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1.1 Applications of functional polyesters 

Polyesters, including poly(ethylene terephthalate) (PET), polylactide (PLA), poly(ε-

caprolactone) (PCL), poly(butylene succinate) (PBS), and polyhydroxyalkanoate (PHA), 

represent a significant class of polymer material widely used in various industries for producing 

fibers, plastic bottles, adhesives, plasticizer, and elastomers (Figure 1.1). Certain polyesters 

have been developed for specialized applications, including as biodegradable sheets, 

biomedical materials, bioabsorbable sutures, and nanocarriers for drug delivery, based on their 

inherent biocompatibilities and biodegradabilities.1,2 Strategies that modify and functionalize 

polyesters are crucial for delivering the abovementioned functional requirements (Figure 1.2). 

For instance, introducing specific functional groups can enhance the degradation behavior or 

control the drug-releasing properties of polyesters.3−7 Similarly, topological modifications, such 

as cyclization, grafting, and branching, can significantly influence the physical properties of 

conventional linear polyesters (Figure 1.2).8−10 Furthermore, copolymerization has also been 

used to improve the properties of polyesters, which has led to the synthesis of various 

copolyesters with different sequences, including random, gradient, and block (Figure 1.2).11−13 

As a result, a wide variety of functional polyesters have been synthesized. Nevertheless, the 

successful applications of these materials require precise designs that are tailored for specific 

uses, which involves carefully controlling parameters such as the melting point, glass-transition 
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temperature, thermal stability, and degree of crystallinity. Beyond these physical properties, the 

chemical architecture, including both main- and side-chain structures, must be finely designed 

to optimize functionality for the intended use. 

 

 

Figure 1.1. Representative polyesters and their uses. 

 

 

Figure 1.2. General strategies for functionalizing polymers.  
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The development of functional polyesters is a time- and resource-intensive process owing 

to the complexity of balancing aforementioned various factors. Therefore, there is a growing 

need for a simple, yet versatile, precision-polymerization approach for synthesizing a broad 

array of functional polyesters; such a framework is significantly promising for accelerating 

advances in materials science and polymer chemistry, particularly toward the development of 

next-generation functional materials. 
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1.2 Conventional methods for synthesizing polyesters 

1.2.1 Polycondensation 

Polycondensation is among the most widely used methods for synthesizing polyesters in 

industry.14 The polycondensation of (a) diol and dicarboxylic acid, or (b) hydroxylic acid, yields 

a variety of polyesters (Figure 1.3), including PET and PBS as examples. Although this 

approach provides access to a wide array of polyester structures, it faces several challenges, 

including harsh polymerization conditions that involve high temperatures and vacuums, the 

requirement to remove low-molecular-weight byproducts, and the inherent difficulties 

associated with achieving high molecular weights. Despite these limitations, a wide variety of 

available monomers, particularly in polycondensation from diol and dicarboxylic acid, allows 

for the synthesis of polyesters with diverse structures and properties through judicious 

monomer selection. 

 

 

Figure 1.3. Polycondensation of (a) diol and dicarboxylic acid and (b) hydroxylic acid. 
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For instance, with the aim of developing polyester materials as potential alternatives to 

polyolefins, Mecking et al. reported the synthesis of highly crystalline polyesters via 

polycondensation of monomers containing long alkyl chain (Figure 1.4).15,16 Sheares et al. 

reported the preparation of polyesters with alkenes incorporated in the main chain; thermal 

cross-linking subsequently, resulted in amorphous thermosetting elastomers that are potentially 

applicable to biodegradable devices (Figure 1.5).17,18 Additionally, hyperbranched polyesters 

have been synthesized by polycondensation of A2+B3-type monomer combinations, such as 

“sebacic acid and glycerol” or “1,8-octanediol and citric acid”, with the resulting polymers 

exhibiting properties suitable for degradable elastomers (Figure 1.6).19,20 Furthermore, 

polyesters with functionalized side chains such as alkenes, alkynes, amino groups, and thiol 

groups have been synthesized by polycondensation from monomers containing the respective 

functional groups (Figure 1.7).21,22 

 

 
Figure 1.4. Polycondensation of long-chain monomers to afford long-chain aliphatic 

polyesters.15,16  
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Figure 1.5. Synthesis of network polyester for degradable device via polycondensation of 

unsaturated dicarboxylic acid and poly(ethylene glycol), followed by thermal cross-linking.17,18 

 

 

Figure 1.6. Conventional synthetic strategies for the formation of hyperbranched polyesters: 

polycondensation of (a) glycerol and sebacic acid and (b) 1,8-octanediol and citric acid.19,20 

 

 

Figure 1.7. Polycondensation of functionalized monomers.21,22  
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The ability to synthesize functional polyesters with a wide variety of structures by simply 

altering the monomer is a notable advantage of the polycondensation method. However, 

precisely controlling key parameters, such as molecular weight, polydispersity, and end-group 

functionality, is challenging owing to the step-growth mechanism associated with 

polycondensation. In addition, stringent polymerization conditions and difficulties in achieving 

high molecular weights remain significant obstacles for the development of advanced 

functional materials. Additionally, side reactions such as cyclization can lead to the formation 

of cyclic by-products that further complicate the polymerization process and hinder the 

formation of well-defined polymer architectures. 
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1.2.2 Ring-opening polymerization 

The ring-opening polymerization (ROP) of a cyclic ester is a polymerization approach 

known for providing excellent control over polymerization precision, in contrast to 

polycondensation that suffers from polymerization-control difficulties (Figure 1.8).23 For 

example, poly(L-lactide) (PLLA) and PCL, common biodegradable polyesters that are widely 

used in surgical sutures, agricultural films, and 3D printing tracheal scaffolds, are synthesized 

via the ROP of L-lactide (LLA) and ε-caprolactone (CL).24–26 Functional groups can be easily 

introduced at the chain ends owing to the chain-growth nature of ROP; this advantage facilitates 

the synthesis of end-functionalized polyesters via ROP using functional initiators (Figure 1.9). 

Satoh et al. successfully synthesized poly(-valerolactone) (PVL) with an azido α chain-end 

and a hydroxyl ω chain-end via ROP using an azido-functionalized initiator.27 Notably, cyclic 

PVL was created via the azido–alkyne click reaction of the synthesized PVL, thereby 

highlighting the versatility of this functionalization strategy. Grayson et al. reported a 

comparable approach for the synthesis of macrocyclic PCL.28 Furthermore, star-shaped 

polyesters have been synthesized using multi-functional alcohols as initiators, and block 

copolymers can be prepared in a similar fashion by employing hydroxyl-terminated polymers 

as macroinitiators.29,30  
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Figure 1.8. Ring-opening polymerizations of cyclic esters. 

 

 

Figure 1.9. Synthesis of functional polyesters via ROP using functional initiators. 
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Compared to polycondensation, ROP facilitates the synthesis of high-molecular-weight 

polyesters with narrow polydispersities under mild conditions.31,32 Polyester functionality can 

be extended using ROP by employing various judiciously designed cyclic ester monomers 

(Figure 1.10).1 Although synthesizing and purifying these monomers can be time-consuming 

and labor-intensive, this approach remains an effective route for producing functional 

polyesters. For instance, Fréchet et al. reported the precise syntheses of hyperbranched 

polyesters via the ROP of 4-(2-hydroxyethyl)-ε-caprolactone.33 Thus, various functional 

lactones have become attractive to many researchers. 

 

 

Figure 1.10. Functional polyesters synthesized by ROP using functional lactones.1 
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Functionalized lactides have also been studied extensively, and polyesters with polar 

functional groups (i.e., hydroxy or amino groups) on their side chains have been synthesized 

via polymerization followed by deprotection (Figure 1.11).34 However, this approach is 

restricted by the limited range of available monomers.  

 

 

Figure 1.11. Synthesizing various polyesters with highly polar functional groups from 

functional lactides via ROP following deprotection.34 

 

In summary, although ROP offers precise polymerization control and chain-end/side-chain 

functionality, it is constrained by the narrow range of accessible cyclic ester monomers.  
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1.2.3 Ring-opening alternating copolymerization 

Traditional methods for synthesizing polyesters, such as polycondensation and ROP, often 

involve trade-offs between polymerization controllability and polymer structural diversity. 

Therefore, the development of synthetic approaches that satisfy both of these criteria remains a 

significant challenge. To address this issue, ring-opening alternating copolymerization (ROAC) 

of cyclic anhydrides and epoxides has garnered attention over the past decade.35,36 The 

alternating ring-opening reactions of cyclic anhydrides and epoxides result in the formation of 

copolyesters composed of two distinct monomers (Figure 1.12). In addition, this method offers 

several advantages owing to its chain-growth nature, including the ability to introduce end 

functionality, achieve precise molecular weight control, and produce high-molecular-weight 

polymers. Moreover, cyclic anhydrides and epoxides are widely available and commercially 

accessible, which facilitates the syntheses of a diverse range of polyesters by simply altering 

monomer combinations. 

 

 

Figure 1.12. Ring-opening alternating copolymerization of cyclic anhydride and epoxide. 
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For instance, Coates et al. synthesized enantiopure polyesters via chiral metal complex-

catalyzed ROAC from succinic anhydride and optically pure propylene oxide via the formation 

of a stereocomplex (Figure 1.13).37 Additionally, Hao et al. reported the synthesis of thermally 

responsive biodegradable polyesters using epoxide-bearing oligo-ethylene glycol side chains 

(Figure 1.14).38 Furthermore, the ROAC has been successfully used to synthesize functional 

polyesters for a variety of applications, with energy storage materials, polyurethane precursors, 

and luminescent materials as examples.39–41  

 

 

Figure 1.13. Regioselectively polymerizing cyclic anhydride and epoxide, and stereocomplex 

formation via the crystallization of enantiomeric polymer chains.37 
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Figure 1.14. Synthesizing thermally responsive polyesters via the ROAC of succinic anhydride 

and epoxide bearing oligo(ethylene glycol) side chain.38 

 

Moreover, the terpolymerization of a cyclic ester alongside a cyclic anhydride and an 

epoxide has demonstrated the ability to undergo self-switchable polymerization (Figure 

1.15),42 in which, the reaction automatically switches from cyclic anhydride and epoxide ROAC 

to cyclic ester ROP owing to differences in monomer reactivities, thereby enabling the one-pot, 

one-step syntheses of block copolymers that normally require multiple synthesis steps. 

 

 

Figure 1.15. Self-switchable polymerization of cyclic anhydride, epoxide, and cyclic ester to 

form block polyester in a one-pot, one-step manner. 

 

ROAC is a highly versatile and effective synthetic approach for producing functional 

polyesters as it provides the precision and diversity required for advanced material applications. 

However, previous research has largely been confined to relatively simple ROAC processes 

and has not fully explored the key advantages of this approach, including its (1) potential for 
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structural diversity, (2) controlled/living nature, and (3) ability to create materials through block 

copolymerization. Moreover, functional polyester synthesis via the ROAC remains largely 

unexplored, thereby presenting significant opportunities for innovation. In addition, catalyst 

safety is a critical ROAC challenge, particularly when considering the practical applications of 

these functional polyesters. These issues are addressed in greater detail in Section 1.3. 
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1.3 Conventional ROAC catalysts 

Although the ROAC is an excellent polymerization method, catalyst safety must be 

considered when synthesizing functional polyesters, particularly when intended for biomedical 

and environmental applications. The first studies on the ROACs of cyclic anhydrides and 

epoxides were reported by Inoue’s group, who used porphyrin-based catalysts (Figure 1.16a).43 

More recently, significant progress in the development of transition-metal-based catalyst 

systems has been reported, particularly by Coates, Nozaki, and Lu; these catalysts include 

metal-salen-type catalysts for epoxide/cyclic anhydride ROACs.35,44,45 While these metal 

complex catalysts are highly catalytically efficient, they are costly and prepared using labor-

intensive procedures. Additionally, residual metals are concerned for biomedical and 

environmental applications, where metal toxicity poses a major issue. 
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Figure 1.16. Common ROAC catalysts: (a) metal complexes and (b) organobase catalysts. 
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On the other hand, organobase catalysts have also emerged as pivotal ROAC players 

(Figure 1.16.b). Commonly used organobase catalysts, such as phosphazene bases, 1,8-

diazabicyclo[5.4.0]undec-7-ene (DBU), 4-dimethylaminopyridine (DMAP), and 

triazabicyclodecene (TBD), are efficient in the ROAC systems.46 Compared to metal-complex 

catalysts, organobase catalysts are advantageous because they enable end-functionalization 

through the use of various types of initiator, such as alcohols, carboxylates, and halide ions. 

Satoh’s group also developed several ROAC catalysts and showed that alkali metal 

carboxylates (AMCs) are effective (Figure 1.17),47–49 with the most prominent examples 

including sodium acetate and potassium acetate, both of which are commonly used as food 

additives. From an industrial perspective, AMCs are particularly valuable because they are 

inexpensive, easy to handle, essentially non-toxic, and highly stable.47 Additionally, the basicity 

of an alkali metal carboxylate can be fine-tuned by choosing appropriate carboxylate moieties 

and countercations, which enables further customization of catalytic activity. Consequently, 

recent advancements in ROAC catalyst discovery and development have led to a shift in focus 

towards safer and more environmentally friendly methods for synthesizing polyesters, and 

addressing concerns regarding potential metal toxicity. 
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Figure 1.17. AMC-catalyzed ROAC. Selecting the carboxylate and cation parts of the AMC 

catalyst facilitates control over catalytic activity.47 

 

The discovery of ROAC reactions involving cyclic anhydrides and epoxides, along with 

organocatalyst advancements, has significantly accelerated the syntheses of polyesters with 

precise and diverse structures. However, current organocatalytic ROAC research primarily 

focuses on exploring novel monomers and catalysts, which limits scope to the control of main-

chain structures and evaluating polymerization behavior. Therefore, fully exploiting the 

potential of ROAC by introducing functional groups into the side and terminal chains and 

controlling polymer topology is essential for promoting the development of new functional 

polyesters.  
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1.4 Objective and outline of this thesis 

Polyesters are widely used in a wide variety of applications that range from commodity 

plastics to advanced functional materials. The properties of functional polyesters depend highly 

on a number of factors, including the main- and side-chain structures of the polymer, its end-

group functionalities, molecular weight, polydispersity, and topology, all of which require 

precise control. The ROACs of cyclic anhydrides and epoxides offer unique advantages in this 

regard because they provide excellent polymerization controllability owing to the associated 

chain-growth mechanism, which facilitates the synthesis of polyesters with diverse repeating 

structures that depend on the specific monomer combination. However, previous ROAC studies 

have been confined to exploring applicable monomers and developing novel catalysts, with 

little focus on harnessing the exceptional polymerization controllability offered by ROAC for 

the synthesis of functional polyesters with advanced structural properties. Moreover, the use of 

environmentally and biologically safe catalysts is critical for practical applications of polyesters. 

Although metal-based catalysts have traditionally been employed, recent organocatalysis 

advancements, particularly the discovery of organobase catalysts, have provided safer 

alternatives that effectively address these concerns. 

Therefore, the development of a simple and efficient method for synthesizing functional 

polyesters with controllable architectures by exploiting the inherent advantages of 
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organocatalyzed ROAC is the objective of this study. Specifically, this study focused on the 

synthesis of several key functional polyester types, including side-chain/chain-end-

functionalized polyesters, polyesters with highly branched architectures, and block polyesters. 

Furthermore, applications of the synthesized block copolymers were explored in detail. 

 

As outline of the thesis is described in bellow: 

Chapter 2 describes the ROACs of cyclic anhydrides and glicidylamines for producing 

amino-functionalized polyesters (APEs), as shown in Figure 1.18. Catalyst screening revealed 

that these ROACs proceeded smoothly with AMCs and phosphazene bases as catalysts, and 

even without catalyst. APEs with adjustable molecular weights and functional end groups can 

be produced owing to the controlled nature of this ROAC. Moreover, the ROAC system enabled 

the synthesis of APEs with different main/side-chain structures by simply changing the 

combination of the two monomers. Considering the advantages of the chain-growth mechanism 

and wide monomer scope, the established ROAC system may accelerate the exploration of a 

novel class of APE for use in various applications, such as gene delivery carriers, antibacterial 

coatings, and biodegradable materials. 
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Figure 1.18. Illustration of the Chapter 2 outline. 

 

Chapter 3 describes the ROACs of trimellitic anhydride (TA) with epoxides to afford 

hyperbranched polyesters (HBPEs), as shown in Figure 1.19. Cesium pivalate-catalyzed 

ROACs of TA and epoxides were performed in the presence of an alcohol initiator under bulk 

conditions. The hyperbranched structures of the obtained products were confirmed by NMR 

spectroscopy, viscometry, and light-scattering experiments. The versatility of the developed 

HBPE synthesis method was demonstrated through the use of a range of alcohol initiators and 

epoxides, resulting in several HBPEs with structures and properties depended on the resulting 

backbone structure of the polymer. Furthermore, the terpolymerization of TA, epoxide, and L-

lactide (LLA) exhibited self-switching behavior, from the ROAC of the cyclic anhydride to the 

ROP of LLA, resulting in the successful synthesis of a core-shell block polyester, with a 

poly(TA-alt-epoxide) inner core and a PLLA outer shell.  
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Figure 1.19. Illustration of the Chapter 3 outline. 

 

Chapter 4 describes the one-pot, one-step synthesis of ABA-triblock copolyesters in a 

terpolymerization system (i.e., self-switchable polymerization that combines the ROAC and 

ring-opening polymerization of LLA) and evaluates their performance as hot-melt adhesives, 

as shown in Figure 1.20. PLLA-tapered block-poly(GA-alt-BO)-tapered block-PLLA was 

synthesized in a one-pot/one-step manner via cesium pivalate-catalyzed ring-opening 

copolymerization of GA, BO, and LLA in the presence of a diol initiator. Additionally, a series 

of tapered-block or real-block copolyesters ccomposed of poly(anhydride-alt-epoxide) (B 

segment) and PLLA (A segment), with AB-, BAB-, (AB)3-, and (AB)4-type architectures were 

synthesized by varying the monomer combinations, alcohol initiator, and initial feed ratios. The 

lap-shear tests of these copolyesters revealed a good relationship between adhesive strengths 
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and polymer structures (i.e., segment ratio, molecular weight, repeating unit structure, and 

macromolecular architecture). Among the samples tested, the (AB)4-type copolyester (i.e., 

poly(GA-alt-BO)-tb-PLLA)4) exhibited the best adhesive strength, with the value of 6.74 ± 

0.64 MPa comparable to those of commercial products such as polyester-based and poly(vinyl 

acetate)-based hot-melt adhesives. 

 

Figure 1.20. Illustration of the Chapter 4 outline. 

 

Chapter 5 summarizes the molecular design of functional polyesters via ROAC established 

in this research as the overall conclusions of this thesis.  
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2.1 Introduction 

Amino-functionalized polymers, which contain amino groups on their main- or side-chains, 

are critical functionalized polymers because of their widespread application as surface 

modifiers,1 adhesives,2–4 heavy metal-ion scavengers,5 antibacterial materials,6,7 and gene 

delivery carriers.8,9 Poly(ethylene imine) is the most well-known amino-functionalized polymer, 

and numerous other types, including polystyrenes,10,11 polyethers,12–17 polyesters,8,9,18–20 

poly(ester amide),21 and poly(acryl amide),22–24 have been reported. Of these, amino-

functionalized polyesters (APEs) garner particular attention because of their intriguing 

properties and functionalities derived from their amino groups, in addition to their inherent 

degradability via chemical and biological processes. APEs have been used as gene delivery 

carriers, antibacterial coatings, and biodegradable materials. However, owing to synthetic 

challenges and the potential incompatibilities of basic amines and esters, the methods of 

synthesizing APEs are limited.25 

Existing APEs syntheses can be classified into two categories based on the polymerization 

mechanism: (a) chain-growth polymerization and (b) step-growth polymerization. The former 

can be further classified into three categories: the (a-1) ring-opening polymerization (ROP) of 

lactone monomers with unprotected tertiary amine functionalities,9 (a-2) ROP of protected 

amine monomers, followed by deprotection,20,26–31 and (a-3) ROP of functionalized monomers, 
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followed by post-modification (Figure 2.1).32–34 The example of (a-1) is the ROP of tertiary 

amine-bearing valerolactone.9 Unlike tertiary amine, primary and secondary amines can initiate 

ROP of cyclic esters, so that the protection and deprotection steps are necessary for the synthesis 

of APEs with primary and secondary amines. As for example of the (a-2) approach, Tao and 

Wang et al. performed the living ROP of O-carboxyanhydride monomer derived from bio-

sourced lysine under mild conditions, and the subsequent deprotection yielded a polyester with 

primary amines on the side chains.30 Nottelet et al. also reported an APE synthesis based on the 

ROP of protected amine-containing lactone, followed by deprotection, where the 

copolymerization of benzyloxycarbonyl-protected 5-amino-δ-valerolactone with ε-

caprolactone successfully produced APEs with amine contents of 10–100%.35 Waymouth et al. 

succeeded in synthesizing polyesters with amino groups in their main chains via the organo-

catalytic ROP of N-acyl-substituted morpholin-2-ones, followed by deprotection.31 As a third 

approach, Cheng et al. synthesized APEs by ROP of alkyne subsutited O-carboxyanhydride, 

followed by thiol-yne click reaction (a-3).33 As mentioned in Chapter 1, ROP are known many 

advantages e.g., precise control over the molecular weight, monomer sequence, and chain end. 

However, a major drawback of the ROP approach is the limited versatility in the design of 

applicable monomers, which renders the production of various APEs with different main- and 

side-chain structures challenging. Moreover, most of these monomers require multistep 



Organobase-catalyzed ROAC of Glycidylamine with Cyclic Anhydride  
for Synthesizing Amino-Functionalized Polyester 

 

35 
 

syntheses and deprotection after ROP. 

 

 
Figure 2.1. Methods of synthesizing APEs: (a) Chain-growth polymerization, (b) step-growth 
polymerization, and (c) ring-opening alternating polymerization using glycidylamine. 

 

Another major approach used in synthesizing APEs is step-growth polymerization 

involving polycondensation (b-1) and polyaddition (b-2), as shown in Figure 2.1.36–40 Wu et al. 

synthesized an APE via the polycondensation of diols and diesters with amino-substituted 

diesters.36 Michael addition polymerization was also used in APE synthesis, e.g. Anderson et 

al. reported the Michael polyaddition of bis(acrylate esters) with primary or secondary amines 

to yield APEs.37,38 APEs can be synthesized by converting unsaturated polyesters via aza- or 

thiol-Michael reactions, utilizing primary amines and amino thiols, respectively.39,40 The 
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advantage of step-growth polymerization lies in the generation of the polymer main chain using 

two different types of monomers (e.g. diol and dicarboxylic acid), enabling the facile syntheses 

of polyesters with diverse main-chain structures. However, the challenge in controlling 

polymerization, e.g. the molecular weight, dispersity, and chain-end structures, is a major 

drawback of step-growth polymerization. Therefore, developing a simple, versatile method of 

synthesizing APEs to explore the structure-property relationships and expand the range of 

applications is still challenging. 

