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Abstract 

 

Sustainability in chemistry has raised significant interest since 1980s. The objective of 

this doctoral thesis is to prepare sustainable functional polymers. 

In chapter 1, the general concept of radical polymerization was described. Also, several 

controlled radical polymerization (CRP) systems were discussed, including their principles and 

mechanisms. The concept of self-catalysis, polymerization-induced self-assembly (PISA), and 

degradable vinyl polymers were explained. The motivations and aims of each chapter were 

discussed. 

In chapter 2, self-catalyzed CRP using reversible complexation mediated 

polymerization (RCMP) was reported. Quaternary ammonium iodide (QAI)-containing 

monomers were synthesized and used in RCMP as a monomer and as well as a catalyst.  The 

polymerization was performed without the addition of an extra catalyst. QAI-containing 

monomers were copolymerized with functional methacrylates and acrylates.  

In chapter 3, synthesis of nano-capsule was reported using self-catalyzed CRP and the 

nano-capsule was used as a heterogeneous RCMP catalyst.  The nano-capsule was prepared 

using self-catalyzed polymerization-induced self-assembly (PISA). This vesicular nano-

capsule possessing QAI functionality worked as a heterogeneous catalyst for the 

polymerization of several monomers.  Also, good recyclability of this heterogeneous catalyst 

was demonstrated with ten cycles of methyl methacrylate (MMA) polymerization. The nano-

capsule was further used as a nano-reactor to synthesize poly(methyl methacrylate) (PMMA)  

inside the cavity.  

In chapter 4, synthesis of degradable and chemically recyclable polymers was reported. 

4,4-disubstituted five‐membered cyclic ketene hemiacetal ester (CKHE) (i.e., 4,4-dimethyl-2-

methylene-1,3-dioxolan-5-one (DMDL) and 5-methyl-2-methylene-5-phenyl-1,3-dioxolan-4-

one (PhDL)) monomers were synthesized and used for conventional radical polymerization. 
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CKHE monomers were copolymerized with various co-monomers. Poly(4,4-dimethyl-2-

methylene-1,3-dioxolan-5-one) (PDMDL) was degraded in hydroxide- and amine-assisted 

conditions. Degradations of hydrophilic and hydrophobic random copolymers of PDMDL were 

also studied. Chemical recycling was demonstrated with the recovery of DMDL monomer 

precursor from PDMDL degradation. 

In chapter 5, CRP of CKHE monomers (i.e., DMDL) was studied using reversible 

addition-fragmentation chain transfer (RAFT) polymerization and RCMP. Low-dispersity 

homopolymers, random copolymers, and a block copolymer of DMDL were prepared.  A 

random copolymer of DMDL (i.e., PDMA-r-PDMDL, where PDMA is poly(N,N-

dimethylacrylamide)) was degraded in a hydroxide-assisted condition.  

In this thesis, synthesis of functional polymers was demonstrated and their contribution 

to sustainability was presented. In Chapter 2 and 3, we used the catalytic monomers to catalyze 

polymerizations without additional catalyst. In Chapter 3, we prepared a heterogeneous catalyst 

with the catalytic monomer for recycle use in polymerizations. In Chapter 4 and 5, we 

synthesized degradable polymers and recovered the degradation product for monomer 

synthesis.  
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Chapter 1. Introduction 

1.1. Conventional Radical Polymerization  

 Synthetic polymers are widely used in our daily lives. Global plastics production 

increased from 15 million metric tons in 1964 then to 311 million in 2014, increasing 

twentyfold in just 50 years.1 In recent years, production has reached close to 400 million tons. 

And this number will increase further over years. 

 Radical polymerization is one of the most widely used methods to produce synthetic 

polymers in industry. It is advantageous over other methods because it is tolerant to water and 

other small quantity of impurities, liable to a wide range of monomers, and suitable for large 

scale production. All these factors make radical polymerization economically attractive to 

industry.2 

 In conventional radical polymerization, peroxide or azo compounds are used as radical 

initiators, for example. They decompose either by light or heat, producing free radicals by the 

cleavage of labile bonds (initiation in Scheme 1.1a). The generated active radical propagates 

with monomer, and the polymer chain grows (propagation in Scheme 1.1a). The propagating 

radical can be added by multiple monomers, generating another propagating polymer radicals. 

