graft copolymers with highly defined structures was achieved by repetitive 

cycles of the introduction of cyclic acetal moieties and living polymerization. A VE polymer containing a 

cyclic acetal moiety at the ω-end was prepared by the post-polymerization modification of an aldehyde 

group using ethylene glycol. A three-arm star-shaped polymer was synthesized using the cyclic acetal moiety 

as a two-staged latent initiating site for the living cationic polymerization of IBVE and subsequent 

ring-opening anionic polymerization of LLA. The protection of the hydroxy groups with a silylating agent 

was necessary to allow for iterative reactions consisting of cyclic acetalization reaction and living cationic 

polymerization to yield macroinitiators containing several hydroxy groups on the side chains. These 

macroinitiators were employed for the synthesis of graft copolymers by ring-opening anionic 

polymerizations of LLA. The control of the number of branches, the MW of both backbone and branch 

chains, and the distances between the branch chains of the graft copolymers was feasible using this method 

because each segment was precisely synthesized via living polymerization. The branch chains of the graft 

copolymers synthesized in this chapter had uniform lengths and compositions as a result of the simultaneous 

synthesis of all branch segments; however, graft copolymers having diverse types of backbone and branch 
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segments may be obtained through step-by-step living polymerization using different types of monomers. 
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Chapter 6 
 

Synthesis of Block Copolymers Using Aromatic Acetal as a 
“Two-Staged Latent Initiator” for Iterative Living Cationic 
Polymerizations 
 

 

Introduction 

 Precision syntheses of polymers having predetermined numbers of functional groups at 

predetermined positions have recently been attracting much attention in the field of synthetic polymers.1,2 

Methods for the introduction of a functional group into a pinpoint position of a polymer chain via chain 

polymerization reactions have been devised via the development of living polymerization techniques. For 

instance, functionalization of polymer chain ends has been demonstrated using reagents with functional 

groups, such as non-homopolymerizable monomers, terminators, and initiators, in living polymerization.3–6 

Polymers having functional groups at a mid-chain position were successfully obtained using macroinitiators 

with a functional group.3,7 Feeding a small amount of highly reactive comonomers, such as maleimides or 

conjugated aldehydes, at a predetermined time during the living polymerization of monomers such as styrene 

or vinyl ethers (VEs), respectively, was also highly efficient for the synthesis of polymers with functional 

groups at predetermined positions along their main chain.8–10 In addition, polymerization of oligomers 

having a specific sequence11–14 and polymerization via iterative single-monomer addition reactions15–18 can 

generate polymers with functional groups at precisely defined positions. 

 In Chapter 4, block copolymers were synthesized by the combination of living cationic 

polymerization and subsequent ring-opening anionic polymerization using a cyclic acetal as a two-staged 

latent initiator. Since the moiety derived from the two-staged latent initiator remains between the poly(VE) 

and poly(lactide) segments of the block copolymer, this method is applicable for the introduction of a 

functional group into a specific position in a main chain. Therefore, the author focused on aromatic acetals as 

a two-staged latent initiator for living cationic polymerization. A benzyl ether moiety, a possible initiating 

site for the second polymerization, is generated at the α-end of the resulting polymer chain through the 

selective initiation reaction from an aromatic acetal. Because a benzyl ether moiety is relatively stable, as 

expected from its use for protection of hydroxy groups,19,20 a macroinitiator with a benzyl ether moiety will 

be obtained via simple isolation and purification steps. Indeed, Aoshima and co-workers21 achieved 

controlled cationic polymerization of VEs through a highly efficient initiation reaction from the benzyl ether 

moiety at the ω-end of poly(p-methoxystyrene) [poly(pMOS)]. 

 This chapter describes the syntheses of block copolymers by controlled cationic polymerization 

reactions using an aromatic acetal as a two-staged latent initiator. First, polymerization of VEs is examined 

using p-anisaldehyde dimethyl acetal as a cationogen with Lewis acids as catalysts. The quantitative 
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introduction of a benzyl ether moiety into the α-end of the obtained polymer is achieved using an appropriate 

Lewis acid at low temperature. Subsequently, the obtained poly(VE) containing a benzyl ether moiety at the 

α-end is used as a macroinitiator for the syntheses of block copolymers by the second cationic 

polymerization from the α-end (Scheme 1). 