Herein, the author proposes the use of ring-opening alternating copolymerization (ROAC) 

in the efficient syntheses of APEs. The ROAC of cyclic anhydrides and epoxides recently 

attracted intense attention as a novel approach for use in producing functional polyesters. The 

remarkable advantages of ROAC lie in the precise control over polymerization based on its 

controlled/living chain-growth polymerization nature and the structural diversity of the 

resulting polyesters derived from the two different types of monomers, i.e. ROAC 

simultaneously combines the advantages of the ROP and step-growth approaches in APE 

synthesis. A recent report by Wu clearly demonstrates that ROAC can serve as a complementary 

polymerization process to polycondensation, particularly in the synthesis of high value-added 

products.41 Thus, the ROAC of cyclic anhydrides with amino-functionalized epoxides may be 

an excellent synthetic platform for APEs with diverse main- and side-chain structures, 
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controlled monomer sequences, and desirable chain-end structures (Figure 2.1c).  

Glycidylamines are amino-functionalized epoxides that can be readily prepared in a single 

step using epichlorohydrin and secondary amines. Frey et al. pioneered the ROP of glycidyl 

amines bearing different side chains, where cesium alkoxide-mediated anionic ROP with an 

ethylene oxide co-monomer afforded amino-functionalized polyethers.13,42–44 However, the 

conventional anionic ROP method, i.e., alkali-metal-mediated anionic ROP at high temperature, 

revealed that the chain transfer reaction to the monomer had occurred, resulting in less control 

over the molecular weight, molecular weight distribution, and chain-end functionality of the 

resultant polymers.44 In contrast, the Satoh’s group reported the homopolymerization of 

glycidylamines using the phosphazene base catalyst under mild conditions.17 The approach 

achieved high molecular weight polymers with suppressing chain transfer reactions. This result 

strongly suggests ROAC of glycidylamines and cyclic acid anhydrides can be established by 

using a phosphazene base as a catalyst. However, despite the rapid growth in ROAC research, 

no studies regarding APE synthesis via ROAC have been reported. 

In this chapter, the author reports a systematic study regarding the ROAC of glycidylamine 

with cyclic anhydrides to produce diverse APEs. The author employed several alkali metal 

carboxylates and phosphazene bases as a catalyst for the ROAC system. Utilizing the optimized 

conditions, the author successfully synthesized APEs with controlled molecular weights based 
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on the initial monomer-to-initiator ratio. APEs with different main and side chains and chain-

end structures were also synthesized using different glycidylamine and cyclic anhydride 

monomers, in addition to an alcohol initiator. Moreover, the author examined a 

glycidylamine/non-amino functionalized epoxide/cyclic anhydride ternary monomer system to 

maximize the accessible molecular design of the APE.  
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2.2 Experimental Section 

2.2.1 Materials 

Phthalic anhydride (PA; >98.0%, Tokyo Chemical Industry Co. Ltd. (TCI)), succinic 

anhydride (SA; >95.0%, TCI), glutaric anhydride (GA; >98.0%, TCI), and diglycolic anhydride 

(DGA; >98.0%, TCI) were purified by sublimation before use. Epichlorohydrin (>99.0%, TCI), 

dibenzylamine (>97.0%, TCI), diallylamine (>98.0%, TCI), N-methylbenzylamine (>98.0%, 

TCI), phosphazene base P2-t-Bu solution (t-BuP2; 2.0 M solution in THF, Sigma-Aldrich), 

phosphazene base P1-t-Bu (t-BuP1; >97.0%, Sigma-Aldrich), phosphazene base P4-t-Bu 

solution (t-BuP4; 0.8 M solution in n-hexane, Sigma-Aldrich), 1,4-benzene dimethanol (BDM; 

>99.0%, TCI), tetra-n-butylammonium hydrogen sulfate (TBAHS; >98.0%, TCI), and sodium 

hydroxide (NaOH; >97.0%, FUJIFILM Wako Pure Chemical Corp. (WAKO)) were purchased 

from commercial sources and used as received. 3-phenyl-1-propanol (PPA; >98%, TCI), 

butanol (>99.0%, TCI), triethylamine (>99.0%, Kanto Chemical Co. Inc. (KANTO)), butylene 

oxide (BO; >99.0%, TCI), ethyl glycidyl ether (EGE; >98.0%, TCI), 5-hexen-1-ol (>97.0%, 

TCI), and propargyl alcohol (>95%) were purified by distillation over CaH2 under vacuum, 

which were then stored under an argon atmosphere. Cesium pivalate (CsOPiv; >97.0%, TCI) 

and sodium acetate (NaOAc; >99%, Sigma-Aldrich) were dried by heating at 100 °C for 3 days. 

Poly(ethylene glycol) monomethyl ether (MeO-PEG-OH; typical Mn = 400, Mn,SEC = 440, Đ = 
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1.33, TCI) was dried by azeotropic distillation in benzene. N,N-Dibenzylglycidylamine 

(DBGA), N-benzyl-N-methylglycidylamine (BMGA), and N,N-diallylglycidylamine (DAGA) 

were prepared according to reported methods and then purified by distillation.17 Chloroform-d 

(CDCl3; >99.8%, KANTO), acetone (>99.0%, KANTO), hexane (>95.0%, KANTO), dry-

tetrahydrofuran (dry-THF; >99.5%, KANTO), methanol (>99.8%, Sigma-Aldrich), and 

pyridine (>99.5%, KANTO) were used as received.  
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2.2.2 Instruments  

Polymerizations were carried out in an MBRAUN stainless steel glovebox equipped with 

a gas purification system (molecular sieves and copper catalyst) in a dry argon atmosphere (H2O, 

O2 <0.1 ppm). The moisture and oxygen contents in the glovebox were monitored by a MB-

MO-SE-1 and MB-OX-SE-1, respectively. 

 

Nuclear magnetic resonance (NMR) spectra were recorded at 25 °C on a JEOL JNM-

ECS400 instrument (400 MHz) or a JEOL JNM-ECZ600R (600 MHz) using CDCl3 as the 

solvent and chemical shifts were referenced to an internal standard (TMS). The diffusion-

ordered NMR (DOSY) analyses were carried out at 30 °C using the ledbpgp2s sequence with 

at least 15 gradient increments. 

 

Size exclusion chromatography (SEC) was conducted in DMF at 40 °C and a flow rate of 

0.6 mL min−1 using a Jasco high performance liquid chromatography system (PU-980 

Intelligent HPLC pump, CO-965 Column oven, RI-930 Intelligent RI detector, and Shodex 

DEGAS KT-16) equipped with a Shodex KD-G guard column, Shodex Asahipak GF-310-HQ 

(7.6 mm ID × 300 mm L), and Shodex Asahipak GF-7M-HQ (7.6 mm ID × 300 mm L). The 

polystyrene standard curve ranging from 2,170 to 1,320,000 was used for calibration to achieve 
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the molecular weight (Mn,SEC) and polydispersity index (Ð) of the polymers. 

 

Thermogravimetric analysis (TGA) experiments were performed using a Hitachi High-

Tech Science STA200RV under nitrogen atmosphere. The sample was preheated to 100 °C for 

30 min to remove water. Then, the sample was cooled to room temperature and heated to 550 °C 

at the heating rate of 10 °C min−1. 

 

Differential scanning calorimetry (DSC) was conducted using a Hitachi DSC 7000X. The 

sample was heated from 20 °C to 150 at a rate of 10 °C min−1 and held at 100 °C for 10 min to 

erase thermal history. Then, the sample was cooled to −100 °C at a rate of 10 °C min−1 and 

holed at −100 °C for 10 min. Finally, the sample was heated to 150 °C at a rate of 10 °C min−1. 

The second heating DSC curve was used to evaluate the glass transition temperature (Tg). 

 

Matrix-assisted desorption ionization time-of-flight mass spectrometry (MALDI-TOF 

MS) experiment of the polymer was performed in linear mode using a Bruker Daltonics 

(Germany) Ultraflex MALDI-TOF/TOF mass spectrometer equipped with a 355 nm Nd:YAG 

laser. The sample for the measurement was prepared by mixing the polymer (10 μL, 10 g L–1 in 

THF), matrix (2-(4-hydroxyphenylazo)benzoic acid; 50 μL, 100 g L–1 in THF). 
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2.2.3 Synthesis detail 

2.2.3.1 ROAC of PA and DBGA 

A typical procedure for the ROAC is as follows (method A): In an argon-filled glovebox, 

t-BuP1 (40 μmol, 9.4 μL, 1.0 equiv.), PPA (40 μmol, 5.4 μL, 1.0 equiv.), PA (1.0 mmol, 148 mg, 

25 equiv.), and DBGA (3.0 mmol, 760 mg, 75 equiv.) were placed in an oven-dried reaction 

vessel with a magnetic stir. To keep the argon atmosphere, the vessel was sealed with a 

greaseless valve. After removing the vessel from the glovebox, the reaction mixture was stirred 

at 80 °C in an oil bath. During the polymerization, a crude aliquot was time-regularly obtained 

from the system by a syringe in an argon flow and monitored by 1H NMR spectroscopy and 

SEC to determine monomer conversion and molecular weight, respectively. After the defined 

time, the polymerization was terminated by diluting the reaction mixture with acetone. The 

reaction mixture was purified by reprecipitation from an acetone solution into n-hexane/acetone 

= 4/1 (vol/vol). The purified product was dried under vacuum at 40 °C to give poly(PA-alt-

DBGA) as a colorless solid (Mn,NMR = 8,000; Mn,SEC = 3,760, Ð = 1.10; yield: 206 mg, 74.3%). 

 

Synthesis of poly(PA-alt-DBGA) using Me-PEG-OH as an initiator: The method A was 

used for the reaction of t-BuP1 (40 μmol, 9.4 μL, 1.0 equiv.), Me-PEG-OH (40 μmol, 16 μL, 

1.0 equiv.), PA (1.0 mmol, 148 mg, 25 equiv.), and DBGA (3.0 mmol, 760 mg, 75 equiv.) to 
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give PEG-b-poly(PA-alt-DBGA) as a colorless viscous liquid (Mn,NMR = 6,700; Mn,SEC = 4,830, 

Ð = 1.22; yield: 138 mg, 94.0%). 

 

 Synthesis of poly(PA-alt-DBGA) using 5-hexen-1-ol as an initiator: The method A 

was used for the reaction of t-BuP1 (40 μmol, 9.4 μL, 1.0 equiv.), 5-hexen-1-ol (40 μmol, 4.0 

μL, 1.0 equiv.), PA (1.0 mmol, 148 mg, 25 equiv.), and DBGA (3.0 mmol, 760 mg, 75 equiv.) 

to give poly(PA-alt-DBGA) as a colorless viscous liquid (Mn,NMR = 7,200; Mn,SEC = 5,240, Ð = 

1.16; yield: 164 mg, 79.1%). 

 

 Synthesis of poly(PA-alt-DBGA) using propargyl alcohol as an initiator: The 

method A was used for the reaction of t-BuP1 (40 μmol, 9.4 μL, 1.0 equiv.), propargyl alcohol 

(40 μmol, 2.4 μL, 1.0 equiv.), PA (1.0 mmol, 148 mg, 25 equiv.), and DBGA (3.0 mmol, 760 

mg, 75 equiv.) to give poly(PA-alt-DBGA) as a colorless viscous liquid (Mn,NMR = 9,000; Mn,SEC 

= 5,240, Ð = 1.20; yield: 178 mg, 49.1%). 

 

Synthesis of poly(PA-alt-DBGA) using BDM as an initiator: The method A was used for 

the reaction of t-BuP1 (40 μmol, 9.4 μL, 1.0 equiv.), BDM (40 μmol, 5.5 mg, 1.0 equiv.), PA 

(1.0 mmol, 148 mg, 25 equiv.), and DBGA (3.0 mmol, 760 mg, 75 equiv.) to give poly(PA-alt-
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DBGA) as a colorless viscous liquid (Mn,NMR = 7,900; Mn,SEC = 4,150, Ð = 1.21; yield: 255 mg, 

79.1%). 

 

Synthesis of poly(PA-alt-DBGA) without alcohol initiator: The method A was used for 

the reaction of t-BuP1 (40 μmol, 9.4 μL, 1.0 equiv.), PA (1.0 mmol, 148 mg, 25 equiv.), and 

DBGA (3.0 mmol, 760 mg, 75 equiv.) to give poly(PA-alt-DBGA) as a colorless liquid (Mn,SEC 

= 44,500, Ð = 1.43; yield: 164 mg, 82.3%). 
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2.2.3.2 ROAC of PA and BO catalyzed by TEA 

In an argon-filled glovebox, PPA (50 μmol, 6.8 μL, 1.0 equiv.), PA (1.3 mmol, 185 mg, 25 

equiv.), BO (3.8 mmol, 270 mg, 75 equiv.), and TEA (3.8 mmol, 380 mg, 75 equiv.) were placed 

in an oven-dried reaction vessel with a magnetic stir. To keep the argon atmosphere, the vessel 

was sealed with a greaseless valve. After removing the vessel from the glovebox, the reaction 

mixture was stirred at 80 °C in an oil bath. After 6.5 h, a crude aliquot was monitored by 1H 

NMR spectroscopy to determine monomer conversion. 
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2.2.3.3 Synthesis of poly(cyclic anhydride-alt-glycidylamine) catalyzed by t-BuP1 

A typical procedure for the ROAC is as follows (method B): In an argon-filled glovebox, 

t-BuP1 (40 μmol, 9.4 μL, 1.0 equiv.), PPA (40 μmol, 5.4 μL, 1.0 equiv.), PA (1.0 mmol, 148 mg, 

25 equiv.), and BMGA (3.0 mmol, 532 mg, 75 equiv.) were placed in an oven-dried reaction 

vessel with a magnetic stir. To keep the argon atmosphere, the vessel was sealed with a 

greaseless valve. After removing the vessel from the glovebox, the reaction mixture was stirred 

at 80 °C under an argon atmosphere in an oil bath. During the polymerization, a crude aliquot 

was time-regularly obtained from the system by a syringe in an argon flow and monitored by 

1H NMR spectroscopy and SEC to determine monomer conversion and molar mass. After the 

defined time, the polymerization was terminated by diluting the reaction mixture with acetone. 

The reaction mixture was purified by reprecipitation from an acetone solution into n-

hexane/acetone = 4/1 (vol%). The purified product was dried under vacuum at 40 °C to give 

poly(PA-alt-BMGA) as a light yellow solid (Mn,NMR = 4,600; Mn,SEC = 1,790, Ð = 1.23; yield: 

118 mg, 48.2%). 

 

Synthesis of poly(PA-alt-DAGA): The method B was used for the reaction of t-BuP1 (40 

μmol, 9.4 μL, 1.0 equiv.), PPA (40 μmol, 5.4 μL, 1.0 equiv.), PA (1.0 mmol, 148 mg, 25 equiv.), 

and DAGA (3.0 mmol, 460 mg, 75 equiv.) to give poly(PA-alt-DAGA) as a light yellow solid 
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(Mn,NMR = 5,300; Mn,SEC = 2,480, Ð = 1.30; yield: 216 mg, 70.5%). 

 

Synthesis of poly(GA-alt-DBGA): The method B was used for the reaction of t-BuP1 (40 

μmol, 9.4 μL, 1.0 equiv.), PPA (40 μmol, 5.4 μL, 1.0 equiv.), PA (1.0 mmol, 114 mg, 25 equiv.), 

and DBGA (3.0 mmol, 760 mg, 75 equiv.) to give poly(GA-alt-DBGA) as a colorless viscous 

solid (Mn,NMR = 2,000; Mn,SEC = 4,390, Ð = 1.50; yield: 105 mg, 75.8%). 

 

 Synthesis of poly(DGA-alt-DBGA): The method B was used for the reaction of t-

BuP1 (40 μmol, 9.4 μL, 1.0 equiv.), PPA (40 μmol, 5.4 μL, 1.0 equiv.), DGA (1.0 mmol, 116 

mg, 25 equiv.), and DBGA (3.0 mmol, 760 mg, 75 equiv.) to give poly(DGA-alt-DBGA) as a 

light yellow viscous solid (Mn,NMR: N.D.; Mn,SEC = 5,000, Ð = 1.86; yield: 338 mg, 90.2%). 

 

Synthesis of poly(SA-alt-DBGA): The method B was used for the reaction of t-BuP1 (40 

μmol, 9.4 μL, 1.0 equiv.), PPA (40 μmol, 5.4 μL, 1.0 equiv.), SA (1.0 mmol, 100 mg, 25 equiv.), 

and DBGA (3.0 mmol, 760 mg, 75 equiv.) to give poly(SA-alt-DBGA) as a black solid (Mn,NMR 

= 4,900; Mn,SEC = 6,800, Ð = 2.22; yield: 150 mg, 62.1%). 
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2.2.3.4 Terpolymerization of cyclic anhydride, glycidylamine, and non amino-

functionalized epoxide 

 Terpolymerization of PA, BMGA, and BO: The method B was used for the reaction 

of t-BuP1 (40 μmol, 9.4 μL, 1.0 equiv.), n-butanol (40 μmol, 3.7 μL, 1.0 equiv.), PA (4.0 mmol, 

593 mg, 100 equiv.), BMGA (6.0 mmol, 1.06 g, 150 equiv.), and BO (6.0 mmol, 433 mg, 150 

equiv.) to give poly(PA-alt-BMGA)-co-poly(PA-alt-BO) as a light yellow viscous solid (Mn,NMR 

= 6,200; Mn,SEC = 3,120, Ð = 2.23; yield: 980 mg, 89.6%). 

 

Terpolymerization of PA, DBGA, and EGE: The method B was used for the reaction of 

t-BuP1 (40 μmol, 9.4 μL, 1.0 equiv.), PPA (40 μmol, 6.7 μL, 1.0 equiv.), PA (4.0 mmol, 593 mg, 

100 equiv.), DBGA (6.0 mmol, 1.46 g, 150 equiv.), and EGE (6.0 mmol, 613 mg, 150 equiv.) 

to give poly(PA-alt-DBGA)-co-poly(PA-alt-EGE) as a light yellow viscous solid (Mn,NMR = 

14,700; Mn,SEC = 6,350, Ð = 1.39; yield: 1.03 g, 79.5%).
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2.3 Results and Discussion 

2.3.1 Ring-opening alternating copolymerization of phthalic anhydride and N,N-

dibenzylglycidylamine  

To optimize the polymerization conditions for the ring-opening alternating 

copolymerization (ROAC) of glycidylamines and cyclic anhydrides, the author evaluated 

several base catalysts that have been used in ROAC. The evaluated catalysts include alkali 

metal carboxylates, such as cesium pivalate (CsOPiv) and sodium acetate (NaOAc),45–50 and 

phosphazene bases,51 such as t-BuP1, t-BuP2, and t-BuP4 (runs 1–5 in Table 2.1). In catalyst 

screening, N,N-dibenzylglycidylamine (DBGA) and phthalic anhydride (PA) are used as the 

glycidylamine and cyclic anhydride monomers, respectively (Scheme 2.1).  
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Table 2.1. Ring-opening alternating copolymerization of PA and DBGA using different 
catalysts a 

run catalyst 
time  
(h) 

conv.PA 
(%) b 

Mn,theo.  
(g mol–1) 

c 
Mn,NMR  

(g mol–1) 
b 

Mn,SEC  
(g mol–1) 

d 
Ð d 

1 CsOPiv 9.0 77 7,800 7,100 2,670 1.62 
2 NaOAc 6.5 68 6,900 11,700 3,380 1.19 
3 t-BuP1 2.5 80 6,900 8,000 3,760 1.10 
4 t-BuP2 1.5 86 8,700 8,000 2,560 1.20 
5 t-BuP4 0.8 88 9,000 8,300 3,330 1.35 
6 none 6.5 69 7,100 5,500 3,510 1.18 

7 e t-BuP1 5.0 61 12,000 14,300 4,130 1.16 
8 f t-BuP1 6.0 59 24,000 21,000 4,370 1.19 

a Polymerization conditions: temp., 80 °C; atmosphere, Ar; initiator, 3-phenyl-1-propanol 
(PPA); monomers, PA and DBGA; [catalyst]/[PPA]0/[PA]0/[DBGA]0 = 1/1/25/75. b Determined 
via 1H NMR spectroscopy in CDCl3. c Calculated via (molecular weight (M.W.) of PPA) + 
[PA]0/[PPA]0 × conv.PA × (M.W. of PA + M.W. of DBGA). d Determined via SEC in 
dimethylformamide (DMF) containing 0.01 mol L−1 LiCl using a polystyrene (PSt.) standard. 
e [t-BuP1]/[PPA]0/[PA]0/ [DBGA]0 = 1/1/50/150. f [t-BuP1]/[PPA]0/[PA]0/[DBGA]0 = 
1/1/100/300. 

 

Scheme 2.1. Ring-opening alternating copolymerization of PA and DBGA 
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Initially, the author examined ROAC using 3-phenyl-1-propanol (PPA) and CsOPiv as the 

initiator and catalyst, respectively, at an initial [CsOPiv]/[PPA]0/[PA]0/[DBGA]0 ratio of 

1/1/25/75 at 80 °C in bulk (run 1 in Table 2.1). After 9 h, 1H nuclear magnetic resonance (NMR) 

spectroscopy of the reaction mixture reveals a PA conversion (conv.PA) of 77%, it suggests the 

ROAC was successfully progressed. The 1H NMR spectrum displays the characteristic signals 

representing the main (benzene ring of PA (a), 7.03–7.75 ppm; –CH2CH– (b), 4.27–4.72 ppm; 

–CH2CH– (c), 5.42–5.68 ppm) and DBGA side chains (–CHCH2O– (d), 2.69–3.04 ppm; –

N(CH2C6H5)2 (e), 3.44– 3.77 ppm; –C6H5 (f), 7.03–7.75 ppm), in addition to the terminal 

initiator group (C6H5CH2– (B), 2.65 ppm; C6H5CH2CH2– (C), 1.98 ppm; C6H5CH2CH2CH2– 

(D), 4.22 ppm) (Figure 2.2). Size exclusion chromatography (SEC) reveals a monomodal size 

distribution, which is used to calculate the number-average molecular weight (Mn,SEC) and 

dispersity (Ð) of 2,670 g mol–1 and 1.62, respectively, based on polystyrene calibration (Figure 

2.3). These results confirm the success of the ROAC of the cyclic anhydride and glycidylamine 

in producing an alternating copolyester with amino-functionalized side chains.  
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Figure 2.2. 1H NMR spectrum of poly(PA-alt-DBGA) obtained via run 1 in Table 2.1 (CDCl3, 
400 MHz). 

 

 

Figure 2.3. SEC trace of poly(PA-alt-DBGA) obtained via run 1 in Table 2.1 (eluent, DMF 
containing 0.01 mol L−1 LiCl; flow rate, 0.6 mL min−1).  
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Under similar conditions, ROAC was performed using NaOAc as the catalyst (run 2 in 

Table 2.1). NaOAc is used as a food additive to ensure a high safety. The conv.PA reaches 68% 

after 6.5 h, affording the desired poly(PA-alt-DBGA) with an even narrower Ð of 1.19. This 

suggests that the control over polymerization can be further improved via careful catalyst 

selection. 

To obtain a polymer with a narrower Ð, the author then examined phosphazene bases as 

catalysts. Notably, the use of these catalysts leads to higher levels of conv.PA in shorter times 

compared to those observed using the alkali metal carboxylate catalysts (runs 3–5 in Table 2.1). 