Alternatively, two propagating polymer radicals can undergo termination via recombination or 

disproportionation, generating a dead chain that is unable to propagate further (termination in 

Scheme 1.1c).  This irreversible termination occurs randomly among the propagating radicals, 

resulting in broad molecular weight distributions and uncontrolled molecular weights. The 

dispersity (Ð = Mw/Mn) is 1 when all polymers have the same chain length and is generally 

larger than 1.5 when polymers are prepared by conventional radical polymerization, where Mw 

and Mn are weight-average of molecular weight and number-average molecular weight, 

respectively. 
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Scheme 1.1. Elementary reactions in conventional radical polymerization. 

 

1.2. Controlled Radical Polymerization (CRP) 

 To address the problems (i.e., broad molecular weight distributions and uncontrolled 

molecular weights) of conventional radical polymerization, Szwarc et al. introduced anionic 

“living polymerization” in 1956 which did not include a termination step, therefore enabling 

the polymer chains to continue to grow when more monomers were added.3 In radical 

polymerization, this kind of “living polymerization” is termed as controlled radical 

polymerization (CRP). It is also named as reversible-deactivation radical polymerization 

(RDRP) (Scheme 1.2). RDRP is based on the reversibly activation of a dormant polymer 

species (Polymer–X), generating a propagating polymer radical (Polymer•) which undergoes 
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addition of monomers. X is a capping agent. Polymer• is subsequently capped by X, undergoing 

deactivation and regenerating Polymer–X. Upon frequent activation-deactivation cycles, each 

polymer chain has a nearly identical opportunity to propagate, thereby achieving low 

dispersities (Đ < 1.5) with controlled molecular weights. 

 

 

Scheme 1.2. Reversible activation in LRP/CRP/RDRP. 

 

 Based on the concept of reversibly generating Polymer• from Polymer–X, atom transfer 

radical polymerization (ATRP), nitroxide-mediated radical polymerization (NMP), reversible 

addition-fragmentation chain transfer (RAFT) polymerization, and reversible complexation 

mediated polymerization (RCMP) were developed, for example. These methods utilize 

different capping agents (X). 

In 1995, Matyjaszewski et al. 4 and Sawamoto et al.5 independently developed ATRP.  

ATRP uses a halogen (Cl, Br or I) as an X and a transition metal complex (LMt
n where Mt is 

transition metal and L is the ligand) as a catalyst. The catalyst abstracts the halogen (X) from 

Polymer-X via a redox process and reversibly generates Polymer• and an oxidized metal 

complex (LMt
n+1X) (Scheme 1.3). The transition metals used in ATRP include copper (Cu) 

(most frequently used), iron (Fe), nickel (Ni), and ruthenium (Ru). Different ligands such as 

nitrogen species (pyridine or aliphatic amine) are chosen to control the polymerization rate and 

the dispersity for different monomers, solvents, and temperatures.  
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Scheme 1.3. Reversible activation and deactivation in ATRP.  

 

 NMP was first introduced by Solomon et al. in 1984 at CSIRO, generating oligomers.6 

Georges et al. subsequently achieved the synthesis of low-dispersity polymers.7 Alkoxyamines 

(Polymer–X) are used in NMP to reversibly generate Polymer• and a nitroxide radical (X•) 

(Scheme 1.4). Nitroxides are persistent radicals.  In NMP, Polymer–X (X = ONR1R2) 

decomposes under heat to generate Polymer• and X• (Scheme 1.4).  

 

Scheme 1.4. Reversible activation in NMP. 

 

 Other than ATRP and NMP, RAFT polymerization and RCMP are also useful to 

synthesize low-dispersity polymers. They are used in the present thesis (chapters 2, 3, and 5) 

and are explained more in the following sub-sections (chapters 1.3 and 1.4).  

 

1.3. Reversible Addition-Fragmentation Chain Transfer (RAFT) Polymerization  

 RAFT polymerization was first reported in 1998 by the CSIRO group.8 RAFT is a 

degenerative chain transfer of Polymer● (Pm
•) to thiocarbonylthio compounds (S=C(Z)S–Pn). 