 

Scheme 1. Synthesis of Block Copolymers Using an Aromatic Acetal as a Two-Staged Latent Initiator. 

 

Experimental 

Materials 
 Isopropyl VE (IPVE; Wako; >97.0%) was distilled twice over calcium hydride. p-Anisaldehyde 

dimethyl acetal (TCI; >97.0%) was distilled twice over calcium hydride under reduced pressure. 1,4-Dioxane 

(Wako; >99.5%) was dried overnight over molecular sieves 3A and 4A and distilled over calcium hydride 

and then lithium aluminum hydride. Trimethylsilyl iodide (TMSI; TCI; >95.0%) was used without further 

purification. Other materials were prepared and used as described in Chapters 2 and 3. 

 

Polymerization Procedure 
 Polymerizations were carried out in a similar manner to that described in Chapter 2. 

 

Characterization 

 The MWD of the polymers and NMR spectra were measured as described in Chapter 2.  
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Results and Discussion 

Cationic Polymerizations Using an Aromatic Acetal as an Initiator for Synthesis of a Polymer 

Containing a Benzyl Ether End 

 Cationic polymerizations of IPVE using p-anisaldehyde dimethyl acetal as a cationogen were 

investigated with several metal chlorides as catalysts to determine suitable conditions for the synthesis of a 

polymer having a benzyl ether moiety at the α-end [Scheme 1 (upper)]. The reactions were conducted in 

CH2Cl2 at 0 °C in the presence of ethyl acetate as an added base and 2,6-di-tert-butylpyridine (DTBP) as a 

proton trap reagent (Table 1). The polymerizations proceeded smoothly with any of the catalysts to yield 

polymers with molecular weights (MWs) relatively similar to their calculated values (entries 1–3 in Table 1). 

In particular, the polymer synthesized with TiCl4, an effective Lewis acid for the activation of acetal 

moieties,22 had a very narrow MWD (Mw/Mn = 1.07) (entry 3 in Table 1). 1H NMR analysis of the products 

indicated that the polymer chains were generated via the initiation reaction from p-anisaldehyde dimethyl 

acetal. However, the benzyl ether moiety, which resulted from the carbocation generation from the acetal 

moiety and the subsequent addition reaction of a VE monomer, was not quantitatively retained at the α-end 

in any polymerization, regardless of catalyst, at 0 °C. A fraction of the benzyl ether head groups were most 

likely activated during the polymerization reaction through the abstraction of the methoxy group, which 

triggered the generation of an extra propagating species from the initiator fragment [peaks c’ and d’ in Figure 

1 (A)–(C)]. 

 The selective initiation reaction from p-anisaldehyde dimethyl acetal was achieved by conducting 

the polymerization at low temperature. The polymerization of IPVE using TiCl4 at −78 °C proceeded at a 

slower rate than that at 0 °C, yielding a polymer with a narrow MWD and an MW similar to the theoretical 

value (entry 4 in Table 1, Figure 2). In the 1H NMR of the product, no peak of the structure resulting from 

the activation of the benzyl ether group was detected [Figure 1 (D)], indicating that the undesired initiation  

 

Table 1. Cationic Polymerization of VEs by p-Anisaldehyde Dimethyl Acetal/Lewis Acid Initiating Systemsa 

entry monomer Lewis 
acid 

temp. 
(ºC) time conv. 

(%) 
Mn × 10–3 
(GPC)b 

Mn × 10–3 
(calcd) 