Furthermore, as the basicity of the phosphazene base increases (t-BuP1, pKBH
+ = 26.9; t-BuP2, 

pKBH
+ = 33.5; t-BuP4, pKBH

+ = 42.7),51 the polymerization rate increases. Moreover, the Mn,NMR 

values of the poly(PA-alt-DBGA) obtained using the phosphazene bases closely match the 

theoretical molecular weights (Mn,theo.). Slight increases in Ð are observed when utilizing t-BuP2 

and t-BuP4 (Ð = 1.20 and 1.35, respectively), which may be due to side reactions, such as 

transesterification, promoted by their exceedingly strong basicities (Figure 2.4). In general, 

basic and acidic catalysts are indispensable in the ROAC of cyclic anhydrides and epoxides. 

Remarkably, the ROAC of PA and DBGA proceeds even without a catalyst (run 6 in Table 2.1). 

As ROAC proceeds via an anionic polymerization mechanism when a basic catalyst is used, 

the ROAC of DBGA may be catalyzed by its tertiary amine moiety. To evaluate this hypothesis, 
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the author examined the ROAC of PA and butylene oxide (BO) in the presence of a large 

quantity of a tertiary amine (triethylamine; TEA) at an initial [PPA]0/[PA]0/[BO]0/[TEA] ratio 

of 1/25/75/75 (Table 2.2). Expectedly, 1H NMR spectroscopy reveals a conv.PA of >99% after 

6.5 h and the formation of the corresponding alternating copolymer poly(PA-alt-BO) 

(Figure 2.5). Therefore, the tertiary amine moiety of the glycidylamine monomer acts as a 

catalyst in ROAC. Nevertheless, considering the molecular weight controllability and lowest 

Ð, t-BuP1 is the optimal catalyst for use in this ROAC system. 

 

 
Figure 2.4. SEC traces of poly(PA-alt-DBGA) obtained via runs 1–6 in Table 2.1 (eluent, DMF 
containing 0.01 mol L−1 LiCl; flow rate, 0.6 mL min−1).  
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Table 2.2. ROAC of PA and BO with excess amount of tertiary amine as a catalyst a 

 

run M. cat. 
[PPA]0/[PA]0/ 
[BO]0/[TEA] 

time  
(h) 

conv.PA 
(%) b 

Mn,NMR 
b Mn,SEC 

c Ð c 

1 PA/BO TEA 1/25/75/75 6.5 >99 5,200 1,910 1.39 
a Polymerization conditions: temp., 80 °C; atmosphere, Ar; initiator, PPA; catalyst, TEA; 
monomer, PA and BO. b Determined via 1H NMR in CDCl3. c Determined via SEC in DMF 
containing 0.01 mol L−1 LiCl using PSt. standard. 

 

 

 
Figure 2.5. 1H NMR spectra of PA (upper) and crude aliquot obtained via run 1 in Table 2.2 (in 
CDCl3, 400 MHz). 
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To investigate the microstructure of the poly(PA-alt-DBGA) obtained by the optimized 

condition in more detail, the author employed 13C NMR and matrix-assisted laser desorption 

ionization-time-of-flight (MALDI-TOF) mass spectrometry. In a typical ROAC of cyclic 

anhydrides and epoxides, ROP of epoxides, leading to polyether homopolymer formation or 

ether linkage formation in the resulting copolymer, can occur as a side reaction.52,53 However, 

as shown in Figure 2.6, the MALDI-TOF mass spectrum of the product obtained from t-BuP1-

catalyzed ROAC exhibited two series of peaks with regular intervals of 400.8 Da corresponding 

to the unit molecular weight of the alternating copolymer (401.2 Da), confirming the perfectly 

alternating monomer sequence as well as no ether linkage. To further verify the absence of 

poly(glycidylamine) homopolymer and ether linkage, the author compared the 13C NMR 

spectrum of the obtained poly(PA-alt-DBGA) with poly(DBGA) homopolymer. According to 

previous reports, a signal originating from the tertiary carbon of the poly(DBGA) main chain 

appears at 79 ppm,13,17 which can be used as the signature for the unwanted ROP of DBGA. 

However, the 13C NMR spectrum of poly(PA-alt-DBGA) (run 3 in Table 2.1) showed no signal 

around 79 ppm (Figure 2.7). Based on these results, the author concluded that the t-BuP1-

catalyzed polymerization solely proceeded by the alternating copolymerization mechanism, 

without continuous insertion of DBGA. 
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Figure 2.6. MALDI-TOF MS analysis of poly(PA-alt-DBGA) (run 3 in Table 2.1). 

 

 

Figure 2.7. 13C NMR spectrum (CDCl3, 100 MHz) of poly(PA-alt-DBGA) (run 3 in Table 2.1). 
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 After determining the optimized conditions, the author investigated the living nature 

of the copolymerization via a monomer addition study (Figure 2.8). The ROAC of PA and 

DBGA was performed under the same conditions as those of run 3 in Table 2.1. The conv.PA 

increases with reaction time and reaches >99% at 4.5 h (Figure 2.8a). After confirming the 

complete conversion of PA, additional PA and DBGA (25 and 75 equiv. with respect to PPA, 

respectively, dissolved in a small amount of toluene) were added to the reaction mixture. 

Expectedly, conv.PA increases further, even after monomer addition. Critically, upon monomer 

addition, the SEC elution peak shifts to a higher molecular weight region without broadening, 

indicating chain extension from the end of the living polymer chain (Figure 2.8b). Moreover, 

Mn,SEC increases with increasing conv.PA, whereas the Đ of approximately 1.5 is maintained 

(Figure 2.8c). These results confirm the controlled/living nature of this ROAC system. 
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Figure 2.8. (a) Time to conv. plot in the first ROAC of PA and DBGA ([t-
BuP1]/[PPA]0/[PA]0/[DBGA]0 = 1/1/25/75) and following monomer addition ([living poly(PA-
alt-DBGA chain]0/[PA]0/[DBGA]0 = 1/25/75). (b) SEC curves of poly(PA-alt-DBGA) obtained 
via the first copolymerization (black line; Mn,NMR = 7,300 g mol–1, Mn,SEC = 4,250 g mol–1, Ð = 
1.54) and following chain extension (red line; Mn,NMR = 16,800 g mol–1, Mn,SEC = 7,600 g mol–
1, Ð = 1.51). (c) Kinetic plots of chain extension experiment. 

 

 Exploiting its living nature, the author attempted to synthesize poly(PA-alt-DBGA) 

with different molecular weights by varying the [monomer]0/[initiator]0 ratio from 25 to 100 

(runs 7–8 in Table 2.1). The polymerizations proceed quantitatively, and the SEC traces of the 

obtained products shift to the high molecular weight region as [monomer]0/[initiator]0 increases 

while narrow Ð values are maintained (1.10–1.19, Figure 2.9). In addition, the Mn,NMR values 

are fairly consistent with the Mn,theo values, with the Mn,NMR values of 8,000, 14,300, and 

21,000 g mol−1 corresponding to the Mn,theo values of 6,900, 12,000, and 24,000 g mol−1, 

respectively. 
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Figure 2.9. SEC traces of the poly(PA-alt-DBGA) polymers with different molecular weights 
prepared by varying the initial monomer-to-initiator ratio ([PA]0/[PPA]0 = 25, 50, and 100; runs 
3, 7, and 8 in Table 2.1, respectively).  
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2.3.2 ROAC of PA and DBGA with functionalized initiators 

To demonstrate the intrinsic advantages of this strategy, several functionalized 

initiators were used to synthesize poly(PA-alt-DBGA) polymers with various chain-end 

functionalities (Table 2.3). First, the author employed poly(ethylene glycol) with a hydroxyl 

group at one end (Me-PEG-OH; Mn,NMR = 400 g mol–1; Mn,SEC = 1,070 g mol–1) as a 

macroinitiator in synthesizing APE-based block copolymers. Even if the author uses Me-PEG-

OH instead of PPA, the ROAC of PA and DBGA ([t-BuP1]/[Me-PEG-OH]0/[PA]0/[DBGA]0 = 

1/1/25/75) proceeds smoothly, affording PEG-b-poly(PA-alt-DBGA) with a narrow dispersity 

(Ð = 1.22; run 1 in Table 2.3). A clear shift in the SEC elution peak toward the higher molecular 

weight region compared to that of the Me-PEG-OH macroinitiator suggests chain extension 

from the hydroxyl group of the macroinitiator (Figure 2.10). The 1H NMR spectrum of the 

product displays the proton signals representing the terminal methoxy (–OCH3, (A), 3.4 ppm) 

and main chain methylene groups of the PEG chain (–CH2CH2O– (B), 3.5–3.7 ppm; (C), 

4.3 ppm), in addition to the proton signals representing the poly(PA-alt-DBGA) backbone 

(Figure 2.11). Such PEG-containing APE block copolymers may be applied in the biomedical 

field, e.g. as a pH-responsive nanocarrier for drug delivery systems (DDS).54 Subsequently, to 

synthesize end-functionalized poly(PA-alt-DBGA)s, alcohols with alkene and alkyne 

functional groups, i.e. 5-hexen-1-ol and propargyl alcohol, were used as initiators (runs 2 and 
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3 in Table 2.3). The 1H NMR spectra of the obtained products display the characteristic signals 

representing the alkene (–CH=CH2, (A), 4.9 ppm; –CH=CH2, (B), 5.8 ppm) and alkyne protons 

(–C≡CH, (A), 3.1 ppm, Figures 2.12 and 2.14). The SEC traces of the alkene- and alkyne-

functionalized poly(PA-alt-DBGA) polymers display monomodal elution peaks, suggesting the 

well-controlled natures of the polymerizations (Ð = 1.16–1.20; Figures 2.13–2.14). These 

reactive end groups can be used for further functionalization. Furthermore, the diol initiator 1,4-

benzenedimethanol (BDM) successfully provides the desired product (run 4 in Table 2.3 and 

Figure 2.15). These results confirm the advantages of the ROAC approach in synthesizing 

functionalized, well-defined APEs.  
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Table 2.3. ROAC of PA and DBGA using different alcohol initiators a 

 

run ini. 
time 
(h) 

conv.PA 
(%) b 

Mn,theo.  
(g mol–1) 

c 
Mn,NMR 

(g mol–1) b 
Mn,SEC 

(g mol–1) d 
Ð d 

1 Me-PEG-OH 6 69 7,300 6,700 4,830 1.22 
2 5-hexen-1-ol 10 67 6,800 7,200 5,240 1.16 

3 
propargyl 
alcohol 

6 90 9,000 9,000 5,240 1.20 

4 BDM 3 79 8,000 7,900 4,150 1.21 
5 none 154 66 N.D. e N.D. e 44,500 1.43 

a Polymerization conditions: temp., 80 °C; atmosphere, Ar; catalyst, t-BuP1; monomers, PA and 
DBGA; [t-BuP1]/[ini.]0/[PA]0/[DBGA]0 = 1/1/25/75. b Determined via 1H NMR spectroscopy 
in CDCl3. c Calculated using (M.W. of ini.) + [PA]0/[ini.]0 × conv.PA × (M.W. of PA + M.W. of 
DBGA). d Determined via SEC in DMF containing 0.01 mol L−1 LiCl using a PSt. standard. e 
Not determined. 
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Figure 2.10. SEC traces of Me-PEG-OH (black line) and PEG-b-poly(PA-alt-DBGA) (red line) 
obtained via run 1 in Table 2.3 (eluent, DMF containing 0.01 mol L−1 LiCl; flow rate, 0.6 mL 
min−1). 
 

 
Figure 2.11. 1H NMR spectrum (CDCl3, 400 MHz) of PEG-b-poly(PA-alt-DBGA) (run 1 in 
Table 2.3). 
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Figure 2.12. 1H NMR spectrum (CDCl3, 400 MHz) of poly(PA-alt-DBGA) using 5-hexen-1-ol 
as an initiator (run 2 in Table 2.3). 
 

 
Figure 2.13. SEC trace (eluent, DMF containing 0.01 mol L−1 LiCl; flow rate, 0.6 mL min−1) 
of poly(PA-alt-DBGA) using 5-hexen-1-ol as an initiator (run 2 in Table 2.3). 
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Figure 2.14. 1H NMR spectrum (CDCl3, 400 MHz; left panel) and SEC trace (eluent, DMF 
containing 0.01 mol L−1 LiCl; flow rate, 0.6 mL min−1; right panel) of poly(PA-alt-DBGA) 
using propargyl alcohol as an initiator (run 3 in Table 2.3). 
 

 
Figure 2.15. 1H NMR spectrum (CDCl3, 400 MHz; left panel) and SEC trace (eluent, DMF 
containing 0.01 mol L−1 LiCl; flow rate, 0.6 mL min−1; right panel) of poly(PA-alt-DBGA) 
using BDM as an initiator (run 4 in Table 2.3). 
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To determine the role of the alcohol initiator in the ROAC system, the author conducted 

the ROAC of PA and DBGA without an initiator. Initially, it was expected that polymerization 

would not occur. However, polymerization proceeds slowly and a conv.PA of 66% is reached 

after 154 h, affording a high-molecular-weight poly(PA-alt-DBGA) (Mn,SEC = 44,500 g mol–1, 

Ð = 1.43; run 5 in Table 2.3 and Figure 2.16). This suggests that trace amounts of protic 

impurities, such as H2O, a diol derived from DBGA, and a dicarboxylic acid derived from PA, 

act as initiators.  

 

 
Figure 2.16. SEC trace (eluent, DMF containing 0.01 mol L−1 LiCl; flow rate, 0.6 mL min−1) 
of poly(PA-alt-DBGA) synthesized without catalyst (run 5 in Table 2.3). 
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2.3.3 Monomer scope 

The monomer scope of the ROAC system was then investigated using four cyclic anhydrides 

and three glycidylamines (Scheme 2.2 and Table 2.4). First, ROACs with PA were conducted 

using N-benzyl-N-methylglycidylamine (BMGA) and N,N-diallylglycidylamine (DAGA) as 

glycidylamine monomers (runs 1 and 2 in Table 2.4). The ROAC of PA and BMGA successfully 

produces the desired polymer poly(PA-alt-BMGA), as confirmed via 1H NMR spectroscopy 

and SEC (Figure 2.17). The 1H NMR spectrum displays the characteristic signals representing 

the methyl (2.1–2.5 ppm (g)) and benzyl (–CH2C6H5, (e), 3.4–3.6 ppm; –C6H5, (f), 7.1–7.3 ppm) 

moieties of the BMGA units. In copolymerizing PA and DAGA, the allyl groups isomerize to 

propenyl groups during the polymerization (–CH=CHCH3, (h), 5.8 ppm; –CH=CHCH3, (i), 

4.3 ppm; –CH=CHCH3, (j, k), 1.4 and 1.6 ppm), as confirmed by the 1H NMR spectrum (Figure 

2.18). Such isomerization in the anionic ROP of DAGA under harsh conditions has been 

reported by Frey et al.13  
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Scheme 2.2. ROAC of cyclic anhydride and glycidylamine 

 

 

Table 2.4. ROAC of various cyclic anhydrides and glycidylamines using t-BuP1 as the catalyst 
a 

run M1 M2 
time  
(h) 

conv.M1 
(%) b 

Mn,theo.  
(g mol–1) 

c 
Mn,NMR 

(g mol–1) 
b 

Mn,SEC 
(g mol–1) 

d 
Ð d 

1 PA BMGA 2.5 74 6,100 4,600 2,350 1.41 
2 PA DAGA 1.0 >99 7,700 5,300 2,480 1.30 
3 GA DBGA 7.0 76 9,300 2,000 4,390 1.50 
4 DGA DBGA 3.0 74 9,400 N.D. e 5,000 1.86 
5 SA DBGA 7.0 67 9,000 4,900 6,800 2.22 

a Polymerization conditions: temp., 80 °C; atmosphere, Ar; initiator, PPA; catalyst, t-BuP1; [t-
BuP1]/[PPA]0/[cyclic anhydride]0/[glycidylamine]0 = 1/1/25/75. b Determined via 1H NMR 
spectroscopy in CDCl3. c Calculated using (M.W. of PPA) + [cyclic 
anhydride]0/[PPA]0 × conv.cyclic anhydride × (M.W. of cyclic anhydride + M.W. of glycidylamine). 
d Determined via SEC in DMF containing 0.01 mol L−1 LiCl using a PSt. standard. e Not 
determined. 
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Figure 2.17. 1H NMR spectrum (CDCl3, 400 MHz; left panel) and SEC trace (eluent, DMF 
containing 0.01 mol L−1 LiCl; flow rate, 0.6 mL min−1; right panel) of poly(PA-alt-BMGA) 
obtained via run 1 in Table 2.4. 

 

 
Figure 2.18. 1H NMR spectrum (CDCl3, 400 MHz; left panel) and SEC trace (eluent, DMF 
containing 0.01 mol L−1 LiCl; flow rate, 0.6 mL min−1; right panel) of poly(PA-alt-DAGA) 
obtained via run 2 in Table 2.4.  
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 The author evaluated the ROAC of DBGA with different cyclic anhydrides, including 

glutaric anhydride (GA), diglycolic anhydride (DGA), and succinic anhydride (SA) (runs 3–5 

in Table 2.4). Although the polymerization rate varies depending on the cyclic anhydride used, 

the ROACs proceed with levels of cyclic anhydride conversion of >65%, affording the desired 

products: poly(GA-alt-DBGA), poly(DGA-alt-DBGA), and poly(SA-alt-DBGA) (Figures 

2.19–2.21). The SEC trace of poly(SA-alt-DBGA) displays a bimodal elution peak, where the 

higher-molecular-weight byproduct may be due to the polymer chain that grows bidirectionally 

from a trace amount of succinic acid. It is notable that for all the obtained copolyesters, no 

evidence of the ether linkage formation via ROP of glycidylamine was detected from their 13C 

NMR spectra (Figures 2.22–2.26). These results collectively confirm the broad monomer scope 

of the ROAC system. 
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Figure 2.19. 1H NMR spectrum (CDCl3, 400 MHz; left panel) and SEC trace (eluent, DMF 
containing 0.01 mol L−1 LiCl; flow rate, 0.6 mL min−1; right panel) of poly(GA-alt-DBGA) 
obtained via run 3 in Table 2.4. 

 

 

 
Figure 2.20. 1H NMR spectrum (CDCl3, 400 MHz; left panel) and SEC trace (eluent, DMF 
containing 0.01 mol L−1 LiCl; flow rate, 0.6 mL min−1; right panel) of poly(DGA-alt-DBGA) 
obtained via run 4 in Table 2.4. 
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Figure 2.21. 1H NMR spectrum (CDCl3, 400 MHz; left panel) and SEC trace (eluent, DMF 
containing 0.01 mol L−1 LiCl; flow rate, 0.6 mL min−1; right panel) of poly(SA-alt-DBGA) 
obtained via run 5 in Table 2.4. 

 

 

 
Figure 2.22. 13C NMR spectrum (CDCl3, 100 MHz) of poly(PA-alt-BMGA) (run 1 in Table 
2.4).  
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Figure 2.23. 13C NMR spectrum (CDCl3, 100 MHz) of poly(PA-alt-DAGA) (run 2 in Table 
2.4). 

 

 
Figure 2.24. 13C NMR spectrum (CDCl3, 100 MHz) of poly(GA-alt-DBGA) (run 3 in Table 
2.4). 
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Figure 2.25. 13C NMR spectrum (CDCl3, 100 MHz) of poly(DGA-alt-DBGA) (run 4 in Table 
2.4). 

 

 

Figure 2.26. 13C NMR spectrum (CDCl3, 100 MHz) of poly(SA-alt-DBGA) (run 5 in Table 
2.4). 
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The thermal properties of the APEs with different main-chain structures were evaluated 

using thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC). Based 

on TGA, the 5% mass loss temperatures (Td,5%) are in the range 220–305 °C, indicating 

sufficient thermal stabilities (Figure 2.27). The DSC thermograms of all APEs display baseline 

shifts corresponding to the glass transition temperatures (Tg), whereas no other transitions, such 

as melting and crystallization, are detected, confirming their amorphous natures. The Tg is 

adjustable in the range 8.8–54.1 °C based on the choice of the two monomers (Figure 2.28). 

This indicates the versatility of the ROAC system in designing APE materials with adjustable 

properties. 
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Figure 2.27. Thermogravimetric analysis of the poly(cyclic anhydride-alt-glycidylamine)s in 
Table 2.4. 
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Figure 2.28. DSC thermograms of the poly(cyclic anhydride-alt-glycidylamine)s in Table 2.4. 
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2.3.4 Terpolymerization of a cyclic anhydride and glycidylamine and another cyclic ether 

Finally, the author investigated terpolymerization of cyclic anhydrides, glycidylamines, 

and non-amino-functionalized epoxides to expand the range of accessible APE structures 

(Scheme 2.3). Terpolymerization was conducted using PA, BMGA, and BO as monomers, with 

n-butanol as the initiator, under the optimized conditions ([t-BuP1]/[n-

butanol]0/[PA]0/[BMGA]0/[BO]0 = 1/1/100/150/150, run 1 in Table 2.5). The initial mole 

fraction in the feed was fBMGA = 0.5 (fBO = 0.5). The simultaneous consumption of the three 

monomers is confirmed via 1H NMR spectroscopy. The plots of the conv. values as functions 

of time reveal that BO consumption is faster than that of BMGA until the end of the reaction, 

suggesting that poly(PA-alt-BMGA)-co-poly(PA-alt-BO) is obtained as a statistical copolyester 

with excess poly(PA-alt-BO) units (Figure 2.29). The 1H NMR spectra of the obtained polymer 

together with the corresponding homopolymers (i.e. poly(PA-alt-BMGA) and poly(PA-alt-BO), 

see Table 2.6) demonstrated the appearance of the signals representing both poly(PA-alt-

BMGA) (a–g) and poly(PA-alt-BO) units (a, h–k), confirming successful terpolymerization 

(Figure 2.30, left-hand panel). Based on the signal intensities c and h, the estimated mole 

fractions of BMGA (FBMGA) and BO (FBO) within the terpolymer are 0.41 and 0.59, respectively, 

which closely match the theoretical mole fractions calculated based on monomer conv. 