Pm
• undergoes addition to S=C(Z)S–Pn, generating an intermediate radical (Pn–SC●(Z)S–Pm). 

The intermediate radical undergoes fragmentation into S=C(Z)S–Pm and Pn
• (Scheme 1.5).  
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Scheme 1.5. RAFT polymerization mechanism. 

 

A RAFT agent, also termed as a chain transfer agent (CTA) (S=C(Z)SR), contains a 

leaving alkyl group (R group) and a stabilizing group (Z group).  Examples of RAFT agents 

are dithioesters (Z = alkyl), trithiocarbonates (Z = S-alkyl), xanthates (Z = O-alkyl), and 

dithiocarbamate (Z = N-alkyl) (Figure 1.1). To ensure a frequent chain transfer, the C=S bond 

of the CTA must be sufficiently reactive for the addition of the propagating radical. Different 

Z groups are used to control the stability of the intermediate radical generated in the RAFT 

process. The addition rate constant (kadd) increases with an increase in the stability of the 

intermediate radical by the Z group, resulting in a more frequent chain transfer. The kadd values 

increase in the order of Z = N-alkyl < O-alkyl < S-alkyl < alkyl.  

 Vinyl monomers can be categorized into “more activated” monomers (MAMs) and 

“less activated” monomers (LAMs) based on the stability of generated propagating radical. 

MAMs refer to monomers containing a polymerizable vinyl group conjugating to substituents 

such as a phenyl (e.g., styrene), a carbonyl group (e.g., methacrylates), or a nitrile (e.g., 

acrylonitrile) with their generated propagating radicals stabilized. LAMs usually do not carry 

such substituents that help to stabilize the propagating radicals.  

In general, dithioesters and trithiocarbonates are used to control polymerization of 

MAMs while xanthates are used for polymerization of LAMs. The selection of RAFT agents 

is important for monomers with different reactivities, i.e., MAMs and LAMs. Dithioesters and 

trithiocarbonates have higher kadd values and are generally efficient CTAs for MAMs such as 

styrene and methacrylates. In contrast, for LAMs, the propagating radicals are less stable. 

Therefore, the equilibrium shifts to the intermediate radical and results in accumulation of the 
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intermediate radical (Scheme 1.5). Hence, terminations between an intermediate radical and a 

propagating radical and between intermediate radicals can be significant, generating dead 

polymer chains and resulting in a retardation in the polymerization rate. Thus, CTAs with 

higher fragmentation rate constants (kfr) values such as xanthates and dithiocarbamates are used 

for LAMs because their intermediate radicals are less stable. 

 

 

Figure 1.1. Examples of RAFT agents (CTAs). 

 

1.4. Reversible Complexation Mediated Polymerization (RCMP) 

 In 2007, Goto et al.9 developed RCMP, which is an organocatalyzed CRP. This 

organocatalyzed CRP system uses alkyl iodides as initiators (X = iodide) and organic 

compounds such as amines (triethylamine and tributylamine) and an iodide anion (I−) as 

catalysts. I− is used in a form of tetrabutylammonium iodide (Bu4N
+I−), for example. Bu4N

+I− 

is a quaternary ammonium iodide (QAI). The catalyst (I−) coordinates the iodide of Polymer-I 

through a halogen bonding, forming a complex (Polymer–I···catalyst) that can reversibly 

generate Polymer• (Scheme 1.6).  

 

 

Scheme 1.6. Reversible activation in RCMP. 

 

 Initially, amines were used as catalysts in RCMP. Amines were suitable for 

methacrylates and styrene while not suitable for acrylates and acrylonitrile.10 This is because 



 

16 
 

the amines were not strong enough to abstract the iodide from polyacrylate- and 

polyacrylonitrile-based Polymer–I. Later, ionic catalysts were used as more reactive catalysts 

and were effective to control the polymerization of methacrylates, styrene, acrylates, and 

acrylonitrile due to their ability to form stronger halogen bonding with Polymer-I, thus 

effectively generate Polymer•.11–14 In RCMP, besides heating, photoirradiation can be used to 

control the polymerization with the use of amines15 or organic photocatalysts16. Also, RCMP 

is applied in the polymerization of several monomers in polar solvents, i.e., water or 

ethanol.14,17 

  At the polymer chain-end (Polymer–I), the weak carbon-iodine bond is utilized in 

RCMP to generate Polymer•. Furthermore, the weak-iodine bond is exploited for chain-end 

transformation, converting Polymer–I to chain-end functionalized polymers.18,19 RCMP is 

advantageous in which no metals or odorous compounds are used. Polymers obtained with the 

organic catalysts can be used in biomedical applications due to no toxicity imposed.  