Mw/Mn 
(GPC)b fα-end

c 

1 IPVE EtAlCl2   0    2 min 92 16.0 13.8 1.50 0.95 

2 
 

ZrCl4   0    4 min 71 11.1 10.6 1.77 0.90 

3 
 

TiCl4   0    8 min 96 12.1 14.4 1.07 0.93 

4 
 

TiCl4 –78   30 h 94 12.4 14.1 1.07  >0.99 

5 IBVE TiCl4   0    4 h 90 12.1 13.7 1.12 0.74 

6 
 

TiCl4 –78  960 h 32  3.7  4.9 1.14 0.84 
a [monomer]0 = 0.85 M (entries 1–4) or 0.76 M (entries 5, 6), [p-anisaldehyde dimethyl acetal]0 = 5.0 mM, [Lewis 
acid]0 = 20 mM (except for entry 2) or 10 mM (entry 2), [DTBP] = 10 mM, [ethyl acetate] = 1.0 M, in CH2Cl2. b 
Determined by GPC with polystyrene calibration. c The number of benzyl ether head group/the number of ω-ends 
determined by 1H NMR.  
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Figure 1. 1H NMR spectra of poly(IPVE)s obtained using the p-anisaldehyde dimethyl acetal/Lewis acid initiating 
systems (A): Mn(GPC) = 16.0 × 103, Mw/Mn(GPC) = 1.50, (B): Mn(GPC) = 3.0 × 103, Mw/Mn(GPC) = 4.47, (C): 
Mn(GPC) = 5.2 × 103, Mw/Mn(GPC) = 1.13, (D): Mn(GPC) = 4.6 × 103, Mw/Mn(GPC) = 1.24 (500.16 MHz, in CDCl3 at 
30 ºC; *CHCl3, water). 
 

Figure 2. (A) Time–conversion curve, (B) Mn and Mw/Mn–conversion plots, and (C) MWD curves of the poly(IPVE)s 
obtained using the p-anisaldehyde dimethyl acetal/TiCl4 system: [IBVE]0 = 0.76 M, [p-anisaldehyde dimethyl acetal]0 = 
5.0 mM, [TiCl4]0 = 20 mM, [DTBP] = 10 mM, [ethyl acetate] = 1.0 M, in CH2Cl2 at –78 ºC.  
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reaction from the initiator fragment was completely suppressed at −78 °C. It should also be noted that the 

quantitative initiation efficiency from p-anisaldehyde dimethyl acetal was retained at this temperature, as 

confirmed by the GPC and 1H NMR analyses of the products. Thus, the cationic polymerization of IPVE 

using p-anisaldehyde dimethyl acetal as an initiator proceeded in a controlled manner at low temperature 

using a suitable catalyst, yielding a polymer having a benzyl ether moiety at the α-end with quantitative 

functionality. 

 The use of a highly reactive monomer, IPVE, was also essential for the selective initiation 

reaction without the activation of the benzyl ether end. When isobutyl VE (IBVE), a VE less reactive than 

IPVE,23 was polymerized using the p-anisaldehyde dimethyl acetal/TiCl4 initiating system at 0 °C, the 

undesired initiation reaction occurred from approximately a quarter of the benzyl ether ends, as confirmed by 
1H NMR analysis (entry 5 in Table 1, Figure 3). This ratio was much higher than with IPVE (approximately 

7%) at 0 °C. The longer reaction time for the polymerization due to the smaller reactivity of IBVE is most 

likely responsible for the more frequent side reactions compared to IPVE. The selectivity in the initiation 

reaction was improved at −78 °C, although the polymerization proceeded at a very slow rate, and a fraction 

of the benzyl ether ends were still activated (entry 6 in Table 1). 

Figure 3. 1H NMR spectrum of poly(IBVE) obtained using the p-anisaldehyde dimethyl acetal/TiCl4 initiating system 
[Mn(GPC) = 4.6 × 103, Mw/Mn(GPC) = 1.11] (500.16 MHz, in CDCl3 at 30 ºC; *CHCl3, water). 

 

Syntheses of Block Copolymers by Cationic Polymerizations Using Poly(IPVE) Having a 

Benzyl Ether Moiety as a Macroinitiator 
 The syntheses of block copolymers were examined using poly(IPVE) containing a benzyl ether 

moiety at the α-end as a macroinitiator [Scheme 1 (lower)]. The macroinitiator was prepared by quenching 

the living cationic polymerization of IPVE using LiBH4 as a quencher to avoid the formation of an acetal 

moiety at the ω-end.24 Cationic polymerization of IBVE using metal chlorides as Lewis acid catalysts 

proceeded from the macroinitiator in toluene at 0 °C (entries 1–3 in Table 2). However, a part of the 

macroinitiator remained unreacted after polymerization with all catalysts employed, as confirmed from the 