(Fcalc.BMGA = 0.37 and Fcalc.BO = 0.63). Although Ð is slightly large (2.23), the SEC trace displays 



Organobase-catalyzed ROAC of Glycidylamine with Cyclic Anhydride  
for Synthesizing Amino-Functionalized Polyester 

81 
 

a unimodal elution peak (Figure 2.30, right-hand panel). Additionally, the covalent connection 

of the different blocks in the terpolyester was confirmed by the diffusion-ordered NMR (DOSY) 

analysis (Figure 2.31). Terpolymerization with an increased BO ratio ([PA]0/[BMGA]0/[BO]0 

= 100/60/240, fBMGA = 0.2) also proceeds, yielding a terpolymer with FBMGA = 0.15 (run 2 in 

Table 2.5). The 1H NMR spectra of the terpolymers and the corresponding copolymers shown 

in Figure 2.32 demonstrate the facile control based on fBMGA.  
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Scheme 2.3. Ring-opening terpolymerization of cyclic anhydride and glycidylamine with another epoxide. 
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Table 2.5. Ring-opening terpolymerization of PA, BMGA or DBGA, and BO or EGE a 

run 
initiator 

(I) 
M1/M2/M3 

[t-BuP1]/[I]0/ 
[M1]0/[M2]0/[M3]0 

time 
(h) 

conv. 
(%) b 

Mn,theo. 
(g mol–1) 

c 
Mn,NMR 

(g mol–1) 
b 

FM2 
(mol.%) b 

Mn,SEC 
(g mol–1) 

d 
Ð d 

1 n-butanol 
PA/BMGA 

/BO 
1/1/100/150/150 2.0 

PA = 92, 
BMGA = 28, 

BO = 46 
24,000 6,200 0.41 3,120 2.23 

2 n-butanol 
PA/BMGA 

/BO 
1/1/100/60/240 1.5 

PA > 99, 
BMGA = 28, 

BO = 39 
24,000 12,600 0.85 6,050 1.75 

3 PPA 
PA/DBGA 

/EGE 
1/1/100/150/150 5.0 

PA = 84, 
DBGA = 24, 

EGE = 31 
26,000 14,700 0.64 6,350 1.39 

4 PPA 
PA/DBGA 

/EGE 
1/1/100/60/240 3.0 

PA > 99, 
DBGA = 8, 
EGE = 64 

27,000 10,500 0.85 5,580 1.38 

a Polymerization conditions: temp., 80 °C; atmosphere, Ar; catalyst, t-BuP1. b Determined via 1H NMR spectroscopy in CDCl3. c Calculated using 
(M.W. of initiator) + [PA]0/[initiator]0 × conv.PA × ((M.W. of PA + M.W. of glycidylamine) × (mol.% of glycidylamine) + (M.W. of PA + M.W. of 
epoxide) × (mol.% of epoxide)). d Determined via SEC in DMF containing 0.01 mol L−1 LiCl using a PSt. standard. 
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Figure 2.29. Time to conv. plots of PA (square), BO (filled circle), and BMGA (triangle) 

determined via 1H NMR spectrum for run 1 in Table 2.5.  
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Table 2.6. ROAC of PA and cyclic ethers using t-BuP1 as a catalyst a 

 

run M ini. 
time 

(h)
conv.PA 

(%) b
Mn,theo. c Mn,NMR b Mn,SEC d Ð d 

1 PA/BMGA n-butanol 3.0 >99 33 000  5800  3520 2.11 

2 PA/BO n-butanol 1.5 >99 22 000 18 000 11 000 1.22 

3 PA/EGE PPA 2.0  98 25 000 20 000  5680 1.31 
a Polymerization conditions: temp., 80 °C; atmosphere, Ar; catalyst, t-BuP1; monomer; [t-

BuP1]/[initiator]0/[PA]0/[glycidylamine or epoxide]0 = 1/1/100/300. b Determined via 1H NMR 

in CDCl3. c Calculated from (M.W. of initiator) + [PA]0/[initiator]0 × conv.PA × (M.W. of PA + 

M.W. of glycidylamine or epoxide). d Determined via SEC in DMF containing 0.01 mol L−1 

LiCl using PSt. standard. 
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Figure 2.30. 1H NMR (CDCl3, 400 MHz; left panel) and SEC trace (eluent, DMF containing 

0.01 mol L−1 LiCl; flow rate, 0.6 mL min−1; right panel) of poly(PA-alt-BMGA)-co-poly(PA-

alt-BO) obtained via run 1 in Table 2.5. 

 

 

Figure 2.31. DOSY (CDCl3, 600 MHz) spectrum of poly(PA-alt-BMGA)-co-poly(PA-alt-BO) 

obtained from run 1 in Table 2.5.  
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Figure 2.32. 1H NMR spectra of poly(PA-alt-BMGA) (run 1 in Table 2.6), poly(PA-alt-

BMGA)-co-poly(PA-alt-BO) ([BMGA]0/[BO]0 = 150/150, run 1 in Table 2.5; [BMGA]0/[BO]0 

= 60/240, run 2 in Table 2.5), and poly(PA-alt-BO) (run 2 in Table 2.6) in CDCl3 (400 MHz). 
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Similarly, the terpolymerization of PA, DBGA, and ethyl glycidyl ether (EGE) was 

conducted in the presence of PPA and t-BuP1 as the initiator and catalyst, respectively, with [t-

BuP1]/[PPA]0/[PA]0/[DBGA]0/[EGE]0 = 1/1/50/75/75 (fDBGA = 0.5) affording poly(PA-alt-

DBGA)-co-poly(PA-alt-EGE) with FBMGA = 0.36 (Figures 2.33–2.35). Moreover, FDBGA can 

be adjusted by changing fDBGA (Figure 2.36). Hence, the amino functional group contents of 

polyesters can be easily adjusted by incorporating an alkylene oxide or a glycidyl ether. 

 

 
Figure 2.33. 1H NMR (CDCl3, 400 MHz; left panel) and SEC trace (eluent, DMF containing 

0.01 mol L−1 LiCl; flow rate, 0.6 mL min−1; right panel) of poly(PA-alt-DBGA)-co-poly(PA-

alt-EGE) obtained from run 3 in Table 2.5.  



Organobase-catalyzed ROAC of Glycidylamine with Cyclic Anhydride  
for Synthesizing Amino-Functionalized Polyester 

 

89 
 

 
Figure 2.34. DOSY (CDCl3, 600 MHz) spectrum of poly(PA-alt-DBGA)-co-poly(PA-alt-EGE) 

obtained from run 3 in Table 2.5. 

 

  

Figure 2.35. Time to conv. plots of PA (square), EGE (filled circle), and DBGA (triangle) 

determined via 1H NMR spectrum for run 3 in Table 2.5.  
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Figure 2.36. 1H NMR spectra of poly(PA-alt-DBGA) (run 8 in Table 2.1), poly(PA-alt-DBGA)-

co-poly(PA-alt-EGE) ([DBGA]0/[EGE]0 = 150/150, run 3 in Table 2.5; [DBGA]0/[EGE]0 = 

60/240, run 4 in Table 2.5), and poly(PA-alt-EGE) (run 3 in Table 2.6) in CDCl3 (400 MHz).  
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2.4 Conclusion  

In this chapter, the author established a novel pathway for synthesizing APEs based on 

the ROAC of cyclic anhydrides and glycidylamines. ROAC proceeded smoothly with alkali 

metal carboxylates and phosphazene bases as catalysts, but it also proceeded without a catalyst. 

Because of the controlled nature of this ROAC system, APEs with adjustable molecular weights 

and functional end groups could be produced. Moreover, the ROAC system enabled the 

syntheses of APEs with different main-chain structures by simply changing the combination of 

the two monomers. Considering the advantages of chain-growth polymerization and the wide 

monomer scope, the established ROAC system may accelerate the exploration of a novel class 

of APEs.   
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3.1 Introduction 

Hyperbranched polymers (HBPs) are highly branched macromolecules comprising a large 

number of dendritic and terminal units. They exhibit specific properties such as lower viscosity, 

higher solubility, and more highly dense terminal functionality than those of their linear 

counterparts.1 Dendrimers are a type of branched polymers; however, the regular structure of 

dendrimers makes their synthesis highly complicated. Although HBPs are structurally less 

regular than dendrimers, the former have usually one-step synthesis methods.2 In addition, their 

interesting properties originating from the highly branched architecture and easy synthesis 

make them greatly valuable in a wide variety of industrial applications such as coatings,3,4 

rheological modifiers,5 and catalysts.6 HBPs are particularly useful for fabricating high-strength 

sheets and films.7 In addition, the application range of HBPs is expanding in biomedical fields 

as well such as drug delivery system (DDS) and tissue engineering.8–10 

Hyperbranched polyesters (HBPEs) are of particular interest for biomedical applications 

because of their excellent biocompatibility and biodegradability. Wyatt et al. reported 

poly(glycerol succinate)-based HBPEs for application as surgical materials in orthopedic and 

ophthalmic operations,11 while Gao et al. reported polyglycerol/poly(lactic acid) copolymer-

based HBPEs for application in protein delivery.12 Although a wide variety of HBPEs have been 

reported so far, further improvements in their molecular design capacity and synthesis methods 
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are still needed to fabricate novel functional materials that meet the needs of different industries. 

In general, the synthesis methods of HBPE can be classified into two categories based on 

the polymerization mechanism: (1) step-growth polymerization and (2) chain-growth 

polymerization. Most HBPE syntheses rely on the step-growth polycondensation of a 

carboxylic acid (A) and an alcohol (B). The first HBPE synthesis was achieved before 1900 by 

polycondensation of tartaric acid (A2B2) and glycerol (B3), in which ester bonds were formed 

between two tartaric acid molecules as well as between tartaric acid and glycerol.13 

Subsequently, a large number of monomer combinations of dicarboxylic acids (A2) and polyols 

(Bx, x > 2) have been reported for constructing HBPEs. Zhang et al. reported the 

polycondensation of adipic acid (A2) and glycerol (B3),14 while Kienle et al. reported the 

polycondensation of phthalic anhydride (A2) and glycerol (B3).15 In addition, polycondensation 

of ABx-type monomers (e.g., 3,5-diacetoxybenzoic acid) have been extensively used to 

synthesize various HBPEs.16 Yan and Gao extended the monomer variety for polycondensation 

through the so-called couple-monomer methodology (CMM), in which a condensation reaction 

between A–A and B–B2 monomers (e.g., succinic anhydride and trimethylolpropane) was first 

carried out to produce an AB2 intermediate, followed by polycondensation to obtain HBP.17 

Although the polycondensation approach is widely used for HBPE synthesis because of the 

huge variety of available monomers, the step-growth character of this approach makes it 
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difficult to control the molecular weight and dispersity (Đ) of the resulting HBPEs. Moreover, 

the achievable molecular weight is often limited by gelation, by-product formation, and 

intramolecular cyclization. 

The chain-growth polymerization approach is advantageous over the polycondensation 

approach as the former allows control over multibranching polymerization, thereby providing 

a precise way to synthesize HBPEs. More importantly, the chain-growth approach easily affords 

high-molecular-weight HBPEs as it suppresses side reactions and by-product formations. For 

example, an HBPE was successfully synthesized by multibranching ring-opening 

polymerization of a cyclic ester monomer having an alcohol moiety, such as 5-(2-

hydroxyethyl)-2-oxepanone.18 The resulting HBPEs had a high molecular weight (65,000–

85,000 in weight-average molecular weight). Similarly, hydroxyl-functionalized cyclic esters 

such as bis(dihydroxymethyl)-ε-caprolactone19,20 and 5-hydroxymethyl-1,4-dioxan-2-one21 

were also employed for HBPE synthesis via ring-opening multibranching polymerization. An 

additional advantage of this approach is the ability to control the initiation end group using a 

nucleophile as an initiator, which leads to functionalized HBPEs and linear-hyperbranched-

block copolymers. Hence, the chain-growth polymerization approach involving ring-opening 

polymerization (ROP) is extremely useful for the synthesis of HBPEs. However, a major 

drawback of this approach is the narrow range of applicable monomers. Such specially designed 
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monomers often require a multi-step synthesis. Thus, it is highly desirable to establish a simple 

and versatile synthesis method for well-defined HBPEs via a chain-growth mechanism. 

As noted in Chapter 1, ring-opening alternating copolymerization (ROAC) of cyclic 

anhydrides and epoxides has attracted much attention as a third method to access polyesters 

following polycondensation and ROP because of its key advantages lie in its accessible 

structural versatility and polymerization controllability.22–31 In more details, polyesters with 

functional side chains can be easily synthesized using epoxides having functional side chains, 

as shown in Chapter 2. For example, optically active and isotactic polyesters can also be 

synthesized simply by employing optically pure epoxide monomers.32,33 Thus, the author 

considered that the ROAC system can solve commonly synthetic problems about HBPEs. As 

mentioned above, a versatile synthesis method for HBPE based on chain-growth 

polymerization is required to further expand the application range of HBPEs. In this study, the 

author proposes a novel synthesis method for HBPEs using the concept of ROAC (Figure 3.1). 

ROAC gives rise to only linear polyesters because both the anhydride and epoxide monomers 

function as latent difunctional monomers. Thus, the author selected a cyclic anhydride 

possessing an extra carboxyl group as the latent A3-type monomer to produce HBPEs through 

ROAC. Trimellitic anhydride (TA) is the best candidate of latent A3-type cyclic anhydride 

monomers; indeed, one example of ROAC using TA have been reported in 2020 by Coates 
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group.34 Coates et al. used TA as a chain-transfer agent to copolymerize propylene oxide and 

carbic anhydride and obtained an HBPE with a high dispersity (Ð = 1.79). However, the scope 

of the epoxide monomer and the structural details and physical properties of the HBPEs 

obtained through ROAC with TA have not been investigated. Herein, the author reports a simple 

and versatile method for HBPE synthesis via ROAC using TA as a cyclic anhydride monomer 

(Scheme 3.1). The characterization of the resulting polymer revealed a hyperbranched structure, 

confirming the successful synthesis of the HBPE via ROAC. The versatility of this approach 

was further demonstrated by the synthesis of HBPEs using various epoxides and alcohol 

initiators. 
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Figure 3.1. New pathway to HBPE via the ring-opening alternating copolymerization of 
carboxylic anhydride and epoxide.  
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Scheme 3.1. Syntheses of HBPEs via the ROAC of trimellitic anhydride and various epoxides 
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3.2 Experimental Section 

3.2.1 Materials 

Trimellitic anhydride (TA; >98.0%, TCI) and phthalic anhydride (PA; >98.0%, TCI) were 

recrystallized and then purified by sublimation before use. Ethyl glycidyl ether (EGE; >98.0%, 

TCI), propylene oxide (PO; >99.0%, TCI), 1,2-butylene oxide (BO; >99.0%, TCI), cyclohexene 

oxide (CHO; >98.0%, TCI), and 5-hexen-1-ol (>97.0%, TCI), were distilled over CaH2 under 

reduced pressure and stored under argon atmosphere. 6-Azido-1-hexanol was synthesized 

according to a previous report39 and purified by distillation over CaH2 under reduced pressure. 

N,N-Dibenzylglycidylamine (DBGA) was prepared according to the reported methods44 and 

purified by silica gel column chromatography followed by distillation over CaH2 under vacuum 

(twice), which were then stored under an argon atmosphere. Cesium pivalate (CsOPiv; >97.0%, 

TCI) was dried by heating at 100 °C under high vacuum for at least 72 h prior to use. 1,4-

Benzenedimethanol (BDM; >99.0%, TCI) was used as received. Poly(ethylene glycol) 

monomethyl ether (MeO-PEG-OH; typical Mn = 400, Mn,SEC = 440, Đ = 1.33, TCI) and 

poly(ethylene glycol) (HO-PEG-OH; typical Mn = 2000, Mn,SEC = 4,020, Đ = 1.07, 

Sigma−Aldrich) was dried by azeotropic distillation in benzene. Chloroform-d (CDCl3; 

>99.8%), dimethyl sulfoxide-d6 (DMSO-d6; >99.9%), benzoic acid (BA; >98.0%, TCI), and 2-

propanol (>99.7%, Kanto Chemical) were used as received.   
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3.2.2 Instruments  

The polymerization was carried out in an MBRAUN stainless steel glovebox equipped 

with a gas purification system (molecular sieves and copper catalyst) in a dry argon atmosphere 

(H2O, O2 <0.1 ppm). The moisture and oxygen contents in the glovebox were monitored by a 

MB-MO-SE 1 and MB-OX-SE 1, respectively. 1H and 13C NMR spectra were recorded at 25 °C 

on JEOL JNM-ECS400 (1H: 400 MHz, 13C: 100 MHz) or JNM-ECZ600R (13C: 125 MHz) 

instruments.  

 

The absolute number-averaged molecular weight (Mn,MALS), weight-averaged molecular 

weight (Mw,MALS) and dispersity (Ð) of the hyperbranched and linear polymer samples were 

determined by triple-detection size elusion chromatography (SEC-MALS-Visco) in CHCl3 

(flow rate, 1.0 mL min−1) at 40 °C using a Jasco high-performance liquid chromatography 

system (PU-4180 HPLC pump, AS-4550 auto sampler, and CO-4060 column oven) equipped 

with a Shodex K-800D guard column (8.0 mm × 100 mm; particle size, 10 μm), K-806L column 

(linear, 8.0 mm × 100 mm; particle size, 10 μm),  K-804L column (linear, 8.0 mm × 100 mm; 

particle size, 10 μm), a DAWN 8 multiangle laser light scattering detector (Wyatt Technology), 

a Viscostar viscosity detector (Wyatt Technology), and an RI-501 refractive index detector 

(Shodex). 
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Fourier-transform infrared (FT-IR) spectra were measured in an ATR mode with a 

PerkinElmer Frontier MIR spectrometer (PerkinElmer, Inc., Waltham, MA 02451, USA). 

 

The preparative SEC was performed at 25 °C in CHCl3 (flow rate, 10.0 mL min−1) using a 

LaboACE LC-7080 liquid chromatography system (Japan Analytical Industry Co. Ltd., Tokyo, 

Japan) equipped with a JAIGEL-HR-P guard column (8 mm × 40 mm, Japan Analytical 

Industry Co. Ltd.), a JAIGEL 2HR column (linear, 20.0 mm × 600 mm; exclusion limit, 5.0 × 

103, Japan Analytical Industry Co. Ltd.), and a JAIGEL 2.5HR column (linear, 20.0 mm × 600 

mm; exclusion limit, 2.0 × 104, Japan Analytical Industry Co. Ltd.).  

 

The thermal properties of the samples were measured by a Hitachi DSC 7000X. Sample 

was heated from 20 °C to 100 or 120 °C at a rate of 10 °C min−1 and held at 100 or 120 °C for 

5 min to erase thermal history. Then, the sample was cooled to −100 °C at a rate of 10 °C min−1 

and holed at −100 °C for 5 min. Finally, the sample was heated to 100 or 120 °C at a rate of 

10 °C min−1. The second heating DSC curve was used to evaluate the glass transition 

temperature. 
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Static water contact angle measurements were performed with a DropMaster (DMe-201, 

Kyowa Interface Science Co. Ltd., Saitama, Japan) under an ambient environment. The needle 

diameter was 0.47 mm, and the water droplet volume was set to ~5 µL. Each measurement was 

repeated 5 times for a better statistical significance. The error bars resulted from the standard 

deviation based on the measurement series. 
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3.2.3 Synthesis detail 

3.2.3.1 The general synthesis of hyperbranched polyester via ROAC of latent A3 type 

cyclic anhydride and epoxide 

 

・Synthesis of HB-P(TA-alt-EGE) 

A typical polymerization procedure is given as follows: In an argon-filled glovebox, 

1,4-benzenedimethanol (BDM; 2.8 mg, 20 μmol), cesium pivalate (CsOPiv; 2.3 mg, 10 μmol), 

trimellitic anhydride (TA; 192 mg, 1.00 mmol), and ethyl glycidyl ether (EGE; 323 μL, 3.0 

mmol) were added to the reaction vessel and stirred at 80 °C. After 5.5 h, crude aliquot was 

withdrawn from the system by pipette and monitored by 1H NMR spectroscopy in CDCl3 to 

determine the monomer conversions. The reaction mixture was diluted with small amount of 

dichloromethane to terminate the polymerization. The crude polymer was purified by 

preparative SEC to completely remove the unreacted EGE and catalyst, giving hyperbranched-

poly(TA-alt-EGE) (HB-P(TA-alt-EGE)) as a colorless viscous liquid (84.3 mg). Yield: 21.1% 

Mn,MALS = 16,900 g mol−1 (CHCl3), ĐMALS = 1.11 (CHCl3) 

 

・Synthesis of HB-P(TA-alt-EGE) without alcohol initiator 

In an argon-filled glovebox, CsOPiv (11.7 mg, 50 μmol), TA (480 mg, 2.50 mmol), 
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and EGE (806 μL, 7.50 mmol) were added to the reaction vessel and stirred at 80 °C. After 5 h, 

crude aliquot was withdrawn from the system by pipette and monitored by 1H NMR 

spectroscopy in DMSO-d6 to determine the monomer conversions. The reaction mixture was 

purified by dialysis in Acetone/MeOH to completely remove the unreacted EGE and catalyst, 

giving HB-P(TA-alt-EGE) without the initiator residue as a colorless viscous liquid (680 mg). 

Yield: 68.6% 

 

・Synthesis of HB-P(TA-alt-PO) 

HB-P(TA-alt-PO) was synthesized in the same way, excepting the molar ratio of the 

reactants; BDM (5.5 mg, 40 μmol), CsOPiv (4.7 mg, 20 μmol), TA (192 mg, 1.00 mmol), and 

propylene oxide (PO; 210 μL, 3.00 mmol). After 4 h, the reaction mixture was diluted with 

small amount of dichloromethane and purified by preparative SEC to give HB-P(TA-alt-PO) 

as a colorless viscous liquid (41.6 mg). Yield: 16.4% 

Mn,MALS = 24,300 g mol−1 (CHCl3), ĐMALS = 1.30 (CHCl3) 

 

・Synthesis of HB-P(TA-alt-BO) 

HB-P(TA-alt-BO) was synthesized in the same way, excepting the molar ratio of the 

reactants; BDM (5.5 mg, 40 μmol), CsOPiv (4.7 mg, 20 μmol), TA (192 mg, 1.00 mmol), and 
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butylene oxide (BO; 261 μL, 3.00 mmol). After 4 h, the reaction mixture was diluted with small 

amount of dichloromethane and purified by preparative SEC to give HB-P(TA-alt-BO) as a 

colorless viscous liquid (248 mg). Yield: 72.5% 

Mn,MALS = 28,500 g mol−1 (CHCl3), ĐMALS = 1.21 (CHCl3) 

 

・Synthesis of HB-P(TA-alt-CHO) 

 HB-P(TA-alt-CHO) was synthesized in the same way, excepting the molar ratio of the 

reactants; BDM (5.5 mg, 40 μmol), CsOPiv (4.7 mg, 20 μmol), TA (192 mg, 1.00 mmol), and 

cyclohexene oxide (CHO; 302 μL, 3.00 mmol). After 2 h, the reaction mixture was diluted with 

small amount of dichloromethane and purified by preparative chromatography to give HB-

P(TA-alt-CHO) as a colorless viscous liquid (274 mg). Yield: 69.6% 

Mn,MALS = 98,600 g mol−1 (CHCl3), ĐMALS = 1.58 (CHCl3) 

 

・Synthesis of HB-P(TA-alt-DBGA) 

HB-P(TA-alt-DBGA) was synthesized in the same way, excepting the molar ratio of 

the reactants; BDM (5.5 mg, 40 μmol), CsOPiv (4.7 mg, 20 μmol), TA (192 mg, 1.00 mmol), 

and dibenzyl glycidyl amine (DBGA; 261 μL, 3.00 mmol). After 5.3 h, the reaction mixture 

was diluted with small amount of dichloromethane and purified by preparative SEC to give 
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HB-P(TA-alt-DBGA) as a colorless viscous liquid (127.5 mg). Yield: 89.8% 

Mn,MALS = 134,000 g mol−1 (CHCl3), ĐMALS = 1.68 (CHCl3) 
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3.2.3.2 The general synthesis of linear polyester via ROAC of cyclic anhydride and epoxide 

・Synthesis of L-P(PA-alt-EGE) 

Linear-poly(PA-alt-EGE) (L-P(PA-alt-EGE)) was synthesized in the same way, 

excepting the molar ratio of the reactants; BDM (5.5 mg, 40 μmol), CsOPiv (4.7 mg, 20 μmol), 

phthalic anhydride (PA; 148 mg, 1.00 mmol), and EGE (323 μL, 3 mmol). After 5 h, the reaction 

mixture was diluted with small amount of dichloromethane and purified by reprecipitation from 

a dichloromethane solution into cold methanol to give L-P(PA-alt-EGE) as a colorless viscous 

liquid (103.6 mg). Yield: 40.5% 

Mn,MALS = 8,000 g mol−1 (CHCl3), ĐMALS = 1.06 (CHCl3) 

 

・Synthesis of L-P(PA-alt-PO) 