 

1.5. Self-catalysis  

 Self-catalysis is a process in which a reactant or product works as a catalyst and 

catalyzes the reaction without the need of an extra catalyst. This technique offers a major 

advantage in which no additional catalyst is needed, therefore simplifying the purification and 

reducing the waste generation.  

 Endo et al. reported the synthesis of random copolymers containing spiroorthoester and 

benzyl sulfonium salt moieties and later the polymers were cured without the need of an extra 

catalyst.20 A self-catalysis was reported for ring-opening polymerization (ROP) with 

phthaloylchitosan (PHCS). PHCS contains phthalimido compound (working as a catalyst) and 

polymers of PHCS were grafted to a polycaprolactone without an additional catalyst.21 Wang 

et al. prepared a diol with a catalytic property that catalyzes a polycondensation of the diol and 
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an isocyanate to form a polyurethane without the addition of an extra catalyst.22 In the field of 

CRP, self-photocatalytic initiators (not catalytic “monomers”) were successfully used for 

methacrylate and styrene copolymerizations using RAFT polymerizations.23,24  

 

1.6. Polymerization-Induced Self-Assembly (PISA) 

 Nano-objects including spheres, rods and vesicles have been prepared by self-

assemblies of block copolymers in solution (Figure 1.2). They can be prepared via a post 

polymerization process in which a block copolymer solution is prepared in a good solvent and 

then a selective poor solvent is added dropwise into the solution in a highly diluted condition. 

The selective poor solvent leads to the insolubility of the block copolymer and triggers it to 

self-assemble into various nano-objects. This process needs to be conducted in a very diluted 

condition (i.e., 1–3 wt% polymer in the solvent) (i.e., at a low solid content) which requires a 

large amount of solvent and is therefore unfavorable for commercial applications.25 

Polymerization-induced self-assembly (PISA) is a process that drives a block 

copolymer to self-assemble during polymerization.26 It is an efficient method to overcome the 

limitation (the low solid content) of the post-polymerization method. In the first step of PISA, 

a soluble first polymer block is prepared in a good solvent. Then, the soluble (solvophilic) first 

polymer block is chain-extended to form an insoluble (solvophobic) second segment in a 

selected good solvent for the first block. As the chain-extension proceeds, the growing second 

block becomes insoluble, forming spheres first. Continuation of the second block 

polymerization drives the reorganization of the block copolymers to form other morphologies 

such as rods and vesicles.   

PISA is advantageous as it can be performed at relatively high solid contents (up to 

50/50 (w/w %) polymer/solvent ratio).27,28 Also, PISA usually enables high monomer 

conversions to be achieved within short reaction times compared to conventional solution 
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polymerization.29,30 In addition, different morphologies can be prepared via PISA by just 

adjusting the molecular weights of the two block segments. 

 

 

Figure 1.2. Nano-objects generated by polymerization-induced self-assembly (PISA). 

 

1.7. Degradable Vinyl Polymers 

 Vinyl polymers are a group of polymers that are obtained from vinyl monomers 

(CH2=CHR). The polymer backbones consist of –CH2CHR– repeating units. The backbone 

carbon-carbon bonds are strong and resist to degradation. Thus, the polymers are durable from 

hydrolysis and enzymatic degradation in natural environments. The good durability is 

beneficial for pro-longed use of the polymer in outdoor environments but is disadvantageous 

with respect to possible plastic pollution in the environment upon improper treatment after use. 

In addition, degradability is desired in biomedical applications such as drug delivery and tissue 

engineering.  