MWD curves (Figure 4). This is in sharp contrast to the almost quantitative initiation efficiency in the 

polymerization using the benzyl ether moiety-containing poly(pMOS) as a macroinitiator in conjunction with   
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Table 2. Synthesis of Block Copolymers by Polymerization of IBVE Using the Poly(IPVE)/Lewis Acid Systemsa 

entry Lewis acid Mn × 10–3 
(macroinitiator) time conv. (%) Mn × 10–3 

(GPC)b 
Mw/Mn 
(GPC)b 

initiation 
efficiencyc 

1 EtAlCl2/SnCl4 11.1    20 min 45 28.8 1.15 0.68 

2 TiCl4 12.4    24 h 31 22.6 1.13 0.46 

3 TiCl4/SnCl4 11.7    15 min 71 32.9 1.19 0.76 

4 TMSI/ZnCl2  2.8    80 min 86 10.7 1.12 0.36 
a [IBVE]0 = 0.76 M, [poly(IPVE)]0 = 4.0 mM, [Lewis acid]0 = 10 mM/5.0 mM (entries 1 and 3), 20 mM (entry 2) or 6.0 
mM/5.0 mM (entry 4), [DTBP] = 5.0 mM, [added base] = 1.0 M (ethyl acetate for entries 1–3) or 1.2 M (1,4-dioxane 
for entry 4), in toluene at 0 ºC. b Determined by GPC with polystyrene calibration (for main peaks). c Calculated from 
the area ratio of block copolymers and residual macroinitiators in GPC curves detected by UV absorption (254 nm). 
 

EtAlCl2 and SnCl4 as catalysts.21 The same catalysts were not effective for the activation of the benzyl ether 

end of poly(IPVE) [entry 1 in Table 2, Figure 4 (A)]. Additionally, the initiating systems using TiCl4 or 

TiCl4/SnCl4, which were effective for the activation of an acetal moiety,22,25 resulted in inefficient initiation 

reactions from the macroinitiator [entries 2 and 3 in Table 2, Figure 4 (B) and (C)]. The initiation efficiencies 

of these polymerization reactions, calculated from the area ratio of the UV-detected curves (254 nm; Figure 

4 broken line) derived from the absorption of the aromatic ring, were 46–76%.26 

 

Figure 4. MWD curves for the synthesis of poly(IPVE)-block-poly(IBVE) using poly(IPVE) as a macroinitiator: 
[IBVE]0 = 0.76 M, [poly(IPVE)]0 = 4.0 mM, [Lewis acid]0 = 10 mM/5.0 mM [(A), (C)] or 20 mM (B), [DTBP] = 5.0 
mM, [ethyl acetate] = 1.0 M, in toluene at 0 ºC. †For main peaks. 

 

 Trimethylsilyl iodide (TMSI) was examined as an activator for the benzyl ether moiety of the 

macroinitiator instead of metal chlorides. TMSI has been used for activation of benzyl ethers in organic 

chemistry27,28 and for initiation reactions from cyclic acetals in living cationic polymerization.29,30 Prior to the 

use of TMSI for the initiation reaction, a model reaction was carried out under similar conditions to those for 

the polymerization. The reaction was composed of the activation of the benzyl ether moiety of the 
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macroinitiator and the subsequent addition of ethanol. If a carbon–iodine bond is formed via the activation of 

the benzyl ether end by TMSI, a substitution reaction will occur between ethanol and the carbon–iodine bond 

by the addition of ethanol to generate an ethoxy group at the α-end. The conversion from the methoxy group 

to an ethoxy group was monitored by 1H NMR spectroscopy. As shown in Figure 5, the peak of the methine 

group adjacent to the methoxy group completely disappeared after the reaction, and a new peak appeared 

downfield instead. The peak was assigned to the methine proton adjacent to the ethoxy group, which 

indicates that TMSI successfully activated the benzyl ether moiety with high efficiency [Figure 5 (B)]. 