 L-P(PA-alt-PO) was synthesized in the same way, excepting the molar ratio of the 

reactants; BDM (6.9 mg, 50 μmol), CsOPiv (5.9 mg, 25 μmol), PA (185 mg, 1.25 mmol), and 

PO (525 μL, 7.50 mmol). After 2 h, the reaction mixture was diluted with small amount of 

dichloromethane and purified by reprecipitation from a dichloromethane solution into cold 

methanol to give L-P(PA-alt-PO) as a colorless viscous liquid (150 mg). Yield: 75.9% 

Mn,MALS = 7,900 g mol−1 (CHCl3), ĐMALS = 1.02 (CHCl3) 
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・Synthesis of L-P(PA-alt-BO) 

L-P(PA-alt-BO) was synthesized in the same way, excepting the molar ratio of the 

reactants; BDM (6.9 mg, 50 μmol), CsOPiv (5.9 mg, 25 μmol), PA (185 mg, 1.25 mmol), and 

BO (652 μL, 7.50 mmol). After 2 h, the reaction mixture was diluted with small amount of 

dichloromethane and purified by reprecipitation from a dichloromethane solution into cold 

methanol to give L-P(PA-alt-BO) as a colorless viscous liquid (107 mg). Yield: 74.3% 

Mn,MALS = 5,700 g mol−1 (CHCl3), ĐMALS = 1.01 (CHCl3) 

 

・Synthesis of L-P(PA-alt-CHO) 

 L-P(PA-alt-CHO) was synthesized in the same way, excepting the molar ratio of the 

reactants; BDM (5.5 mg, 40 μmol), CsOPiv (4.7 mg, 20 μmol), PA (148 mg, 1.00 mmol), and 

CHO (605 μL, 6.00 mmol). After 3 h, the reaction mixture was diluted with small amount of 

dichloromethane and purified by reprecipitation from a dichloromethane solution into cold 

methanol to give L-P(PA-alt-CHO) as a colorless viscous liquid (233 mg). Yield: 92.5% 

Mn,MALS = 8,300 g mol−1 (CHCl3), ĐMALS = 1.03 (CHCl3) 

 

・Synthesis of L-P(PA-alt-DBGA) 

 L-P(PA-alt-DBGA) was synthesized in the same way, excepting the molar ratio of the 
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reactants; BDM (1.4 mg, 10 μmol), CsOPiv (1.2 mg, 5.0 μmol), PA (37.0 mg, 250 μmol), and 

DBGA (380 mg, 1.50 mmol). After 27 h, the reaction mixture was diluted with small amount 

of dichloromethane and purified by reprecipitation from a dichloromethane solution into cold 

methanol to give L-P(PA-alt-DBGA) as a colorless viscous liquid (63.0 mg). Yield: 61.9% 

Mn,MALS = 13,300 g mol−1 (CHCl3), ĐMALS = 1.39 (CHCl3) 
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3.2.3.3 The general synthesis of polyether via ROP of epoxide 

・Synthesis of PEGE 

 In an argon-filled glovebox, BDM (12.0 mg, 87.0 μmol), CsOPiv (10.2 mg, 43.5 μmol) 

and EGE (488 mg, 4.78 mmol) were added to the reaction vessel and stirred at 100 °C. After 

1.6 h, crude aliquot was withdrawn from the system by pipette and monitored by 1H NMR 

spectroscopy in CDCl3 to determine monomer conversion. The reaction mixture was diluted 

with small amount of dichloromethane and purified by reprecipitation from a dichloromethane 

solution into cold methanol to give PEGE as a colorless oil (236 mg). Yield: 48.4% 

Mn,NMR = 6,000 g mol−1 (CDCl3) 
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3.2.3.4 Model reactions for investigation of TA’s reactivity 

・Reaction of TA and 2-propanol 

 CsOPiv (23.4 mg, 100 μmol), TA (96.1 mg, 500 μmol), and 2-propanol (115 μL, 1.50 

mmol) were added to the reaction vessel and stirred at 80 °C. After 2 h, reaction mixture was 

evaporated to remove unreacted 2-propanol and measured by 1H NMR spectroscopy in DMSO-

d6 to check the reaction products. Yield: 99.2% 

 

・Reaction of PA and 2-propanol  

CsOPiv (11.7 mg, 50.0 μmol), PA (74.1 mg, 500 μmol), and 2-propanol (195 μL, 1.50 

mmol) were added to the reaction vessel and stirred at 80 °C. After 1.5 h, reaction mixture was 

evaporated to remove unreacted 2-propanol and measured by 1H NMR spectroscopy in DMSO-

d6 to check the reaction products. Yield: 63.6% 

 

・Reaction of BA and 2-propanol  

CsOPiv (11.7 mg, 50.0 μmol), BA (61.1 mg, 500 μmol), and 2-propanol (195 μL, 1.50 

mmol) were added to the reaction vessel and stirred at 80 °C. After 1.5 h, reaction mixture was 

evaporated to remove unreacted 2-propanol and measured by 1H NMR spectroscopy in DMSO-

d6 to check the reaction products. Yield: 72.0%  
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・Reaction of BA and EGE  

CsOPiv (11.7 mg, 50.0 μmol), BA (61.1 mg, 500 μmol), and EGE (161 μL, 1.50 mmol) 

were added to the reaction vessel and stirred at 80 °C. After 1.5 h, reaction mixture was 

evaporated to remove unreacted EGE and measured by 1H NMR spectroscopy in CDCl3 to 

check the reaction products. Yield: 83.6%  
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3.3 Results and Discussion 

3.3.1 Ring-opening alternating copolymerization of trimellitic anhydride and ethyl 

glycidyl ether  

 First, the author investigated the ROAC of TA with ethyl glycidyl ether (EGE) under 

bulk conditions (run 1 in Table 3.1). The author employed cesium pivalate (CsOPiv) as a 

catalyst, as it shows sufficient catalytic ability for ROAC (see Chapter 2). The ROAC was 

conducted at 80 °C in the presence of 1,4-benzenedimethanol (BDM) as an initiator at a 

[CsOPiv]/[BDM]0/[TA]0/[EGE]0 molar ratio of 0.5/1/25/75. After the reaction started, the 

conversion of TA (conv.TA) increased and finally reached 95%, as confirmed by 1H NMR 

analysis of the crude aliquot. This result confirmed the progress of polymerization, even in the 

presence of the free carboxyl group. As the free carboxyl group on TA is also involved in the 

ROAC to generate a branching point, the consumption of EGE (cons.EGE) should be higher than 

that of cons.TA. More specifically, cons.EGE should be twofold of cons.TA when all the free 

carboxyl groups participate in ROAC. To test this hypothesis, the author monitored the 

consumption of two monomers during polymerization. Interestingly, cons.EGE was always 

higher than that of TA, and it was eventually found to be approximately twice the amount of 

consumed TA (Figure 3.2). This result suggests that the obtained polymer had a hyperbranched 

structure, as expected, and most of the free carboxyl groups reacted with EGE to generate the 
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branching point (degree of branching ≈ 1). The absolute molecular weight (Mn,MALS) and 

dispersity (Ð) of the obtained hyperbranched poly(TA-alt-EGE) (HB-P(TA-alt-EGE)) were 

determined to be 16,900 g mol−1 and 1.11, respectively, using a triple-detection SEC equipped 

with refractive index, light scattering, and viscosity detectors (SEC-MALS-VISCO). Since the 

obtained products possess highly branched, the standard SEC analysis against linear 

polystyrene standards did not provide any meaningful information about the molecular weight. 

Note that the observed Mn,MALS is much greater than the theoretical molecular weight (Mn,theo.) 

calculated based on the initial monomer-to-initiator ratio and conv.TA. This result implies that 

the intermolecular coupling should occur along with the propagation reaction. 
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Table 3.1. Syntheses of hyperbranched polyesters via ROAC of TA with various epoxides a 

run initiator epoxide 
time 

(h) 

conv.TA 

(%) b 
Mn,theo. 

c
 Mn,MALS d Mw,MALS d Ð d 

[] 

(mL min−1) d 

Tg 

(°C) e 

1 BDM EGE 5.5 95 9,600 16,900 18,700 1.11 3.07 −20.1 

2 HO-PEG-OH EGE 1.5 >99 9,300 36,010 37,600 1.05 2.99 - f 

3 MeO-PEG-OH EGE 2.0 77 9,200 46,500 49,200 1.06 1.17 - f 

4 
6-azido- 

hexan-1-ol 
EGE 2.0 72 6,300 24,000 28,900 1.20 2.61 - f 

5 5-hexen-1-ol EGE 9.0 >99 11,000 10,900 14,000 1.28 1.91 - f 

6 BDM PO 4.0 87 6,800 24,300 31,600 1.30 4.42 30.3 

7 BDM BO 4.0 >99 8,500 28,500 34,500 1.21 3.54 −1.8 

8 BDM CHO 2.0  - f  - 
f
 98,600 156,000 1.58 2.00 0.1 

9 BDM DBGA 5.3 >99 14,000 134,000 224,000 1.68 2.11 70.0 
a Polymerisation conditions: [CsOPiv]/[initiator]0/[TA]0/[epoxide]0 = 0.5/1/25/75; atmosphere, Ar; temperature, 80 °C. b Determined by 1H NMR 

spectroscopy in CDCl3. c Calculated from (M.W. of initiator) + [TA]0/[initiator]0 × (M.W. of TA) × (conv. of TA) + [epoxide]0/[initiator]0 × (M.W. 

of epoxide) × (conv. of epoxide). d Determined by SEC-MALS-VISCO measurements in CHCl3. e Measured by DSC. f Not determined. 
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Figure 3.2. Plots of monomer consumption vs time for (a) TA and (b) EGE as monitored by 1H 
NMR spectroscopy. 
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3.3.2 Ring-opening alternating copolymerization of phthalic anhydride and ethyl glycidyl 

ether for the synthesis linear counterpart 

 To characterize the polymer structure in detail, the author prepared the corresponding 

linear polyesters and homopolymers of EGE as reference for NMR analysis. According to a 

previous report,35 the ROAC of phthalic anhydride (PA) and EGE using a BDM initiator and 

CsOPiv catalyst successfully produced the corresponding linear polyester, that is, linear-

poly(PA-alt-EGE) (L-P(PA-alt-EGE); Mn,MALS = 8,000, Ð = 1.06; run 1 in Table 3.2). CsOPiv-

catalyzed ROP of EGE was carried out at 100 °C to prepare the related homopolymer, 

poly(EGE) (PEGE; Mn,NMR = 6,000), following the previous study by Satoh et al.36 Overlay of 

1H and 13C NMR spectra of these three polymers is shown in Figure 3.3. 
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Table 3.2. Syntheses of linear polyesters via ROAC of PA and epoxide a 

run epoxide time (h) conv.TA (%) b Mn,theo. 
c Mn,MALS 

d Mw,MALS 
d Ð d mL min−1)d Tg (°C) e 

1 EGE  5.0 >99  6,390  8,000  8,500 1.06 4.98  7.1 
2 PO  2.0  73  4,000  7,900  8,100 1.02 3.23 11.0 
3 BO  2.0  50  2,870  5,700  5,800 1.01 4.61  3.2 
4 CHO  3.0 >99  6,300  8,300  8,500 1.03 5.40 64.4 
5 DBGA 27.0 >99 10,200 13,300 18,400 1.39 3.65 38.7 

a Polymerization conditions: [CsOPiv]/[BDM]0/[PA]0/[epoxide]0 = 0.5/1/25/150; atmosphere, Ar; initiator, BDM; temp, 80 °C. b Determined by 1H 
NMR in CDCl3. c Calculated from (M.W. of BDM) + [PA]0/[BDM]0 × (M.W. of PA) × (conv. of PA) + [epoxide]0/[BDM]0 × (M.W. of epoxide) × 
(conv. of epoxide). d Determined by SEC-MALS-VISCO measurement in CHCl3. e Measured by DSC. 

 

 



Organobase-catalyzed ROAC of Latent Trifunctional Anhydride with Epoxide 
 for Synthesizing Hyperbranched Polyester 

 

127 
 

 
Figure 3.3. 1H (400 MHz; left panel) and 13C NMR (100 MHz; right panel) spectra of PEGE 

(blue), L-P(PA-alt-EGE) (black), and HB-P(TA-alt-EGE) (red) in CDCl3. 

 

 The 1H NMR spectrum of L-P(PA-alt-EGE) shows characteristic peaks owing to the 

benzene ring (7.42–7.85 ppm), polyester main chain (-CH2CH- (b’), 5.37–5.73 ppm; -CH2CH- 

(a’), 4.44–4.92 ppm), and EGE side chain (-CH2OCH2CH3 (c’, d’), 3.39–3.86 ppm; -

CH2OCH2CH3 (e’), 1.09–1.33 ppm), which agreed with the previously reported data.35 

According to previous reports, alternating polyesters synthesized by ROAC in the presence of 

excess epoxide over cyclic anhydride are known to possess hydroxyl terminal groups. Indeed, 

the methine proton adjacent to the terminal hydroxyl group was confirmed as a weak signal at 

4.0 ppm (bT’). Comparing this spectrum with that of HB-P(TA-alt-EGE), the signals at 5.15–
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5.75 and 4.23–4.89 ppm observed in the latter could be reasonably assigned to the polyester 

main chain protons b and a, respectively. The aromatic signals in the HB-P(TA-alt-EGE) 

spectra appeared as three peaks on the downfield side (7.29–8.75 ppm) compared to that in the 

L-P(TA-alt-EGE) spectrum (7.42–7.85 ppm). The additional carbonyl group led to a downfield 

shift of the phenyl protons. In addition, it led to desymmetrization of the benzene ring, which 

explains the splitting of its peak into three different peaks. Similarly, the signals at 

approximately 3.30–4.02 and 0.99–1.26 ppm can be assigned to the side-chain protons (c–e). 

These results suggest that HB-P(TA-alt-EGE) and L-P(TA-alt-EGE) share the same repeating 

unit. 

 Notably, the NMR signals of HB-P(TA-alt-EGE) are much broader than those of L-

P(TA-alt-EGE), owing to the lower structural regularity originating from the asymmetric nature 

of the TA unit.1 Here, the author conducted a model reaction of TA with alcohol to investigate 

the regioselectivity in the cyclic anhydride ring-opening. 2-Propanol was selected as the 

substrate to simulate the secondary alcohol nature of the growing chain end derived from the 

epoxide. The model reaction was carried out in the presence of CsOPiv at 80 °C 

([CsOPiv]/[TA]0/[2-propanol]0 = 1/5/15). After 2 h, TA was quantitatively consumed, and the 

1H NMR spectrum of the resulting mixture revealed the formation of two regioisomeric 

monoesters with 60:40 ratio. This result demonstrated the absence of any significant 
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regioselectivity in the ring-opening of the TA monomer (Figure 3.4). Additionally, the 

reactivity of the anhydride and carboxy moieties in TA was investigated. Thus, the author 

conducted the following two model reactions: (a) 2-propanol +PA and (b) 2-propanol + benzoic 

acid (BA) in the presence of CsOPiv with the feed ratio of [CsOPiv]/[PA or BA]0/[2-propanol]0 

being 0.5/5/15. After 90 min, 30.4% of PA was reacted with 2-propanol in model reaction (a) 

to produce the corresponding monoester, whereas no reaction was observed in reaction (b) 

(Figure 3.5). This observation demonstrates that the alcohol initiator/growing hydroxy chain 

end first reacts with the anhydride moiety of TA and subsequently the carboxy groups react with 

the epoxide monomer. More importantly, a broad signal was confirmed at approximately 4 ppm 

(bT), which was observed in the same range as the bT’ of L-P(PA-alt-EGE). Although it was 

difficult to quantify the signal intensity because of the overlap with the neighboring signals, the 

signal intensity of bT was much higher than that expected for the product without branching. 

This observation proves the presence of multiple polymer chain ends resulting from the 

multibranching structure. 
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Figure 3.4. 1H NMR spectrum of the products obtained from mixtures of 2-propanol, TA, and 

CsOPiv at 80 °C for 2 h with the feed ratio of [CsOPiv]/[TA]0/[2-propanol]0 being 1/5/15 (400 

MHz, DMSO-d6). 

 

 

Figure 3.5. 1H NMR spectra of the products obtained from mixtures of (a) 2-propanol + PA and 

(b) 2-propanol + BA in the presence of CsOPiv at 80 °C for 90 min with the feed ratio of 

[CsOPiv]/[PA or BA]0/[2-propanol]0 being 0.5/5/15 (400 MHz, DMSO-d6). 

 

 Similar to the 1H NMR spectra, the 13C NMR spectra of HB-P(PA-alt-EGE) was 

analogous to that of L-P(PA-alt-EGE), such as carbonyl signals (164–168 ppm, f, g), main chain 
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(benzene ring, 128–133 ppm; -CH2CH- (b, bT), 68.0–71.0 ppm; -CH2CH- (a), 64.3 ppm), and 

side chain (-CH2O- (c), 71.0–72.3 ppm; -OCH2CH3 (d), 67.5 ppm; -OCH2CH3 (e), 15.1 ppm) 

(Figure 3.6). It is worthwhile to compare the 13C NMR spectra of HB-P(PA-alt-EGE) and 

PEGE to exclude the possibility of epoxide homopolymerization during ROAC. Therefore, one 

could expect that ROP may also proceed in addition to the ROAC of anhydride and epoxide in 

the current polymerization system. The 13C NMR spectrum of PEGE shows a characteristic 

signal at 79.0 ppm because of the main-chain methine (b’’), which can be used as a proof to 

determine whether ROP occurred concomitantly during ROAC. A closer look at approximately 

80 ppm showed the absence of any signal for HB-P(PA-alt-EGE). This result unambiguously 

demonstrated that the ROP of EGE did not occur, and all the consumed EGE monomers were 

incorporated in the form of polyesters. 
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Figure 3.6. 13C NMR spectra (100 MHz) of PEGE (blue), L-P(PA-alt-EGE) (run 1 in Table 3.2; 

black), and HB-P(TA-alt-EGE) (run 1 in Table 3.1; red) in CDCl3. 

 

 In the present polymerization system, three routes are expected as the initiation 

pathway: the initiation from the alcohol initiator, initiation from pivalate, and initiation from 

the carboxyl group of TA. In the author’s previous paper, the author has confirmed that the 

carboxylate does not initiate the ROAC of cyclic anhydride and epoxide in the presence of an 

alcohol initiator.35 In contrast, Luo found that alkali metal carboxylates can work as a non-

alcohol initiator for the ROAC.37 If pivalate could also be used as an initiator in the present 

system, it may complicate the structure of the HBPEs. To intentionally synthesize HB-P(TA-

alt-EGE) containing a pivalate end group, the author conducted the ROAC of TA and EGE 
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without an alcohol initiator and with the increased CsOPiv ratio. As expected, the 13C NMR 

spectrum of the product showed a characteristic signal owing to the presence of the pivalate 

group (26.8 ppm, a; 32.2 ppm b; Figure 3.7). However, no such signal appeared in the spectrum 

of the HB-P(TA-alt-EGE) obtained from run 1 in Table 3.1. Therefore, the HBPEs synthesized 

by the author’s optimized condition are virtually free from the pivalate moiety. Next, the author 

conducted the model reaction to check whether TA can also work as an initiator. The model 

reaction of BA with three equivalents of EGE in the presence of CsOPiv indeed proceeded 

(10.5% conversion of BA in 90 min at 80 °C), which supported the initiation from TA, 

producing TA-epoxide adduct (2) in Figure 3.8.  

 

 
Figure 3.7. 13C NMR spectra of HB-P(TA-alt-EGE) obtained from ROAC without alcohol 

initiator (black; 100 MHz) and with alcohol initiator (red; run 1 in Table 3.1; 125 MHz) in 

DMSO-d6.  
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Figure 3.8. Reaction mechanism of ROAC using TA and epoxide. 

 

 Based on the above discussions, the author proposes the reaction mechanism to form 

HBPEs (Figure 3.8). The initiation reaction involves two routes. The first route involves the 

addition reaction of the alcohol initiator to TA and subsequent ring-opening reaction of epoxide, 

producing the initiator-TA-epoxide adduct (1). The second route is the ring-opening reaction of 

epoxide from the carboxyl group of TA to form TA-epoxide adduct (2). In the propagation 

reaction, the alkoxide species, such as 1 and 2, react with TA and subsequently EGE, resulting 

in the formation of HBPEs (3 and 4). The unreacted anhydride moiety in 3 will be consumed 

when reacting with the alkoxide species, which finally produces the HBPEs with an initiator 

residue. 
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3.3.3 Physical properties comparison of hyperbranched poly(TA-alt-EGE) with linear 

counterpart 

 HBP is well known to exhibit lower viscosity, higher solubility, and a smaller 

hydrodynamic radius than those of their linear counterparts. To identify the specific properties 

originating from the hyperbranched structure, the author measured and compared the intrinsic 

viscosity ([]) and hydrodynamic radius (Rh) of HB-P(TA-alt-EGE) and L-P(PA-alt-EGE) 

(Figure 3.9). The Mark–Houwink–Sakurada plots revealed that the [] of HB-P(TA-alt-EGE) 

was apparently lower than that of L-P(PA-alt-EGE) within the same molecular weight range. 

The Rh conformation plots also revealed the smaller Rh of HB-P(TA-alt-EGE) than that of L-

P(PA-alt-EGE). These results confirmed that HB-P(TA-alt-EGE) exhibits a smaller molecular 

dimension than that of L-P(PA-alt-EGE) with a comparable molecular weight. Based on NMR 

and solution property analyses, the author concluded that HB-P(TA-alt-EGE) possesses a truly 

hyperbranched structure. Thus, the ROAC of TA and epoxide is an efficient and convenient 

means of synthesizing HBPEs. 
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Figure 3.9. (a) Mark–Houwink–Sakurada plots and (b) conformation plots for HB-P(TA-alt-

EGE) (Mn,MALS = 16,900 g mol−1, red) and L-P(PA-alt-EGE) (Mn,MALS = 8,000 g mol−1, black). 
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3.3.4 Investigation of initiator and monomer scope 

To expand the synthetic utility of this method, ROACs of TA and EGE were carried out in the 

presence of various functional alcohol initiators such as bifunctional poly(ethylene glycol) 

(HO-PEG-OH), mono-functional PEG (MeO-PEG-OH), 6-azidohexan-1-ol, and 5-hexen-1-ol 

under established conditions ([CsOPiv]/[initiator]0/[TA]0/[EGE]0 = 0.5/1/25/75 at 80 °C). When 

HO-PEG-OH and MeO-PEG-OH were used as the initiator, the obtained products clearly 

showed the signals owing to the methylene protons of the PEG backbone in their 1H NMR 

spectra (runs 2 and 3 in Table 3.1; Figures 3.10 and 3.11). These initiators are useful for one-

step reactions that synthesize block copolymers such as dendritic-b-linear-b-dendritic and 

linear-b-dendritic block copolymers consisting of HB-P(TA-alt-EGE) and PEG blocks. These 

block copolymers may find interesting biomedical applications owing to their amphiphilic 

nature.38 Subsequently, alcohol initiators with azido and olefin groups were employed for the 

ROAC of TA and EGE (runs 4 and 5, Table 3.1). The 1H NMR spectrum of the product obtained 

from run 4 showed the signals owing to the methylene protons of the initiator (1.60–2.00, 2.60, 

and 4.00 ppm; Figure 3.12). Moreover, the FT-IR spectrum showed a characteristic absorption 

peak at approximately 2100 cm−1, confirming the presence of the azido group (Figure 3.13). In 

the 1H NMR spectrum of the product obtained from run 5, the characteristic signals owing to 

the olefinic protons were observed at 1.40, 1,61, 1.77, 1.97, 2.63, and 3.95 ppm, supporting the 
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successful installation of the reactive functional groups (Figure 3.14). These functional groups 

are useful for further functionalization via azido-alkyne and thiol-ene click chemistry. These 

results demonstrated successful synthesis of functional HBPEs and HBPE-based block 

copolymers consisting of HBPE and PEG segments via ROAC with TA. 