 One approach to introduce degradability to polymers is to insert labile units within the 

polymer backbone. The degradation can lead to a reduced molecular weight of polymer by half, 

partially or to a monomer unit size.  
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The introduction of a labile unit in the polymer backbone was realized using 

difunctional initiators containing a cleavable bond. Employing difunctional initiators in CRP 

systems such as ATRP31 and RAFT32 polymerization, diblock polymers with a cleavable 

junction in the center were prepared (Figure 1.3). This method was also used for synthesizing 

degradable complex architectures, i.e., multiple arms star polymers,33 which was utilized in 

drug delivery applications. Random copolymers synthesized using difunctional initiator can be 

degraded. However, there is only one degradable linkage (from the difunctional initiator) per 

polymer chain. Upon degradation, the single polymer chain degrades into two shorter polymer 

chains which may still be too high in molecular weight for desired applications. Synthesis of 

degradable random copolymers with multiple degradable sites in the polymer backbones is not 

attainable using this method. 

 

 

Figure 1.3. Degradable polymers synthesized with difunctional initiator.  

 

Another way to prepare degradable polymer was to utilize a click reaction. For instance, 

a RAFT agent with ,-dialkyne functionality was used to yield a polymer with dialkyne ends. 

The obtained polymer was subsequently reacted with an ,-diazide peptide containing 

degradable linkages via copper-catalysed azide–alkyne Huisgen cycloaddition (CuAAC) 

(Figure 1.4).32  
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Figure 1.4. Degradable polymers synthesized via click reaction. 

  

In recent years, radical ring-opening polymerization (rROP) of cyclic monomers34-36 

has attracted numerous research interest to incorporate degradable linkages into the polymer 

backbone. Among several classes of cyclic monomers, cyclic ketene acetals (CKAs) are the 

most studied monomers, as first reported by Bailey and co-workers in the early 80s.37,38 CKAs 

are copolymerized with other vinyl monomers to confer degradability in the polymers upon the 

random insertion of ester groups (Figure 1.5). Although the homopolymerization of CKAs is 

challenging but it can copolymerize with various functional vinyl monomers via conventional 

radical polymerization and CRP techniques. Also, different structures of CKAs such as 5-

membered and 7-membered rings species are explored with different ring opening abilities.  

 

 

Figure 1.5. Degradable polymers prepared by cyclic ketene acetals (CKAs).  
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1.8. Thesis Objectives 

 Sustainable chemistry aims to improve the efficiency of natural resources being used 

to satisfy human needs with more environmentally benign design.39 CRP techniques need 

catalysts (i.e., transition metal complex for ATRP, CTAs for RAFT polymerization, and iodide 

anion for RCMP). After polymerization, a purification step is needed to remove the catalyst. 

In addition, the catalysts are used for one-time (i.e., unable to recover after use).  Polymers are 

widely used in numerous applications. Without proper treatment after use (i.e., recycling), the 

polymers accumulate in the environment and causes environmental issue.  

 In this doctoral thesis, the primary motivation was to design a sustainable 

polymerization process or functional polymers contributing to the sustainability. The present 

work aimed to conduct RCMP in a more sustainable way (i.e., without the need of an extra 

catalyst or a reusable catalyst) and prepare degradable vinyl polymers with chemical 

recyclability.  

 This thesis includes self-catalyzed RCMP (chapter 2), synthesis of a functional nano-

capsule (chapter 3) and synthesis of functional polymers with degradability and chemical 

recyclability (chapters 4 and 5). In Chapter 2 and 3, we used the catalytic monomers to catalyze 

polymerizations without additional catalyst. In Chapter 3, we prepared a heterogeneous catalyst 

with the catalytic monomer for recycle use in polymerizations. In Chapter 4 and 5, we 

synthesized degradable polymers and recovered the degradation product for monomer 

synthesis. 

 Outcomes of chapters 2 and 3 contribute to the sustainability in which fewer chemical 

wastes are generated (i.e., easy purification after polymerization and reusable catalyst). Also, 

the degradable vinyl polymers reported in chapters 4 and 5, devoting to the sustainability with 

their chemical recycling abilities. 
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1.9. Aim in Chapter 2 

 In RCMP, catalysts are added to control the polymerization and need to be removed 

after the polymerization. The removal process (i.e., purification) generates chemical waste. In 

this chapter, a monomer with catalytic property was designed to catalyze RCMP without the 

need for an additional catalyst. 