 

Figure 5. 1H NMR spectra of (A) poly(IPVE) and (B) the product of a model reaction using TMSI as an activator and 
ethanol as a quencher {reaction conditions: [poly(IPVE)]0 = 4.0 mM, [TMSI]0 = 6.0 mM, [DTBP] = 5.0 mM, 
[1,4-dioxane] = 1.2 M, in toluene at 0 ºC for 20 min; 500.16 MHz, in CDCl3 at 30 ºC}. 

 

 Based on the result of the model reaction, the cationic polymerization of IBVE from the 

macroinitiator was examined using TMSI as an activator. ZnCl2 was used as a catalyst for the propagation 

reaction because TMSI has been reported to be ineffective for the propagation reaction of cationic 

polymerization.29–32 The polymerization of IBVE proceeded smoothly; however, a large amount of the 

macroinitiator remained unreacted as confirmed by the UV-detected MWD curve of the product (entry 4 in 

Table 2, Figure 6).33 
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Figure 6. MWD curves for the synthesis of poly(IPVE)-block-poly(IBVE) using poly(IPVE) as a macroinitiator: 
[IBVE]0 = 0.76 M, [poly(IPVE)]0 = 4.0 mM, [TMSI]0 = 6.0 mM, [ZnCl2]0 = 5.0 mM, [DTBP] = 5.0 mM, [1,4-dioxane] 
= 1.2 M, in toluene at 0 ºC. †For a main peak. 

 

 Alkoxystyrenes were then employed as monomers for polymerization using the macroinitiator 

because fewer active carbon–halogen ends will be generated from the monomers with lower reactivity than 

was the case using IBVE.34,35 First, the cationic polymerization of pMOS was performed under similar 

conditions to those for the polymerization of IBVE. The polymerization proceeded smoothly with the 

generation of long-lived species [Figure 7 (A)]. The MWD curves of the products had a very sharp and 

unimodal peak in the high MW region, which suggests that the desired block copolymer was successfully 

obtained through the initiation reaction from the macroinitiator. A small amount of a peak in the low MW 

region was most likely generated via the initiation reaction from protic impurities. The quantitative initiation 

reaction from the macroinitiator was also confirmed by 1H NMR spectroscopy. No peak assignable to the 

residue of the unreacted benzyl ether moiety was detected in the spectrum of the obtained polymer (Figure 8). 

In addition, the MW value of the block copolymer (Mn = 14.8 × 103), obtained by GPC analysis, was in 

relatively good agreement with the value calculated from the MW of the macroinitiator and the conversion of 

pMOS (Mn = 16.3 × 103), which also indicated that the cationic polymerization proceeded with high 

initiation efficiency. 

 The cationic polymerization of p-tert-butoxystyrene (tBOS), an alkoxystyrene less reactive than 

pMOS,35 was also efficient for the block copolymerization using the macroinitiator, although the rate of 

polymerization was very low. The product obtained under similar conditions to those for the pMOS 

polymerization had a unimodal MWD. Moreover, the peak shifted toward the higher MW region with the 

consumption of monomers [Figure 7 (B)]. The MW value obtained by GPC (Mn = 3.7 × 103) was similar to 

the calculated MW value (Mn = 5.0 × 103), indicating the polymerization proceeded from the macroinitiator 

with high initiation efficiency. 
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Figure 7. MWD curves for the synthesis of poly(IPVE)-block-poly(alkoxystyrenes) using poly(IPVE) as a 
macroinitiator: [monomer]0 = 0.37 M (A) or 0.53 M (B), [poly(IPVE)]0 = 4.0 mM, [TMSI]0 = 4.0 mM, [ZnCl2]0 = 10 
mM, [DTBP] = 5.0 mM, [1,4-dioxane] = 1.2 M, in toluene at 0 ºC. †For main peaks. *Homopolymers derived from 
protic impurities. 