 

 

Figure 3.10. 1H NMR of HB-P(TA-alt-EGE) initiated by HO-PEG-OH (run 2 in Table 3.1) in 

CDCl3 (400 MHz). 

 

 

Figure 3.11. 1H NMR of HB-P(TA-alt-EGE) initiated by MeO-PEG-OH (run 3 in Table 3.1) in 

CDCl3 (400 MHz).   
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Figure 3.12. 1H NMR of HB-P(TA-alt-EGE) initiated by 6-azidohexan-1-ol (run 4 in Table 3.1) 

in CDCl3 (400 MHz). 

 

 

Figure 3.13. FT-IR spectrum of HB-P(TA-alt-EGE) initiated by 6-azidohexan-1-ol (run 4 in 

Table 3.1). 

 

 

Figure 3.14. 1H NMR of HB-P(TA-alt-EGE) initiated by 5-hexen-1-ol (run 5 in Table 3.1) in 

CDCl3 (400 MHz).  
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 Next, the author investigated the scope of applicable epoxide monomers. The 

monosubstituted epoxides propylene oxide (PO) and 1,2-butylene oxide (BO) were used under 

the optimized polymerization conditions, yielding HB-P(TA-alt-PO) and HB-P(TA-alt-BO), 

respectively (runs 6 and 7 in Table 3.1; Figures 3.15–3.16). The obtained HBPEs were 

characterized by 1H NMR. These spectra showed the signals resulting from alkyl side chains 

(run 6, 0.68–1.53 (-CH3); run 7, 1.36–1.96 (-CH2CH3) and 0.77–1.11 (-CH2CH3)). These 

polymers showed sufficient molecular weights (Mn,MALS = 24,300 and 28,500) with relatively 

narrow Ð (Ð = 1.30 and 1.21). The author also employed cyclohexene oxide (CHO) as a 

representative example of disubstituted epoxides (run 8 in Table 3.1). The 1H NMR spectrum 

showed the characteristic signals resulting from the cyclohexyl moiety at 0.80–2.50 ppm (b and 

c in Figure 3.17) and methine group adjacent to the terminal hydroxy group (aT), which 

confirmed that the ROAC of TA and CHO also proceeded in a multibranching polymerization 

manner to produce HB-P(TA-alt-CHO). Based on the research in Chapter 2, the author tested 

N,N-dibenzyl glycidyl amine (DBGA) as a representative example of glycidylamines. The 

ROAC of TA and DBGA gives rise to HBPE with tertiary amino groups along the polymer 

backbone. These polymers are quite interesting for application as non-viral vectors for gene 

transfection.39 After polymerization of DBGA and TA for 5.3 h, the 1H NMR spectrum showed 

aromatic (6.71–7.39 ppm) and methylene signals (-CH2Ph, 2.37–4.72 ppm; -CH2NBn2, 0.73–
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1.55 ppm) owing to the DBGA unit, which confirmed that ROAC proceeded and formed HB-

P(TA-alt-DBGA) with a high molecular weight (Mn,MALS = 134,000 g mol−1; run 9 in Table 3.1; 

Figure 3.18). To verify the hyperbranched structures for HB-P(PA-alt-PO), HB-P(PA-alt-BO), 

HB-P(PA-alt-CHO), and HB-P(PA-alt-DBGA), the author prepared the corresponding linear 

polyesters (i.e., L-P(PA-alt-PO), L-P(PA-alt-BO), L-P(PA-alt-CHO), and L-P(PA-alt-DBGA)) 

by the ROAC using PA instead of TA (runs 2–5 in Table 3.2; Figures 3.19–3.22) and compared 

their SEC-MALS-VISCO data against those of the corresponding HBPEs (Figures 3.23–3.26). 

The HBPEs showed smaller [] and Rh values than those of their linear counterparts. These 

results demonstrate that a wide range of epoxide monomers can be used for ROAC with TA, 

supporting the versatility of this approach. 

 

 

Figure 3.15. 1H NMR of HB-P(TA-alt-PO) (run 6 in Table 3.1) in CDCl3 (400 MHz). 
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Figure 3.16. 1H NMR of HB-P(TA-alt-BO) (run 7 in Table 3.1) in CDCl3 (400 MHz). 

 

 
Figure 3.17. 1H NMR of HB-P(TA-alt-CHO) (run 8 in Table 3.1) in CDCl3 (400 MHz). 

 

 

Figure 3.18. 1H NMR of HB-P(TA-alt-DBGA) (run 9 in Table 3.1) in CDCl3 (400 MHz). 

  



Organobase-catalyzed ROAC of Latent Trifunctional Anhydride with Epoxide 
 for Synthesizing Hyperbranched Polyester 

 

143 
 

 

Figure 3.19. 1H NMR of L-P(PA-alt-PO) (run 2 in Table 3.2) in CDCl3 (400 MHz). 

 

 

 
Figure 3.20. 1H NMR of L-P(PA-alt-BO) (run 3 in Table 3.2) in CDCl3 (400 MHz). 

 

 

Figure 3.21. 1H NMR of L-P(PA-alt-CHO) (run 4 in Table 3.2) in CDCl3 (400 MHz). 
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Figure 3.22. 1H NMR of L-P(PA-alt-DBGA) (run 5 in Table 3.2) in CDCl3 (400 MHz).
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Figure 3.23. (a) Mark-Houwink-Sakurada plots and (b) conformation plots for HB-P(TA-alt-

PO) (Mn,MALS = 24,300 g mol−1, red) and L-P(PA-alt-PO) (Mn,MALS = 7,900 g mol−1, black). 

 

 

 
Figure 3.24. (a) Mark-Houwink-Sakurada plots and (b) conformation plots for HB-P(TA-alt-

BO) (Mn,MALS = 28,500 g mol−1, red) and L-P(PA-alt-BO) (Mn,MALS = 5,700 g mol−1, black). 

 

  



Chapter 3 

146 
 

 

Figure 3.25. (a) Mark-Houwink-Sakurada plots and (b) conformation plots for HB-P(TA-alt-

CHO) (Mn,MALS = 98,600 g mol−1, red) and L-P(PA-alt-CHO) (Mn,MALS = 8,300 g mol−1, black). 

 

 

 
Figure 3.26. (a) Mark-Hauwink-Sakurada plots and (b) conformation plots for HB-P(TA-alt-

DBGA) (Mn,MALS = 134,000 g mol−1, red) and L-P(PA-alt-DBGA) (Mn,MALS = 13,300 g mol−1, 

black).  



Organobase-catalyzed ROAC of Latent Trifunctional Anhydride with Epoxide 
 for Synthesizing Hyperbranched Polyester 

 

147 
 

3.3.5 Investigation of physical properties of linear and hyperbranched poly(cyclic 

anhydride-alt-epoxide) 

Next, the thermal properties of the HBPEs were evaluated using differential scanning 

calorimetry (DSC). The HBPEs showed no transition because of crystallization and melting; 

only a glass transition temperature (Tg) was observed (Table 3.1; Figures 3.27a and 3.28–3.31). 

The Tg value varied from −20.1 to 70.0 °C, depending on the structure of the epoxide monomer. 

Notably, HB-P(TA-alt-DBGA) showed the highest Tg among the HBPEs because of the 

presence of two benzene side chains on the polyester side chain. Generally, the Tg of HBPs is 

known to be lower than that of their corresponding linear counterparts owing to the increased 

number of highly mobile chain ends in the former.40 Indeed, a comparison of the Tg values of 

HBPEs and their corresponding linear counterparts showed that HB-P(PA-alt-EGE), HB-P(PA-

alt-BO), and HB-P(PA-alt-CHO) followed this rule. However, HB-P(TA-alt-PO) and HB-

P(TA-alt-DBGA) exhibited higher Tg than those of the corresponding linear polyesters. To 

explain the higher Tg of these HBPEs, other factors such as molecular weight, end group, and 

intrinsic chemical composition need to be taken into account. Indeed, previous literatures found 

that these factors also affect the Tg of HBPs. The increased Tg of HB-P(TA-alt-PO) compared 

to that of its linear counterpart can be explained by the contribution from the end group; polar 

end group is known to increase the Tg of HBPs.41 It is known that the end group of the polyester 
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obtained via ROAC mainly consists of carboxyl group when the anhydride is not fully 

consumed.42 When synthesizing HB-P(TA-alt-PO), the conv.TA was 87%. Therefore, the end 

group is supposed to be mainly consisted of the carboxyl group, which is the main reason for 

the increased Tg. This result can also explain the large difference in the Tg values of HB-P(TA-

alt-PO) and HB-P(TA-alt-BO). In contrast, the increased Tg of HB-P(TA-alt-DBGA) could be 

explained by its higher molecular weight compared to that of the liner counterpart. In addition, 

the densely attached benzene ring around the branching unit presumably restricts the chain 

motion, which might also contribute to increased Tg. 

 

 

Figure 3.27. (a) DSC curve of HB-P(TA-alt-EGE) (red) and L-P(PA-alt-EGE) (black). (b) 

Contact angle versus time measurements of HB-P(TA-alt-EGE) (red) and L-P(PA-alt-EGE) 

(black). (c) Images used in the contact-angle analysis of HB-P(TA-alt-EGE) (upper) and L-

P(PA-alt-EGE) (lower). 
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Figure 3.28. DSC curve of HB-P(TA-alt-

PO) (red) and L-P(PA-alt-PO) (black). 

 

Figure 3.29. DSC curve of HB-P(TA-alt-

BO) (red) and L-P(PA-alt-BO) (black). 

 

 

 

 

Figure 3.30. DSC curve of HB-P(TA-alt-

CHO) (red) and L-P(PA-alt-CHO) (black). 

 

Figure 3.31. DSC curve of HB-P(TA-alt-

DBGA) (red) and L-P(PA-alt-DBGA) 

(black). 
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 Hence, based on these results, it can be suggested that the proposed method is an 

excellent strategy for synthesizing HBPEs with various thermal properties by simply changing 

the epoxide monomer. 

 Water contact angle (WCA) measurements were performed on the thin films of HBPE 

and its linear counterpart to further explore the characteristic properties stemming from the 

hyperbranched structure. Thin films were prepared by spin-coating the polymer solution in 

CHCl3 onto a silicone substrate. The film thickness was in the range of 26–110 nm, as 

determined by reflectometry. As shown in Figures 3.27b, c, and 3.32–3.35, the WCA of the 

HBPEs was always smaller than that of their linear counterparts, indicating that the 

hydrophilicity of the HBPEs was higher than that of their linear counterparts because of the 

presence of a large number of hydroxyl terminal groups. Additionally, these HBPEs are 

intrinsically much more hydrophilic than their linear counterparts because of the repeating units 

of the former contain tricarboxylate moieties. Such higher hydrophilicity of the HBPEs is 

interesting for their application as a coating material.
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Figure 3.32. (a) contact angles versus time 

measurements of HB-P(TA-alt-PO) (red) 

and L-P(PA-alt-PO) (black). (b) Images 

used in the contact angle analysis of HB-

P(TA-alt-PO) (upper) and L-P(PA-alt-PO) 

(lower). 

 

Figure 3.33. (a) contact angles versus time 

measurements of HB-P(TA-alt-BO) (red) 

and L-P(PA-alt-BO) (black). (b) Images 

used in the contact angle analysis of HB-

P(TA-alt-BO) (upper) and L-P(PA-alt-BO) 

(lower). 
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Figure 3.34. (a) contact angles versus time 
measurements of HB-P(TA-alt-CHO) (red) 
and L-P(PA-alt-CHO) (black). (b) Images 
used in the contact angle analysis of HB-
P(TA-alt-CHO) (upper) and L-P(PA-alt-
CHO) (lower). 

 

Figure 3.35. (a) contact angles versus time 
measurements of HB-P(TA-alt-DBGA) (red) 
and L-P(PA-alt-DBGA) (black). (b) Images 
used in the contact angle analysis of HB-
P(TA-alt-DBGA) (upper) and L-P(PA-alt-
DBGA) (lower).
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3.3.6 Self-switchable polymerization of trimellitic anhydride, epoxide, and L-lactide 

 To expand on the synthesis of hyperbranched polyesters via ROAC, the author 

performed the terpolymerization of TA, EGE, and L-lactide (LLA), aiming at producing a core-

shell type block copolymer. According to previous works, terpolymerization of cyclic anhydride, 

epoxide, and cyclic ester is proceeded ROAC, followed by ROP of cyclic ester, due to the 

reactivity differences between cyclic ester and cyclic anhydride.35 

 The terpolymerization of TA, EGE and LLA was performed in the presence of BDM 

and CsOPiv as an initiator and catalyst, respectively. As expected, when polymerization began, 

only conversion of TA was observed, suggesting that ROAC was proceeding first (Figure 3.36). 

After the complete consumption of TA, the conversion of LLA started, indicating a self-

switching from ROAC to ROP. This resulted in the product being a core-shell type block 

copolymer, consisting of a hyperbranched P(TA-alt-EGE) [degree of branching (DB) of ∼0.70] 

core and a PLLA outer shell. The 1H NMR of the product showed signals derived from PLLA 

in addition to poly(TA-alt-EGE), confirming the formation of the target product (Figure 3.37). 

The SEC trace of the product showed a unimodal peak, confirming relatively controlled 

polymerization with Ð of 1.36 (Figure 3.38). Thus, compared with conventional stepwise 

syntheses, the catalytic system provided an efficient and simple one-step procedure for the 

preparation of core−shell-type block copolymers. 
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Figure 3.36. The time to conv. plots for the terpolymerization of TA, EGE, and LLA performed 
at 100 °C. 
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Figure 3.37. 1H NMR spectrum of the core-shell type block copolymer (poly(TA-alt-EGE)-b-
PLLA). 
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Figure 3.38. SEC trace of the core-shell type block copolymer (poly(TA-alt-EGE)-b-PLLA). 
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3.4 Conclusions 

 The author successfully demonstrated the cesium pivalate-catalyzed ROAC of TA with 

various epoxides in the presence of an alcohol initiator, leading to the formation of HBPEs. 

This is the first systematic study of the synthesis of HBPE based on ROAC. The HBPEs 

obtained via ROAC showed lower viscosity, smaller hydrodynamic radius, and higher 

hydrophobicity than those of their linear counterparts. By judiciously choosing anhydride and 

epoxide monomers and the alcohol initiator, the present approach can afford a variety of HBPEs 

with different backbone structures and architects, which will eventually allow the design 

of HBPEs with the desired properties and functions. This polymerization system is used for 

synthesizing core-shell type block polyester in a one-pot, one-step via terpolymerization of TA, 

epoxide, and LLA.  
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4.1 Introduction 

 Polymer products such as plastics, elastomers, and fibers are essential for daily life. 

However, most of these polymer materials are derived from petroleum-based monomers such 

as styrene, ethylene, and propylene. Because mitigating the dependence on petroleum resources 

is essential for creating a sustainable society, interest in sustainable plastics as a solution to this 

pervasive global problem has been increasing in recent years, with polyester (PE) emerging as 

one of the most sustainable polymers. Poly(lactide) (PLA) is a well-known sustainable polymer 

material because it is derived from renewable resources and is biodegradable. However, a 

significant drawback of PLA is its brittleness, which limits its industrial application as a 

sustainable alternative to conventional petroleum-based polymers. Therefore, the development 

of a new strategy for improving the physical properties of PLA is urgently needed to expand its 

possible application range. 

Block copolymerization is an attractive approach for enhancing the properties and 

functionalities of polymers. For example, block copolymers consisting of PLA and poly(ε-

caprolactone) (PCL) have been studied for aiming at using as thermoplastic elastomers, 

compatibilizers, and shape memory materials.1–6 Additionally, combining PLA with the other 

bio-based PEs, e.g. polymenthide and poly(γ-methyl-ε-caprolactone), have also been 

investigated for various applications, including pressure-sensitive adhesives and tough 
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plastics.7,8 

To further expand the potential of PLA through block copolymerization, the author used 

ring-opening alternating copolymerization (ROAC) to synthesize counter PE blocks. As 

mentioned previously, the ROAC of cyclic anhydrides and epoxides has attracted attention as a 

useful method for the precise synthesis of PEs.9–15 As ROAC arranges the two types of 

monomers in an alternating sequence, it readily produces PEs with diverse repeating structures, 

realizing tunable properties depending on the combination of the two monomers. Because of 

this advantage, ROAC has recently been applied to the design of novel PE-based materials. For 

example, Williams et al. reported the synthesis of BAB-type triblock copolymers composed of 

poly(ε-decalactone) (PDL; A soft segment) and poly(anhydride-alt-epoxide) (B hard segment), 

i.e., poly(anhydride-alt-epoxide)-b-PDL-b-poly(anhydride-alt-epoxide), through a one-pot, 

two-step monomer addition method and demonstrated their use as pressure-sensitive 

adhesives.16 Similarly, the same group successfully developed thermoplastic elastomers using 

the ROAC approach.17,18 Therefore, linking diverse PE syntheses via ROAC with the 

development of PLA-based block copolyesters can lead to the creation of novel functional 

sustainable polymer materials.  

Self-switchable polymerization is an emerging method for synthesizing block copolymers 

in a one-pot, one-step process involving the reaction of multiple monomers with significantly 
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different reactivities, which allows the polymerization reactions to switch automatically 

according to differences in reactivity.19–24 For example, Williams and co-workers, pioneers in 

self-switchable polymerization, have synthesized poly(maleic anhydride-alt-propylene oxide)-

b-poly(L-lactide) through the self-switchable polymerization of maleic anhydride, propylene 

oxide, and L-lactide (LLA), demonstrating its potential as an additive to enhance the properties 

of poly(L-lactide) (PLLA).25 In Chapter 3, the author has demonstrated a one-pot, one-step 

block copolymer synthesis from a mixture of cyclic anhydride, epoxide, and LLA using an 

alkali metal carboxylate as a catalyst.20 By optimizing the soft segment properties by the 

judicious choice of cyclic anhydride and epoxide, the author obtained PLLA-containing block 

copolymers that exhibited thermoplastic elastomer-like properties owing to the microphase 

separation between the soft segment and PLLA blocks. Thus, self-switchable polymerization 

based on ROAC has great potential in the design and development of novel sustainable polymer 

materials. 

Hot-melt adhesives are widely used in industrial fields, and many rely on petroleum-based 

polymers such as vinyl polymers, necessitating a shift toward sustainable PEs. In this study, the 

author aimed to develop a sustainable alternative to conventional hot-melt adhesives using a 

self-switchable polymerization approach. Thermoplastic elastomers with a “hard-soft-hard” 

type triblock architecture, such as polystyrene-b-polyisoprene-b-polystyrene, have been widely 
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used as hot-melt adhesives. Based on similar concepts, hard PLLA segments attached to both 

ends of a ROAC-derived soft segment can function as an adhesive. 

In this chapter, the author utilized the self-switchable polymerization of cyclic anhydride, 

epoxide, and LLA to develop hot-melt adhesives with a high biomass content (Scheme 4.1). 

By changing the initiator, cyclic anhydride, and epoxide, the author successfully synthesized a 

variety of copolyesters consisting of PLLA segments with various repeating structures, 

molecular weights, compositions, and architectures. Lap shear tests revealed that some of the 

synthesized copolyesters exhibited sufficient adhesive performance to a wooden substrate, 

which could potentially substitute commercial products such as PE-based and poly(vinyl 

acetate) (PVAc)-based hot-melt adhesives. 

 

Scheme 4.1. One-pot, one-step synthesis of polyester adhesives via self-switchable 
polymerization 
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4.2 Experimental section 

4.2.1 Materials 

L-Lactide (LLA; >98.0%, Tokyo Kasei Kogyo Co., Ltd. (TCI)) was purified by 

recrystallization from dry toluene twice. 1,2-Butylene oxide (BO; >99.0%, TCI), 2-ethylhexyl 

glycidyl ether (EHGE; >98.0%, TCI), and ethyl glycidyl ether (EGE; >98.0%, TCI) were 

distilled over CaH2 under reduced pressure and stored under argon atmosphere. Propylene oxide 

(PO; >99.0%, TCI) was distilled over CaH2 and stored under argon atmosphere. Succinic 

anhydride (SA; >95.0%, TCI), diglycolic anhydride (DGA; >98.0%, TCI), and glutaric 

anhydride (GA; >98.0%, TCI) were purified by sublimation under reduced pressure. Cesium 

pivalate (CsOPiv; >97.0%, TCI) was dried by heating at 100 °C under high vacuum for at least 

72 h before use. Benzyl alcohol (BA; >99.0%, TCI), 1,4-benzenedimethanol (BDM; >99.0%, 

TCI), 1,3,5-benzenetrimethanol (BTM; >95.0%, TCI), and pentaerythritol (PEOL; >98.0%, 

TCI) were used as received. 
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4.2.2 Instruments 

Polymerization mixture was prepared in an MBRAUN stainless steel glovebox 

equipped with a gas purification system (molecular sieves and copper catalyst) in a dry argon 

atmosphere (H2O, O2 <0.1 ppm). The moisture and oxygen contents in the glovebox were 

monitored by MB-MO-SE-1 and MB-OX-SE-1, respectively. 

1H, 13C, and DOSY NMR. The 1H (400 MHz) and 13C (100 MHz) NMR spectra were 

recorded using a JEOL JNM-ECS400 instrument. The diffusion-ordered NMR (DOSY) 

spectrum was recorded using a JEOL JNM-ECZ600R (600 MHz) instrument. DOSY analysis 

was carried out at 30 °C using the ledbpgp2s sequence with at least 15 gradient increments.  

 Size elution chromatography (SEC). The size exclusion chromatography (SEC) was 

performed at 40 °C in THF (flow rate, 1.0 mL min–1) using a Jasco high-performance liquid 

chromatography system (PU-4180 HPLC pump, AS-4550 auto sampler, and CO-4060 column 

oven) equipped with a Shodex K-800D guard column (8.0 mm × 100 mm; particle size, 10 μm), 

two Shodex columns (K-806L and K-804L; linear, 8.0 mm × 100 mm; particle size, 10 μm). 

 Differential scanning calorimetry (DSC). The DSC experiments were performed using 

a Hitachi High-Tech Science DSC 7000X under a nitrogen atmosphere. The samples were pre-

heated by hot-pressing at 100 °C, following the same preparation as for the lap shear tensile 

test, and then agedat 10 °C for 7 days. After aging, the thin films were subjected to the DSC 
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measument, where the sample was firstly cooled to −100 °C and heated to 180 °C at the cooling 

and heating rate of 10 °C min−1. 

 Thermogravimetric analysis (TGA). The TGA experiments were performed using a 

Hitachi High-Tech Science STA200RV under nitrogen atmosphere. The samples were heated 

from 30 °C to 600 °C at the heating rate of 10 °C min−1. 