 As mentioned, QAI is an RCMP catalyst to activate Polymer–I to reversibly generate 

Polymer• (Scheme 1.6). Chapter 2 describes the use of QAI-containing vinyl monomer for 

synthesizing QAI-containing polymers (Figure 1.6). The polymerization is a self-catalyzed 

RCMP without the addition of an extra catalyst. Because of the QAI functionality, QAI-

containing monomer serves as a monomer and an RCMP catalyst. No additional catalyst is 

required to proceed the polymerization. Purification (i.e., removal of catalyst) is simple without 

the presence of additional catalyst. Less chemical waste (i.e., solvent for purification) is 

generated for the whole polymerization process. Thus, this work contributes to the 

sustainability with less generation of chemical waste.  

 

 

Figure 1.6. RCMP of QAI-containing CMs. 
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1.10. Aim in Chapter 3 

 Chapter 3 described an application of the self-catalyzed RCMP (developed in chapter 

2) for the synthesis of a nano-capsule (vesicle). The nano-capsule was further utilized as a 

unique nano-reactor. A solvophilic first block was synthesized using QAI-containing monomer 

(i.e., also worked as a catalyst) without an extra catalyst to obtain a QAI-containing polymer 

block. Then, this block was chain-extended to form a solvophobic second segment which self-

assembled into a nano-capsule in situ via self-catalyzed PISA (i.e., without additional catalyst). 

The obtained nano-capsule bears QAI functionalities (i.e., catalyst for RCMP) on both outer 

and inner surfaces of the shell (Figure 1.7). Thus, the nano-capsule was further used as a 

heterogeneous catalyst of RCMP of methyl methacrylate (MMA). The nano-capsule catalyzed 

the RCMP of MMA on both outer surface and inner core. Outer surface QAI catalyzed the 

RCMP of MMA, generating PMMA outside the nano-capsule. When some stirring time had 

been allowed before polymerization, small molecules (i.e., MMA monomer and alkyl iodide 

initiator) diffused into the inner core. The RCMP of MMA was catalyzed by inner surface QAI 

and poly(methyl methacrylate) (PMMA) was generated in the inner core. Thus, PMMA was 

generated on both the inside and outside of the nano-capsule. This QAI-containing nano-

capsule worked as a heterogeneous RCMP catalyst which was recycled and reused for MMA 

polymerization up to ten cycles using the outer surface QAI.  It is also amenable to other vinyl 

monomers (i.e., functional methacrylates, styrene, and acrylonitrile). This nano-capsule serves 

as dual catalysts for RCMP with QAI groups on both outer and inner surfaces of the nano-

capsule. The inner core of the nano-capsule works as a nano-reactor enabling micro-phase 

separation polymerization (i.e., polymerization inside the nano-capsule). 
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Figure 1.7. Nano-capsule with catalytic sites on both outer surface and inner core. 

 

1.11. Aim in Chapter 4  

Vinyl polymers that are non-degradable cause pollution in the environment if they are 

not treated properly after use. In addition, polymer degradability is important for applications 

such as controlled drug delivery and tissue engineering scaffold. In chapter 4, novel degradable 

and chemically recyclable polymers were developed.  4,4-disubstituted five-membered cyclic 

ketene hemiacetal ester (CKHE) monomers were used as novel monomers. CKHE monomers 

were homopolymerized and copolymerized with several vinyl co-monomers via conventional 

radical polymerization. In the random copolymerizations, a kinetic study was conducted to 

determine the monomer reactivity ratios. The obtained CKHE homopolymer and random 

copolymers are degradable upon base treatment. CKHE homopolymer was degraded to a 

precursor (i.e., 2-hydroxyisbutyric acid (HIBA)) of the monomer and recycled to synthesize 

the monomer. Chemical recycling is a process that polymers degrade into their raw materials 

which can be further utilized.  The CKHE homopolymer is degradable and chemically 

recyclable which may contribute to the circular materials economy.  
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Figure 1.8. Synthesis and degradation of CKHE polymers. 