 

Figure 8. 1H NMR spectra of poly(IPVE) [Mn(GPC) = 7.4 × 104, Mw/Mn(GPC) = 1.05] (A) and 
poly(IPVE)-block-poly(pMOS) [Mn(GPC) = 14.8 × 103, Mw/Mn(GPC) = 1.04] (B) (500.16 MHz, in CDCl3 at 30 ºC; 
*CHCl3, water, and vaseline). 
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Conclusion 

 In this chapter, the synthesis of block copolymers was investigated using an aromatic acetal as a 

two-staged latent initiator. Living cationic polymerization of IPVE was achieved using the p-anisaldehyde 

dimethyl acetal/TiCl4 initiating system in CH2Cl2 at low temperature. The quantitative introduction of a 

benzyl ether moiety into the α-end of poly(IPVE) without side reactions was confirmed by 1H NMR 

spectroscopy. Both the use of IPVE, a highly reactive monomer, and low polymerization temperature were 

essential for the selective initiation reaction. The benzyl ether end of the poly(IPVE) macroinitiator was 

quantitatively activated using TMSI, which was confirmed by the model reaction. Based on the result of the 

model reaction, cationic polymerizations of alkoxystyrenes from the benzyl ether moiety was conducted 

using the TMSI/ZnCl2 initiating system, resulting in the synthesis of block copolymers, without remaining 

unreacted macroinitiators. Thus, the syntheses of block copolymers in high initiation efficiency were 

achieved by repetitive cationic polymerization of monomers with different reactivities using p-anisaldehyde 

dimethyl acetal as a two-staged latent initiator. The introduction of a variety of functional groups between 

two block segments will be feasible using aromatic acetals having various functional groups. 
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Chapter 7 
 

Summary 
 

 

 Copolymers having specially designed architectures, such as graft copolymers, have attracted 

much attention in various fields from basic research to medical and industrial fields because their properties 

in solution and in the bulk state are completely different from those of linear polymers. In particular, the 

highly defined structures of these copolymers are very responsible for the sufficient functions as 

high-performance materials. In this regard, the stepwise synthesis using prepolymers is a highly effective 

strategy for the precise synthesis of polymers with complicated structures since each segment can be 

prepared under the best conditions for each monomer. However, prepolymers need to satisfy several 

prerequisites, such as quantitatively incorporated reactive sites and sufficient stability of reactive sites under 

ambient conditions, to achieve the precise synthesis. Thus, the author focused on acetal structures, which are 

stable under neutral and basic conditions but efficiently activated by an acid catalyst, as reactive sites that 

satisfy the prerequisites. The purpose of this thesis was to develop the method of the precise synthesis of 

block, graft, and star-shaped copolymers with precisely designed structures using prepolymers via living 

cationic polymerization with the use of acetal moieties. 

 

 Part I described the precise syntheses of copolymers containing branched structures by 

step-by-step or one-step controlled cationic polymerization reactions based on the catalyst-selectivity of 

acetal moieties. Block copolymers, graft copolymers, and star-shaped polymers were synthesized via the 

selective activation of acetal moieties incorporated into monomers and side chains or a chain end of 

polymers. 

 Chapter 2 presented the syntheses of block and graft copolymers containing segments derived 

from monomers with very different reactivities using macroinitiators that have acetal moieties as initiating 

sites. First, the TiCl4/SnCl4 initiating system was designed for the living cationic polymerization of pMeSt 

using TME as an acetal cationogen. The initiating system allowed for living cationic polymerizations of 

pMeSt using the poly(IBVE) having an acetal end, prepared by living cationic polymerization, as a 

macroinitiator, which yielded a block copolymer. Moreover, acetal moieties in the side chains of 

poly(IBVE-co-DMEVE), a polymer synthesized by selective vinyl copolymerization of DMEVE and IBVE, 

were employed as initiating sites for cationic polymerization of pMeSt to yield well-controlled graft 

copolymers in quantitative yield. In addition, the precision synthesis of block and graft copolymers was also 

feasible using alkoxystyrenes, styrene derivatives that are more reactive than pMeSt, in a similar manner. 

 Chapter 3 focused on the quantitative syntheses of end-functionalized polymers using alcohols as 

quenchers for living cationic polymerization. The results of the quenching reactions using ethanol, 
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2-propanol, and tert-butyl alcohol showed that primary alcohols were suitable for the end-functionalization 

from the viewpoint of the stability of acetal ω-ends. A block copolymer was also synthesized in high yield 

by the quenching reaction using a PEG containing a primary hydroxy group at the chain end as a 

macroterminator. In addition, macromonomers were prepared using primary alcohols containing a vinyloxy 

group as quenchers for living cationic polymerization. A macromonomer that has a butylene spacer between 

the vinyloxy group and the acetal moiety derived from the quenching reaction was successfully 

copolymerized with IBVE using ZnCl2, a low reactive catalyst for acetals, yielding graft copolymers in high 

yield. The long alkylene spacer of the macromonomer was highly important for the selective 

copolymerization without side reactions of acetal moieties. 