Lap shear adhesive test. The adhesive property was evaluated by lap shear adhesive 

tests. Four different kinds of adherents were used including wood (Beech; 25 mm × 50mm × 4 

mm), aluminum (Al; 25 mm × 50mm × 2 mm), iron (Fe; 25 mm × 50mm × 1.6 mm), glass (25 

mm × 50mm × 2 mm), and poly(ethylene terephthalate) (25 mm × 50mm × 0.1 mm). The 

samples for the lap shear test were obtained as follows: the polymer was hot-pressed at 100 °C 

to produce 300 μm thick film, which was then cut into 12.5 mm × 25.0 mm. The cut films were 

sandwiched between the two adherents of the same kind, which were swiped using methanol to 

remove impurities before used, and pressed at 100 °C again. The sandwiched plates were kept 

at room temperature for seven days before tests. Lap shear adhesive test was carried out 

following JIS K 6850:1999 using an Instron 34SC-1 at room temperature. At least three samples 

were tested for each polymer.  
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4.2.3 Synthesis detail 

4.2.3.1 Typical synthesis of the block copolyesters via self-switchable polymerization 

 

・Synthesis of PLLA-tb-poly(GA-alt-BO)-tb-PLLA (P1) 

A typical polymerization procedure is given as follows: In an argon-filled glovebox, BDM 

(41.4mg, 300 μmol), CsOPiv (70.2 mg, 300 μmol), GA (685 mg, 6.00 mmol), LLA (4.76 g, 

33.0 mmol), and BO (1.73 g, 24.0 mmol) were added to the reaction vessel and sealed with a 

greaseless valve. After removing the vessel from the glovebox, the reaction mixture was stirred 

at 100 °C in an oil bath. After 5.5 h, crude aliquot was withdrawn from the system by pipette 

and monitored by 1H NMR spectroscopy in CDCl3 to determine the monomer conversions. The 

reaction mixture was diluted with small amount of dichloromethane to terminate the 

polymerization. The crude polymer was purified by reprecipitation in cold methanol to give 

poly(L-lactide)-tapered block-poly(glutaric anhydride-alternating-butylene oxide)-tapered 

block-poly(L-lactide) (PLLA-tb-poly(GA-alt-BO)-tb-PLLA) as a colorless solid. Yield: 4.94 g, 

83.5%. 

Mn,NMR = 17,800 g mol−1 (CDCl3), Mn,SEC = 3,990 g mol−1 (THF), Đ = 1.72 (THF) 
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・Synthesis of PLLA-b-poly(SA-alt-BO)-b-PLLA (P6) 

PLLA-block-poly(SA-alt-BO)-block-PLLA (PLLA-b-poly(SA-alt-BO)-b-PLLA) was 

synthesized in the same way, excepting the cyclic anhydride monomer and the molar ratio of 

the reactants; BDM (41.4 mg, 300 μmol), CsOPiv (70.2 mg, 300 μmol), SA (691 mg, 6.90 

mmol), LLA (4.76 g, 33.0 mmol), and BO (1.99 g, 27.6 mmol). After 6 h, the reaction mixture 

was diluted with small amount of dichloromethane and purified by reprecipitation in cold 

methanol to PLLA-b-poly(SA-alt-BO)-b-PLLA as a black powder. Yield: 5.77 g, 96.4%. 

Mn,NMR = 20,000 g mol−1 (CDCl3), Mn,SEC = 8,610 g mol−1 (THF), Đ = 1.46 (THF) 

 

・Synthesis of PLLA-b-poly(DGA-alt-BO)-b-PLLA (P7) 

PLLA-b-poly(DGA-alt-BO)-b-PLLA was synthesized in the same way, excepting the 

cyclic anhydride monomer and the molar ratio of the reactants; BDM (20.7 mg, 150 μmol), 

CsOPiv (35.1 mg, 150 μmol), DGA (348 mg, 3.00 mmol), LLA (2.38 g, 16.5 mmol), and BO 

(865 mg, 12.0 mmol). After 3.5 h, the reaction mixture was diluted with small amount of 

dichloromethane and purified by reprecipitation in cold methanol to PLLA-b-poly(DGA-alt-

BO)-b-PLLA as a colorless solid. Yield: 2.80 g, 94.6%. 

Mn,NMR = 23,700 g mol−1 (CDCl3), Mn,SEC = 11,200 g mol−1 (THF), Đ = 1.18 (THF) 
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・Synthesis of PLLA-b-poly(GA-alt-PO)-b-PLLA (P8) 

PLLA-tb-poly(GA-alt-PO)-tb-PLLA was synthesized in the same way, excepting the cyclic 

anhydride monomer and the molar ratio of the reactants; BDM (27.6 mg, 200 μmol), CsOPiv 

(46.8 mg, 200 μmol), GA (571 mg, 5.00 mmol), LLA (3.17 g, 22.0 mmol), and PO (1.16 g, 20.0 

mmol). After 5 h, the reaction mixture was diluted with small amount of dichloromethane and 

purified by reprecipitation in cold methanol to PLLA-tb-poly(GA-alt-PO)-tb-PLLA as a 

colorless solid. Yield: 3.72 g, 91.6%. 

Mn,NMR = 22,800 g mol−1 (CDCl3), Mn,SEC = 5,380 g mol−1 (THF), Đ = 1.51 (THF) 

 

・Synthesis of PLLA-b-poly(GA-alt-EGE)-b-PLLA (P9) 

PLLA-tb-poly(GA-alt-EGE)-tb-PLLA was synthesized in the same way, excepting the 

epoxide monomer and the molar ratio of the reactants; BDM (27.6 mg, 200 μmol), CsOPiv 

(46.8 mg, 200 μmol), GA (456 mg, 4.00 mmol), LLA (3.17 g, 22.0 mmol), and EGE (1.63 g, 

16.0 mmol). After 4 h, the reaction mixture was diluted with small amount of dichloromethane 

and purified by reprecipitation in cold methanol to PLLA-tb-poly(GA-alt-EGE)-tb-PLLA as a 

colorless solid. Yield: 4.20 g, 98.2%. 

Mn,NMR = 24,700 g mol−1 (CDCl3), Mn,SEC = 4,160 g mol−1 (THF), Đ = 1.84 (THF) 
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・Synthesis of PLLA-b-poly(GA-alt-EHGE)-b-PLLA (P10) 

PLLA-tb-poly(GA-alt-EHGE)-tb-PLLA was synthesized in the same way, excepting the 

epoxide monomer and the molar ratio of the reactants; BDM (27.6 mg, 200 μmol), CsOPiv 

(46.8 mg, 200 μmol), GA (342 mg, 3.00 mmol), LLA (3.46 g, 24.0 mmol), and EHGE (2.24 g, 

24.0 mmol). After 6.5 h, the reaction mixture was diluted with small amount of dichloromethane 

and purified by reprecipitation in cold methanol to PLLA-tb-poly(GA-alt-EHGE)-tb-PLLA as 

a colorless solid. Yield: 3.80 g, 86.6%. 

Mn,NMR = 23,000 g mol−1 (CDCl3), Mn,SEC = 8,260 g mol−1 (THF), Đ = 1.39 (THF) 

 

・Synthesis of AB-type poly(GA-alt-BO)-tb-PLLA (P11) 

Poly(GA-alt-BO)-tb-PLLA was synthesized in the same way, excepting the initiator and 

the molar ratio of the reactants; BA (32.4 mg, 300 μmol), CsOPiv (70.2 mg, 300 μmol), GA 

(411 mg, 3.60 mmol), LLA (2.59 g, 18.0 mmol), and BO (1.04 g, 14.4 mmol). After 5.5 h, the 

reaction mixture was diluted with small amount of dichloromethane and purified by 

reprecipitation in cold methanol to poly(GA-alt-BO)-tb-PLLA as a colorless solid. Yield: 2.23 

g, 67.6%. 

Mn,NMR = 10,800 g mol−1 (CDCl3), Mn,SEC = 5,060 g mol−1 (THF), Đ = 1.59 (THF) 
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・Synthesis of (poly(GA-alt-BO)-tb-PLLA)3 (P12) 

(poly(GA-alt-BO)-tb-PLLA)3 was synthesized in the same way, excepting the initiator and 

the molar ratio of the reactants; BTM (16.8 mg, 100 μmol), CsOPiv (23.4 mg, 100 μmol), GA 

(399 mg, 3.50 mmol), LLA (2.45 g, 17.0 mmol), and BO (1.01 g, 14.0 mmol). After 8.0 h, the 

reaction mixture was diluted with small amount of dichloromethane and purified by 

reprecipitation in cold methanol to (poly(GA-alt-BO)-tb-PLLA)3 as a colorless solid. Yield: 

2.61 g, 83.8%. 

Mn,NMR = 32,600 (CDCl3), Mn,SEC = 8,110 g mol−1 (THF), Đ = 1.22 (THF) 

 

・Synthesis of PLLA-tb-poly(GA-alt-BO)-tb-PLLA (10k) (P13) 

PLLA-tb-poly(GA-alt-BO)-tb-PLLA (10k) was synthesized in the same way, excepting the 

molar ratio of the reactants; BDM (69.1 mg, 500 μmol), CsOPiv (117 mg, 500 μmol), GA (571 

mg, 5.00 mmol), LLA (3.96 g, 27.5 mmol), and BO (1.44 g, 20.0 mmol). After 4 h, the reaction 

mixture was diluted with small amount of dichloromethane and purified by reprecipitation in 

cold methanol to PLLA-tb-poly(GA-alt-BO)-tb-PLLA (10k) as a colorless solid. Yield: 4.96 g, 

99.8%. 

Mn,NMR = 11,800 g mol−1 (CDCl3), Mn,SEC = 2,180 g mol−1 (THF), Đ = 2.12 (THF) 
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・Synthesis of PLLA-tb-poly(GA-alt-BO)-tb-PLLA (40k) (P14) 

PLLA-tb-poly(GA-alt-BO)-tb-PLLA (40k) was synthesized in the same way, excepting the 

molar ratio of the reactants; BDM (27.6 mg, 200 μmol), CsOPiv (46.8 mg, 200 μmol), GA (958 

mg, 8.40 mmol), LLA (6.34 g, 44.0 mmol), and BO (2.42 g, 33.6 mmol). After 9 h, the reaction 

mixture was diluted with small amount of dichloromethane and purified by reprecipitation in 

cold methanol to PLLA-tb-poly(GA-alt-BO)-tb-PLLA (40k) as a colorless solid. Yield: 7.52 g, 

94.7%. 

Mn,NMR = 38,100 g mol−1 (CDCl3), Mn,SEC = 6,510 g mol−1 (THF), Đ = 1.53 (THF) 

 

・Synthesis of  (poly(GA-alt-BO)-tb-PLLA)4 (80k) (P15) 

(poly(GA-alt-BO)-tb-PLLA)4 (80k) was synthesized in the same way, excepting the 

initiator and the molar ratio of the reactant; PET (9.5 mg, 70 μmol), CsOPiv (16.4 mg, 70 μmol), 

GA (671 mg, 5.88 mmol), LLA (4.44 g, 30.8 mmol), and BO (1.70 g, 23.5 mmol). After 23 h, 

the reaction mixture was diluted with small amount of dichloromethane and purified by 

reprecipitation in cold methanol to (poly(GA-alt-BO)-tb-PLLA)4 (80k) as a colorless solid. 

Yield: 4.96 g, 89.4%. 

Mn,NMR = N.D., Mn,SEC = 9,170 g mol−1 (THF), Đ = 1.62 (THF) 
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4.2.3.2 Synthesis of poly(GA-alt-BO) and PLLA 

・Synthesis of poly(GA-alt-BO) 

Poly(GA-alt-BO) was synthesized in the same way, excepting the monomer and the molar 

ratio of the reactants; benzyl alcohol (54.1 mg, 500 μmol), CsOPiv (117 mg, 500 μmol), GA 

(1.14 g, 10.0 mmol), and BO (2.88 g, 40.0 mmol). After 19 h, the reaction mixture was diluted 

with small amount of dichloromethane and purified by reprecipitation in cold methanol to 

poly(GA-alt-BO) as a colorless solid. Yield: 1.06 g, 55.1%. 

Mn,NMR = 4,640 g mol−1 (CDCl3), Mn,SEC = 2,560 g mol−1 (THF), Đ = 1.61 (THF) 

 

・Synthesis of PLLA 

PLLA was synthesized in the same way, excepting the monomer and the molar ratio of the 

reactants; benzyl alcohol (64.9 mg, 600 μmol), CsOPiv (140 mg, 600 μmol), and LLA (4.76 g, 

33.0 mmol). After 1.5 h, the reaction mixture was diluted with small amount of dichloromethane 

and purified by reprecipitation in cold methanol to PLLA as a colorless solid. Yield: 4.46 g, 

92.6%. 

Mn,NMR = 9,410 g mol−1 (CDCl3), Mn,SEC = 7,360 g mol−1 (THF), Đ = 1.27 (THF) 
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4.3 Results and Discussion 

4.3.1 Self-switchable polymerization using GA, BO, and LLA  

The author initially selected glutaric anhydride (GA), 1,2-butylene oxide (BO), and 

LLA to explore the optimized condition to one-pot, one-step synthesize “hard-soft-hard” type 

triblock copolymers via the self-switchable polymerization. In addition to LLA, GA and BO 

can potentially be produced from bio-based raw materials; therefore, they are considered as 

potential bio-based monomers.26,27 In previous study, the author found that the ROAC of cyclic 

anhydride and epoxide was more reactive than the ring-opening polymerization (ROP) of LLA 

in cesium pivalate-catalyzed self-switchable polymerization using cyclic anhydride, epoxide, 

and LLA.20 Consequently, the terpolymerization of the cyclic anhydride, epoxide, and LLA in 

the presence of a diol is expected to yield a hard-soft-hard triblock copolymer, that is, PLLA-

b-poly(GA-alt-BO)-b-PLLA. First, polymerization was attempted with an initial feed ratio 

[CsOPiv]/[BDM]0/[GA]0/[BO]0/[LLA]0 of 1/1/20/80/110 to obtain a copolyester consisting of 

an LLA weight fraction of 0.80 (P1 in Table 4.1). The time course of the copolymerization was 

monitored via 1H NMR to gain insight into the monomer sequence of the obtained copolyester. 

The time-to-conversion plots of GA and LLA revealed that the ROAC of GA and BO proceeded 

preferentially, while the ROP of LLA also proceeded very slowly at the same time, owing to 

the similar reactivity of GA and LLA. (Figure 4.1a). Thus, the obtained copolyester was found 
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to possess a large tapered region with a poly(GA-alt-BO)-rich structure in the middle and a 

PLLA-rich structure in the outer parts, that is, PLLA-tapered block-poly(GA-alt-BO)-tapered 

block-PLLA (PLLA-tb-poly(GA-alt-BO)-tb-PLLA). P1 was characterized using 1H NMR and 

size-exclusion chromatography (SEC) measurements. The 1H NMR spectrum of P1 revealed 

signals corresponding to the initiator residue (-CH2C6H4CH2- (A), 7.34 ppm), poly(GA-alt-BO) 

repeating unit (-OCOCH2CH2CH2COO- (a), 2.24–2.56 ppm; -OCOCH2CH2CH2COO- (b), 

1.83–2.06 ppm; -OCH2CH(CH2CH3)O- (c), 3.91–4.49 ppm; -OCH2CH(CH2CH3)O- (d), 4.90–

5.05 ppm; -CH2CH3 (e), 1.34–1.81 ppm; -CH2CH3 (f), 0.70–0.99 ppm), and PLLA repeating 

unit (–CHCH3 (g), 5.05–5.28 ppm; –CHCH3 (h), 1.34–1.81 ppm), as expected (Figure 4.1b). 

Additionally, the LLA weight fraction determined from 1H NMR spectrum (FLLA = 0.83) closely 

matches that calculated from the monomer feed ratio (fLLA = 0.81). The author noted the signal 

a’ originating from the GA unit proton adjacent to LLA unit was observed at 2.4 ppm, 

supporting the presence of the tapered region (Figure 4.2). In addition, the 13C NMR spectrum 

showed signal a’, indicating a tapered region (Figure 4.3). The diffusion-ordered NMR 

(DOSY) spectra provided only one diffusion coefficient for the observed signals of both 

poly(GA-alt-BO) and PLLA, providing strong evidence that these segments were covalently 

linked (Figure 4.1c). The SEC traces maintained an unimodal shape while shifting toward 

higher molecular weights over time, confirming that both segments were interconnected 
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(Figure 4.1d). The calculated polystyrene-equivalent number-average molecular weight 

(Mn,SEC) and polydispersity (Ð) were 3,990 and 1.72, respectively. These results demonstrate 

the one-pot and one-step synthesis of BAB-type tapered-block copolyester with A and B blocks 

of poly(GA-alt-BO) and PLLA, respectively. In the same manner, the copolyesters P2–P5, 

which consist of FLLA ranging from 0.25 to 0.87 were synthesized by changing fLLA (Table 4.1, 

Figures 4.4–4.8). 
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Table 4.1. Molecular characteristics of copolyesters consisting of PLLA and different poly(cyclic anhydride-alt-epoxide) a 

sample M1/M2/M3 
[CsOPiv]/[BDM]0/ 

[M1]0/[M2]0/[M3]0 
fLLA 

b 
time 

(h) 
Mn,theo. 

c Mn,NMR 
d 

Mn,sec  

[Ð]e 
FLLA f 

Tg 
g 

(°C) 

Td,5% 
h 

(°C) 

P1 GA/BO/LLA 1/1/20/80/110 0.81 5.5 19,700 17,800 3,990 [1.72] 0.83 19.0 218 

P2 GA/BO/LLA 1/1/65/260/55 0.40 13.5 20,200 14,800 9,550 [1.20] 0.25 −15.6 244 

P3 GA/BO/LLA 1/1/45/180/85 0.59 7.0 20,800 18,300 8,090 [1.30] 0.45 −6.1 189 

P4 GA/BO/LLA 1/1/36/144/110 0.70 6.0 22,700 28,200 5,200 [1.57] 0.69 13.7 196 

P5 GA/BO/LLA 1/1/11/44/130 0.90 4.5 20,900 23,500 6,420 [1.36] 0.87 32.5 184 

P6 SA/BO/LLA 1/1/23/92/110 0.80 6.0 20,000 20,000 8,610 [1.46] 0.81 31.4 207 

P7 DGA/BO/LLA 1/1/20/80/110 0.81 3.5 19,800 23,700 11,200 [1.18] 0.80 34.9 216 

P8 GA/PO/LLA 1/1/25/100/110 0.79 5.0 20,300 22,800 5,380 [1.51] 0.74 15.7 194 

P9 GA/EGE/LLA 1/1/20/80/110 0.79 4.0 20,300 24,700 4,160 [1.84] 0.77 1.4 188 

P10 GA/EHGE/LLA 1/1/15/60/120 0.79 6.5 21,900 23,000 8,260 [1.39] 0.77 1.3 210 
a Polymerization conditions: temp., 100 °C; atmosphere, Ar; initiator, BDM; catalyst, CsOPiv. b LLA weight fraction calculated from the monomer 

feed ratio. c Calculated from (M.W. of BDM) + [anhydride]0/[BDM]0 × (M.W. of anhydride + M.W. of epoxide) + [LLA]0/[BDM]0 × (M.W. of 

LLA). d Determined by 1H NMR spectroscopy in CDCl3. e Determined by SEC in THF using polystyrene standards. f LLA weight fraction calculated 

from 1H NMR spectrum. g Determined by DSC (first heating run, 10 °C min−1, nitrogen atmosphere). h Determined using TGA (10 °C min−1, 

nitrogen atmosphere). 
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Figure 4.1. Characterization of P1. (a) Time to conv. plots monitored by 1H NMR. (b) 1H NMR 

and (c) DOSY spectrum in CDCl3. (d) SEC traces of the product withdrawn at 3.0 h and the 

final product (5.5 h) (eluent, THF; flow rate, 1.0 mL min−1). *Signal a’ of 1H NMR 

corresponding to the proton signal from the GA unit adjacent to the LLA unit. 
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Figure 4.2. 1H NMR spectrum of P1 in CDCl3 (400 MHz). 

 

 

Figure 4.3. 13C NMR spectrum of P1 in CDCl3 (100 MHz). 
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Figure 4.4. SEC traces of P2–P5 (solvent, THF; flow rate, 1.0 mL min−1). 

 

 

Figure 4.5. 1H NMR spectrum of P2 in CDCl3 (400 MHz). 
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Figure 4.6. 1H NMR spectrum of P3 in CDCl3 (400 MHz). 

 

 
Figure 4.7. 1H NMR spectrum of P4 in CDCl3 (400 MHz). 

 

 
Figure 4.8. 1H NMR spectrum of P5 in CDCl3 (400 MHz). 
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4.3.2 Thermal properties of PLLA-tb-poly(GA-alt-BO)-tb-PLLA 

The thermal properties of P1–P5 were investigated via thermogravimetric analysis (TGA) 

and differential scanning calorimetry (DSC) under a N2 atmosphere. TGA revealed a 5% 

weight-loss temperature (Td,5%) of 189–244 °C, implying that these copolyesters were useful 

below 180 °C (Figures 4.9a and 4.10). 

DSC measurements of P1 were performed at a heating and cooling rate of 10 °C (Figure 

4.9b). Neither crystallization nor melting transitions were observed even during the 1st heating 

process, implying that the crystallization of PLLA was inhibited by the presence of the 

poly(GA-alt-BO) repeating units in the PLLA segment. Another reason for poor crystallization 

in the PLLA segment could be partial epimerization (see Figure 4.3). In the 13C NMR spectrum 

of P1, the signal corresponding to the carbonyl carbons (signal a) around 169.5 ppm shows 

splitting, indicating that epimerization occurred. P1 exhibited a glass transition temperature (Tg) 

at 29.0 °C, which is in between the Tg of PLLA (60 °C)28 and poly(GA-alt-BO) (−43.1 °C), 

suggesting that the two segments are miscible. Tg was calculated using the Fox equation (Tg,calc. 

= 35.7 °C) is in good agreement with the measurement Tg of 29.0 °C, supporting the miscibility 

of the two segments. Similarly, only one Tg was observed for P2–P5, and their Tg values agreed 

with Tg,calc. (Figure 4.11, Table 4.2). Based on the DSC results, the author confirmed that 
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PLLA-tb-poly(GA-alt-BO)-tb-PLLAs were amorphous and exhibited Tg values ranging from 

−15.6–32.5 °C depending on FLLA.  

 

 
Figure 4.9. Physical properties of P1: (a) TGA curve (heating ratio, 10 °C min−1; nitrogen 

atmosphere). (b) DSC thermogram detected during heating/cooling/heating scan (1st heating: 

−100–180 °C, 1st cooling: −100–180 °C, 2nd heating: −100–180 °C; 10 °C min−1; N2 

atmosphere). (c) Lap share tests using wood pieces (adherent, wood; tensile speed = 10 mm 

min−1; n = 3). 
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Figure 4.10. TGA thermograms of poly(GA-alt-BO) homopolymer (Mn,NMR = 4,640), PLLA 

homopolymer (Mn,NMR = 9,410), and the obtained PLLA-tb-poly(GA-alt-BO)-tb-PLLA (P1–

P5; Mn,NMR = 14,800–28,200, fLLA = 0.25, 0.45, 0.63, 0.83, and 0.87). 

 

 

Figure 4.11. 1st heating DSC curves of poly(GA-alt-BO) homopolymer and P1–P5 (heating 

rate, 10 °C min−1; N2 atomosphere).  