 

 Part II demonstrated the syntheses of block copolymers using cyclic or aromatic acetals as 

two-staged latent initiators. Additionally, graft copolymers with highly defined structures were prepared by 

introducing these acetal moieties into the chain ends and using them as initiating sites. 

 Chapter 4 dealt with the syntheses of block copolymers using a cyclic acetal as a two-staged latent 

initiator for living cationic polymerization and subsequent ring-opening anionic polymerization. Living 

cationic polymerization of IBVE using MDOL, a five-membered cyclic acetal, as an initiator in conjunction 

with TiCl4 as a catalyst proceeded through the generation of carbocation derived from the ring-opening 

reaction to yield polymers containing a hydroxy group at the α-end. The numbers of both substituents and 

ring members of cyclic acetals were essential for living cationic polymerization with quantitative initiator 

efficiency. The MDOL/TiCl4 initiating system was also useful for living cationic polymerization of pMOS. 

In addition, block copolymers were synthesized by ring-opening polymerization of LLA from the hydroxy 

groups of the polymers obtained by the living cationic polymerizations using MDOL, demonstrating that the 

cyclic acetal was usable as a two-staged latent initiator. 

 Based on the function of cyclic acetals as a two-staged latent initiator as demonstrated in Chapter 

4, the synthesis of graft copolymers with highly defined structures was performed by repetitive cycles 

consisting of the introduction of cyclic acetal moieties into the chain end of poly(VE) and living cationic 

polymerization reactions (Chapter 5). A polymer containing a five-membered cyclic acetal moiety at the 

ω-end was prepared by the post-polymerization modification of an aldehyde group at the chain end of 

poly(IBVE) using ethylene glycol. Then, a three-arm star-shaped polymer was prepared using the cyclic 

acetal moiety as a two-staged latent initiating site for living cationic polymerization of IBVE and subsequent 

ring-opening anionic polymerization of LLA. Moreover, the polymers containing several hydroxy groups at 

the side chains were prepared by the repetitive cycle consisting of the introduction of a cyclic acetal moiety 

into the chain end, living cationic polymerization, and the protection of the hydroxy group. These polymers 

were used as macroinitiators for the synthesis of graft copolymers by ring-opening anionic polymerizations 

of LLA. The control of the number of branches, the MW of both backbone and branch chains, and the 

distances between the branch chains of the graft copolymers was feasible using this method since each 
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segment was precisely synthesized via living polymerization reactions respectively. 

 In Chapter 6, the syntheses of block copolymers via cationic polymerization were investigated 

using an aromatic acetal as a two-staged latent initiator. First, living cationic polymerization of IPVE 

proceeded using the p-anisaldehyde dimethyl acetal/TiCl4 initiating system at low temperature to yield a 

polymer containing a benzyl ether moiety at the α-end quantitatively. Both the use of IPVE, a highly reactive 

monomer, and low polymerization temperature were highly important for the selective initiation reaction. 

The benzyl ether α-end of the poly(IPVE) macroinitiator was quantitatively activated using TMSI, which 

was confirmed by the model reaction. Additionally, cationic polymerizations of alkoxystyrenes from the 

benzyl ether moiety was conducted using the TMSI/ZnCl2 initiating system, resulting in the synthesis of 

block copolymers with a high initiation efficiency of the macroinitiator. 

 

 In conclusion, this thesis described the precise syntheses of copolymers having specially designed 

architectures by step-by-step living polymerization reactions using prepolymers with acetal moieties as 

reactive sites. The control of the reactivity of acetal moieties through the structural design and the use of 

appropriate Lewis acid catalysts depending on the purpose were highly important to achieve the precise 

synthesis of polymers via selective polymerization reactions. The author hopes that the research conducted in 

this thesis will be a threshold for the precise synthesis of polymer materials having more complex structures. 
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