One-step Synthesis of Polyester-based Hot-melt Adhesives  
using Self-switching System Consisting of ROAC and ROP 

189 
 

Table 4.2. Measured and theoretical Tg for the miscible blocks 

Polymer Tg,measured (°C) 
a wt%hard 

b wt%soft 
b Tg,calculated (°C) 

c 

P1 29.0 83 17 35.7 

P2 −15.6 25 75 −24.0 

P3 −6.1 45 55 −6.2 

P4 13.7 69 31 18.8 

P5 32.5 87 13 40.9 
a Measured by DSC. b calculated by 1H NMR spectrum. c Tg for the sample miscribe (as 

calculated using the Fox equation: 1/Tg,calculated = wt%hard/Tg,hard + wt%soft/Tg,soft; Tg,hard and Tg,soft 

were used 60 and −43.1 °C, respectively). 
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4.3.3 Evaluation of adhesive property by lap shear test  

Next, the author investigated the adhesive properties of the obtained PLLA-tb-poly(GA-

alt-BO)-tb-PLLAs by lap shear tests using wood test pieces at room temperature (JIS K 

6850:1999; right side in Figure 4.2c and 4.12). Test samples were prepared by pressing polymer 

thin film between two wooden substrates at 100 °C.  

The author was unable to prepare the test samples from P2, P3, and P5 (FLLA = 0.25, 0.45, 

and 0.87, respectively) as well as poly(GA-alt-BO) and PLLA homopolymers because of the 

following reasons (Figure 4.13): For P2, P3, and poly(GA-alt-BO), the author could not get a 

self-standing film for the hot-melt adhesive application due to their low Tg as well as their liquid 

nature (their appearance was viscous liquid even at 10 °C). In contrast, P5 and PLLA are brittle 

solids; therefore, effective adhesion cannot be achieved. In contrast, the author successfully 

prepared a self-standing film from P1 and P4 that functioned as a hot-melt adhesive. A lap shear 

test on P1 sample (Figure 4.2c) revealed an adhesive strength of 4.52 MPa, indicating cohesion 

failure. While P1 demonstrated high adhesive strength to the wooden substrate, P4 with an FLLA 

of 0.69, showed a much lower strength (0.24 MPa, Figure 4.14 and 4.15). Although the 

adhesive strength appears to increase with the increasing FLLA, pure PLLA is too brittle to 

function as an adhesive. This indicates the importance of combining the PLLA and poly(GA-

alt-BO) blocks in a balanced composition to achieve sufficient adhesive performance. 
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To confirm the importance of chemically linking PLLA and poly(GA-alt-BO) blocks 

for adhesive performance, a polymer blend with a composition corresponding to P1 was 

prepared by mixing the two homopolymers (PLLA/poly(GA-alt-BO) = 83/17 (weight fraction)) 

at 100 °C for 2 min, following the hot-pressing at 100 °C for 1 min (Table 4.3). As shown in 

Figure 4.16, the DSC curve of the PLLA/poly(GA-alt-BO) blend sample shows only one Tg, 

suggesting that these two polymers have high miscibility. The adhesive strength of the blended 

sample to the wooden substrate was only one-third that of P1 (1.20 MPa, Figures 4.17 and 

4.18). Thus, the author successfully demonstrated that copolymerization, rather than two-

homopolymer blending, is a significant contributor to the adhesive performance. 

 

 

Figure 4.12. Digital photographs and information about adherents. 
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Figure 4.13. Digital photographs of P1, P2, and P5.  

 

 

Figure 4.14. Lap shear strengths of PLLA-tb-poly(GA-alt-BO)-tb-PLLA with varying 

compositions in FLLA (adherent, wood; tensile speed = 10 mm min−1; n = 3). 
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Figure 4.15. Lap shear tests of P1 and P4 using wood pieces (adherent, wood; tensile speed = 

10 mm min−1). 

 

Table 4.3. Synthesis of PLLA and poly(GA-alt-BO) homopolymers a 

sample monomer 
time  

(h) 

conv.  

(%) b Mn,theo. c Mn,NMR b Mn,SEC d Ð d 

PLLA e LLA 1.5 80.3 6,470 9,410 7,360 1.27 

Poly(GA-alt-BO) 
f 

GA and BO 19 >99.9 3,830 4,640 2,560 1.61 

a Polymerization conditions: temp., 100 °C; atmosphere, Ar; initiator, benzyl alcohol; catalyst, 

CsOPiv. b Calculated from (M.W. of initiator) + [monomer]0/[initiator]0 × (M.W. of monomer). 
c Determined by 1H NMR in CDCl3. d Determined by SEC in THF using polystyrene standards. 
e [CsOPiv]/[initiator]0/[LLA]0 = 1/1/55. f [CsOPiv]/[initiator]0/[GA]0/[BO]0 = 1/1/20/80.   
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Figure 4.16. 1st heating DSC curves of polymer blend (PLLA/poly(GA-alt-BO) = 83/17 

(weight ratio); 1st heating, 10 °C/min, N2 atmosphere). 

 

 

Figure 4.17. Lap shear strengths of P1 and polymer blend (PLLA/poly(GA-alt-BO) = 83/17 

(weight fraction)). 
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Figure 4.18. Lap shear tests of P1 and polymer blend sample of PLLA and poly(GA-alt-BO) 

(PLLA/poly(GA-alt-BO) = 83/17 (weight ratio)) using wood pieces (adherent, wood; tensile 

speed = 10 mm min−1). 
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4.3.4 Effect of monomer combinations 

To evaluate the effect of the repeating structure of the poly(cyclic anhydride-alt-

epoxide) segment, the author then prepared P6–P10 using several anhydrides and epoxides 

(Table 4.1). First, the author carried out self-switchable polymerization under optimized 

conditions with a BDM initiator using succinic anhydride (SA) and diglycolic anhydride (DGA) 

as the anhydride monomers, while fixing BO as the epoxide monomer (P6–P7 in Table 4.1). 

Here, the author set fLLA to approximately 0.80 because the lap shear results in the previous 

section indicate that an FLLA of 0.83 exhibits excellent adhesive properties. The SEC traces of 

the final products showed an unimodal peak, confirming successful copolymerization (Figure 

4.19). Monitoring the progress of the polymerization by 1H NMR revealed the switching of the 

polymerization from the ROAC of anhydrides and BO to the ROP of LLA, suggesting the 

formation of a BAB-type sequence with PLLA as the B block (Figure 4.20). Owing to the 

insufficient sampling frequency, the exact switching timing could not be determined. However, 

the signals assignable to the LLA-(anhydride-alt-BO) and (anhydride-alt-BO)-LLA units were 

almost undetectable in the 13C NMR spectra of P6 and P7, suggesting a real block copolymer 

structure rather than a tapered structure, that is PLLA-b-poly(SA-alt-BO)-b-PLLA and PLLA-

b-poly(DGA-alt-BO)-b-PLLA (Figures 4.21–4.24). This is due to the much higher reactivities 

of SA and DGA compared to that of LLA, which enabled sharper switching from ROAC to 
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ROP. The DSC curves of P6 and P7 show no crystallization or melting peaks, suggesting their 

amorphous nature (Figure 4.25). Although the observed Tg is almost the same as P1 consisting 

of GA, P6 and P7 samples were too brittle, and the preparation of adhesive test samples was 

unsuccessful.  

 

 

Figure 4.19. SEC traces of P6–P7 (solvent, THF; flow rate, 1.0 mL min−1). 

 

 
Figure 4.20. Time to conv. plots for the synthesis of P6–P7 monitored by 1H NMR. 
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Figure 4.21. 1H NMR spectrum of P6 in CDCl3 (400 MHz). 

 

 

Figure 4.22. 13C NMR spectrum of P6 in CDCl3 (100 MHz). 

 

 

Figure 4.23. 1H NMR spectrum of P7 in CDCl3 (400 MHz). 
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Figure 4.24. 13C NMR spectrum of P7 in CDCl3 (100 MHz). 

 

 
Figure 4.25. 1st heating DSC curves of P1, P6–P10 (1st heating, 10 °C min−1, N2 atmosphere). 

 

 Next, to synthesize copolyesters with different epoxide moieties, the author carried out 

self-switchable copolymerization of GA and LLA with several different epoxides, i.e., 

propylene oxide (PO), ethyl glycidyl ether (EGE), and 2-ethylhexyl glycidyl ether (EHGE) 

(P8–P10 in Table 4.1). The ROP of LLA proceeded slowly, while the ROAC of GA and 
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epoxides proceeded, as evidenced by reaction monitoring by 1H NMR, indicating that the 

obtained copolymers possessed a significantly tapered region (Figure 4.26). The 1H NMR and 

SEC analyses revealed the FLLA of 0.78–0.88 and narrow to moderate Ð of 1.39–1.84, 

respectively (Figures 4.27–4.32). The Tg of P8–P10 were observed at 1.3–15.1 °C from the 

DSC curves (Figure 4.25). The copolyesters synthesized using glycidyl ethers (P9 and P10) 

were found to show particularly low Tg (ca. 1 °C), which could be due to the flexibility of 

glycidyl ether side chain. Lap shear samples are difficult to prepare because of their low Tg. The 

adhesive strengths of P8–P10 are shown in Figure 4.33. Compared to the adhesive strengths 

of P9 and P10 (0.05 MPa and 0.56 MPa), P1 and P8 showed much higher adhesive strength 

(4.52 MPa and 2.49 MPa; Figure 4.34). This trend seems to correlate with the Tg of the 

copolyesters, where alkylene oxide monomers lead to higher Tg rather than glycidyl ethers. 

Overall, the author found that altering the epoxide monomer was an effective means of adjusting 

the adhesion performance. Because altering the cyclic anhydride significantly affects the main-

chain structure as well as the monomer sequence, this results in substantial effects on the 

adhesive properties. In contrast, altering the epoxide monomer only affected the side chains. 

Because the side chain structure allows for the precise control of Tg, modifying the epoxide 

monomer is effective in tuning the adhesive properties. 
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Figure 4.26. Time to conv. plots for the synthesis of P8–P10 monitored by 1H NMR. 

 

 

Figure 4.27. 1H NMR spectrum of PLLA-tb-poly(GA-alt-PO)-tb-PLLA in CDCl3 (P8 in 

Table 1; 400 MHz). 
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Figure 4.28. SEC trace of PLLA-b-poly(GA-alt-PO)-b-PLLA (P8 in Table 1; eluent, THF; 

flow rate, 1.0 mL min−1). 

 

 

Figure 4.29. 1H NMR spectrum of PLLA-tb-poly(GA-alt-EGE)-tb-PLLA in CDCl3 (P9 in 

Table 1; 400 MHz). 
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Figure 4.30. SEC trace of PLLA-b-poly(GA-alt-EGE)-b-PLLA (P9 in Table 1; THF; flow rate, 

1.0 mL min−1). 

 

 

Figure 4.31. 1H NMR spectrum of PLLA-b-poly(GA-alt-EHGE)-b-PLLA in CDCl3 (P10 in 

Table 1; 400 MHz). 
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Figure 4.32. SEC trace of PLLA-b-poly(GA-alt-EHGE)-b-PLLA (P10 in Table 1; eluent, THF; 

flow rate, 1.0 mL min−1). 

 

 
Figure 4.33. Lap shear tests of PLLA-tb-poly(anhydride-alt-epoxide)-tb-PLLA using wood test 

pieces (P1, P8–P10 in Table 1; adherent, wood; tensile speed = 10 mm min−1). 
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Figure 4.34. Lap shear strengths of BCPs with various repeating unit structures (adherent, 

wood; tensile speed = 10 mm min−1; n = 3). 
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4.3.5 Effect of branched structure and molecular weight on adhesive property 

To further improve the adhesive properties, the author investigated the effects of the 

polymer chain architecture and molecular weight. To reveal these relationships, the author 

synthesized poly(GA-alt-BO)-tb-PLLA with different branching structures and total molecular 

weights (P11–P15 in Table 4.4). Linear AB diblock and three-armed (AB)3 star block type 

copolyesters were synthesized by the self-switchable polymerization of GA, BO, and LLA 

under established conditions while altering the initiator from BDM to benzyl alcohol (BA) and 

1,3,5-benzenetrimethanol (BTM) (P11 and P12). In the 1H NMR spectrum of P11, signal A 

corresponding to the initiator moiety was clearly observed at 7.35 ppm (Figure 4.35). The 1H 

NMR spectrum of P12 also displayed the proton signals representing the initiator residue ((A), 

7.25 ppm; (B), 5.16 ppm in Figure 4.36). SEC traces of P11 and P12 showed a unimodal elution 

peak (P11: Mn,SEC = 5,060, Đ = 1.59; P13: Mn,SEC = 8,110, Đ = 1.22; Figures 4.28 and 4.29), 

and the 1H NMR revealed the FLLA of 0.80 and 0.76, respectively. The adhesive strength of the 

obtained P11 and P12 were 3.41 and 5.20 MPa (Figure 4.37), where P1 with the BAB 

architecture locates in between P11 and P12. These results suggest that the adhesive strength 

increased with an increasing number of arms. 
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Table 4.4. Molecular characteristics of copolyesters with different branched structure and molecular weight a 

sample arm ini. 

[CsOPiv]/ 

[initiator]0/[GA]0/ 

[BO]0/[LLA]0 

fLLA 
b 

time 

(h) 
Mn,theo. 

c Mn,NMR 
d 

Mn,sec  

[Ð] e 
FLLA f 

Tg  

(°C) g 

Td,5%  

(°C) h 

P11 1 BA 1/1/12/48/60 0.80  5.5 11,000 10,800 
5,060 

[1.59] 
0.80 23.2 254 

P12 3 BTM 1/1/35/140/170 0.79  8.0 31,200 32,600 
8,110 

[1.22] 
0.76 23.2 226 

P13 2 BDM 1/1/10/40/55 0.81  4.0 9,930 11,800 
2,180 

[2.12] 
0.78 21.0 190 

P14 2 BDM 1/1/42/168/220 0.80  9.0 39,700 38,100 
6,510 

[1.69] 
0.80 25.0 224 

P15 4 PEOL 1/1/84/336/440 0.80 23.0 79,200 N.D. 
9,170 

[1.62] 
0.79 21.2 235 

a Polymerization conditions: temp., 100 °C; atmosphere, Ar; initiator, BDM; catalyst, CsOPiv. b LLA weight fraction calculated from the monomer 
feed ratio. c Calculated as (M.W. of initiator) + [GA]0/[initiator]0 × (M.W. of GA + M.W. of BO) + [LLA]0/[initiator]0 × (M.W. of LLA). d 
Determined by 1H NMR spectroscopy in CDCl3. e Determined by SEC in THF using polystyrene standards. f LLA weight fraction calculated from 
1H NMR spectrum. g Determined by DSC (first heating run, 10 °C min−1, nitrogen atmosphere). h Determined using TGA (10 °C min−1, nitrogen 
atmosphere). 
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Figure 4.35. 1H NMR spectrum (CDCl3, 400 MHz; left panel) and SEC trace (eluent, THF; 

flow rate, 1.0 mL min−1; right panel) of poly(GA-alt-BO)-tb-PLLA  (P11 in Table 2). 

 

 
Figure 4.36. 1H NMR spectrum (DMSO-d6, 400 MHz; left panel) and SEC trace (eluent, THF; 

flow rate, 1.0 mL min−1; right panel) of (poly(GA-alt-BO)-tb-PLLA)3 (P12 in Table 2). 
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Figure 4.37. Lap shear tests of P1, P11, and P12 using wood pieces (adherent, wood; tensile 

speed = 10 mm min−1). 

 

Next, to evaluate the effect of the total molecular weight on the adhesive properties, 

copolyesters with a comparable fLLA to P1 but with smaller and larger molecular weights, were 

synthesized by changing the initial [monomer]0/[initiator]0 ratios (P13 and P14 in Table 4.4). 

The Mn,NMR spectra of the obtained products are similar to those Mn,theo. (P13: Mn,theo. = 9,930, 

Mn,NMR = 11,800; P14: Mn,theo. = 39,700; Mn,NMR = 38,100), and the FLLA ratio was determined 

to be 0.78–0.80. In addition, Tg of P13 and P14 was evaluated to be 21.0 and 25.0 °C, which 

are comparable to that of P1 (Tg = 19.0 °C). The adhesive strength of P13 and P14 were 

determined to be 0.06 and 6.31 MPa, respectively (Figure 4.38). When compared with the 

results of P1 with a compatible FLLA, it was demonstrated that the adhesive strength could be 

improved by increasing the molecular weight. This is likely due to the increased molecular 

weight, which leads to greater entanglement of the polymer chains. From these investigations, 
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increasing the molecular weight and number of branches while fixing the FLLA at approximately 

0.80 was found to be an effective strategy for improving the adhesive properties.  

Based on these results, a four-armed (AB)4 type copolyester with the highest molecular 

weight (Mn,theo. of 79,200) and FLLA of 0.79 was synthesized using a tetraol, i.e. pentaerythritol 

(PEOL), as an initiator with the initial feed ratio of [CsOPiv]/[PEOL]0/[GA]0/[BO]0/[LLA]0 = 

1/1/84/336/440 (P15 in Table 4.4). As expected, the adhesive strength of P15 (6.74 MPa) was 

the highest among all tested samples (Figure 4.39a). Importantly, the adhesive strength of P15 

was comparable to that of commercially available PE and PVAc adhesives29 (Figure 4.39b). 

 

 
Figure 4.38. Lap shear tests of P1 and P13–P15 using wood pieces (adherent, wood; tensile 

speed = 10 mm min−1). 
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Figure 4.39. Lap shear strength results: (a) poly(GA-alt-BO)-tb-PLLA copolyesters with 

different molecular weight and branched structure, and (b) P15 compared to commercial 

polyester (PE; PES-111, Toagosei) and poly(vinyl acetate) (PVAc; ref. 29) adhesives (adhesion, 

wood; tensile speed = 10 mm min−1; n = 3). 

 

Using P15, the author investigated the substrate versatility and recyclability of the 

copolyester adhesives. In addition to the wooden substrate, aluminum plate (Al), iron plate (Fe), 

glass plate (glass), and poly(ethylene terephthalate) (PET) film were used as adherents (Figure 

4.40a). P15 was found to function as a good adhesive for these substrates, except for PET. 

Finally, the author conducted a recycling test on the P15 adhesive (Figures 4.40b and 4.41–

S4.43). Following the lap shear adhesive test, the fractured samples were subjected to hot 

pressing at 100 °C for 1 min and cured for 1 week to generate recycled samples. Adhesive tests 

of the recycled samples revealed adhesive resilience values of 86%, 95%, and 86% for the wood, 

aluminum, and iron substrates, respectively, demonstrating sufficient recyclability. 
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Figure 4.40. Lap shear strength results: (a) P15 on different adherents (tensile speed = 10 mm 

min−1; n = 3), (b) P15 adhered wood, Al, and Fe pieces for both initial (n = 3) and rebounded 

(n = 1) samples. 

 

 

Figure 4.41. Lap shear strength of P15 on Wood adherent during recycling.  
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Figure 4.42. Lap shear strength of P15 on Fe adherent during recycling. 

 

 

Figure 4.43. Lap shear strength of P15 on Al adherent during recycling.
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4.4 Conclusion 

In this study, the author succeeded in the one-pot, one-step synthesis of PE-based hot-melt 

adhesives with high bio-based content using a self-switchable polymerization approach. The 

copolyesters consisting of poly(cyclic anhydride-alt-epoxide) and PLLA functioned as hot-melt 

adhesives. Taking advantage of the easy handling of self-switchable polymerization, a series of 

copolyesters with different molecular weights, PLLA weight fractions, repeating unit structures, 

and branched structures were readily prepared and subjected to lap shear tests, providing 

molecular design guidance for high-performance adhesives. Because these adhesives can 

adhere not only to wood, but also to glass, Fe, and Al substrates, they can be applied in a wide 

range of industrial fields. In this study, self-switchable polymerization was demonstrated as a 

powerful tool for the efficient exploration of new sustainable polymer materials. This strategy 

would be useful not only for hot-melt adhesives but also for the future development of tough 

plastics and elastomers with high bio-based contents and excellent biodegradability. 
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 This dissertation describes a simple, efficient, and controlled method for synthesizing 

functional polyesters, including side-chain/chain-end functionalized polyesters, polyesters with 

highly branched architectures, and block polyesters, using organocatalyzed ring-opening 

alternating copolymerizations (ROACs) of cyclic anhydrides and epoxides. Chapter 2 

established a synthetic approach toward amino-functionalized polyesters (APEs) using ROACs 

involving glycidylamines, epoxides bearing tertiary amine functional groups, and cyclic 

anhydrides. Chapter 3 describes the synthesis of hyperbranched polyesters (HBPEs) via 

ROACs involving trimellitic anhydride and various epoxides, while Chapter 4 describes the use 

of self-switchable polymerization that combines ROAC and ring-opening polymerization 

(ROP) to develop hot-melt adhesives. The system established in this thesis for synthesizing 

functional polyesters facilitates precise control of critical parameters, including main-

chain/side-chain/chain-end structures, molecular weight, branching structure, monomer 

sequence, and material properties, which is achieved by varying initiator/monomer 

combinations, adjusting the initial monomer feed ratio, and incorporating a third monomer. 

Furthermore, all syntheses in this study were carried out under solvent-free conditions promoted 

by organocatalysts, thereby minimizing the reliance on organic solvents and organometallic 

catalysts, which are detrimental to both the environment and human health. This comprehensive 

approach is expected to lead to advanced applications of functional polyesters. The important 
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achievements and findings in the present study is as follows. 

 

Chapter 2 established the ROACs of cyclic anhydrides and glycidylamines using 

organocatalysts to precisely synthesize APEs. A wide range of APEs with narrow polydispersity 

were synthesized by varying the cyclic anhydride/glycidylamine combination. Among the 

samples tested, the (AB)4-type copolyester (i.e., poly(GA-alt-BO)-tb-PLLA)4) exhibited the 

best adhesive strength, with the value of 6.74 ± 0.64 MPa comparable to those of commercial 

products such as polyester-based and poly(vinyl acetate)-based hot-melt adhesives. 

 

Chapter 3 described successful syntheses involving cesium-pivalate-catalyzed ROACs 

with latent trifunctional cyclic anhydrides. This method paves the way for the development of 

polyesters with unique physical properties that arise from their branching topologies. 

Additionally, core–shell polyesters were synthesized in a one-pot, one-step manner by 

employing self-switchable polymerization. This established HBPE synthetic system may find 

broader use in the development of novel HBPE materials, such as additives and coatings, as 

well as in biomedical applications. 

 

Chapter 4 reported the successful development of a one-step terpolymerization-based 
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method for the synthesis of ABA triblock copolymers, namely, the self-switchable 

polymerization of a cyclic anhydride, an epoxide, and LLA using an alcohol initiator. The 

adhesive properties of the synthesized polyesters were adjusted according to the structures of 

the main and side chains. This strategy is anticipated to be useful not only for the development 

of hot-melt adhesives, but also for creating tough highly biodegradable plastics and elastomers 

with high bio-based contents. 

 

Overall, a novel ROAC-based method for the synthesis of functional polyesters with 

advanced structural characteristics was developed that uses simple organocatalysts, including 

phosphazene bases and alkali metal carboxylates. In addition, foundations that provide valuable 

insight into the designs of polyester materials were established by evaluating correlations 

between various structural parameters and material properties. The findings of this study are 

expected to contribute significantly to the development of a broad range of polyester-based 

materials as degradable alternatives to polyolefin plastics, adhesives, tough elastomers, and 

biomedical polymers.  

 