 

1.12. Aim in Chapter 5 

In chapter 5, CRP was used to synthesize low-dispersity CKHE containing polymers 

(while conventional radical polymerization was used in chapter 4). A CKHE monomer was 

polymerized via CRP, i.e., RAFT polymerization and RCMP, yielding low-dispersity homo-

polymers and random (gradient) copolymers. A block copolymer was synthesized using RAFT 

polymerization. Upon degradation, gradient copolymers generate mostly short oligomers while 

block copolymers generate small molecules (from degradable segment) and polymer chains 

(from non-degradable segment). Both gradient and block copolymers are useful in biomedical 

applications.  

 

Figure 1.9. CRP of DMDL homo- and block copolymers.  
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Chapter 2. Self-catalyzed Living Radical Polymerization Using Quaternary- 

Ammonium-Iodide-Containing Monomers 

 

Abstract 

 Self-catalyzed living radical polymerization using quaternary ammonium iodide (QAI)-

containing monomers is reported. The monomer contains a polymerizable methacrylate or 

acrylate moiety and QAI as a catalytic moiety at the side chain. Several (functional) 

methacrylates and acrylates were successfully copolymerized with QAI-containing monomers 

without additional catalysts, generating QAI-containing copolymers. This technique is 

attractive for its wide range of amenable monomers and metal-free nature. The obtained QAI-

containing polymers may find biomedical and antibacterial applications. 
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2.1 Introduction 

Self-catalysis is a unique process in which a reactant carries a reacting group and also 

a catalytic group to trigger a reaction.1–4 The reactant is self-catalyzed to convert to the product 

without need for additional catalysts. Self-catalysis offers simple purification processes (no 

need for the catalyst removal), which is advantageous in practical applications. 

Living radical polymerization (LRP), also known as reversible-deactivation radical 

polymerization, is widely used for synthesizing well-defined polymers with controlled 

molecular weights and narrow molecular weight distributions.5–8 Our research group has 

developed an organocatalyzed LRP using an alkyl iodide (R−I) as an initiator (Scheme 2.1).9–

15 The catalysts include an iodide anion (I−),11–13 and I− is used in the form of quaternary 

ammonium iodide (QAI) such as tetrabutylammonium iodide (Bu4N
+I−). Mechanistically, the 

polymer−iodide dormant species (polymer−I) coordinates the catalyst (I−) via halogen bonding 

to form a complex (polymer−I···catalyst). The complex reversibly generates a propagating 

radical (Polymer•). We termed this polymerization reversible complexation mediated 

polymerization (RCMP).10,11 The use of nonspecial capping agents and nonmetal catalysts are 

attractive features of RCMP. 

 

 

Scheme 2.1. Reversible activation in RCMP. 

 

 In material chemistry, polymers possessing quaternary ammonium halides such as QAI 

at the side chains are widely used for functional materials due to their hydrophilic, antifouling, 

and antibacterial properties.16−19 Their structures such as block, comb-shaped, and brush have 

successfully been controlled via LRP.20−25 In many cases, polymers containing tertiary amino 
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groups are first prepared by LRP and the subsequent quaternization using alkyl halides 

generates polymers with quaternary ammonium halides.20,21 Despite the successful synthesis, 

the removal of metallic catalysts or odorous capping agents and the time-consuming 

postquaternization may pose possible issues in further applications. 

 In this chapter, self-catalyzed RCMP using QAI-containing monomers (Figure 2.1) was 

reported. The monomer contains a polymerizable methacrylate or acrylate moiety and also QAI 

as a catalytic moiety, offering self-catalyzed RCMP. The monomer is termed as catalytic 

monomer (CM) in this chapter. The QAI-containing monomers contain the catalytic QAI group 

that works as a catalyst in RCMP. The iodide of the QAI group coordinates the polymer-iodide 

dormant via halogen bonding, the polymer iodide bond is weakened, forming active polymer 

radical and iodine-catalyst complex. Therefore, the QAI-containing monomers control the 

polymerization and thus improving the dispersity of the polymers. The self-catalyzed RCMP 

directly yields QAI-containing polymers without postquaternization. The QAI-containing 

polymers also helps to control polymerization. Self-catalysis was used in other polymerizations 

(ring-opening polymerizations) and polymer degradation.26−28 In the field of LRP, self-

photocatalytic initiators (not catalytic “monomers”) were successfully used.29,30 In the present 

work, we report the first use of CMs for self-catalyzed LRP. 



 

31 
 

 

Figure 2.1. Structures of catalytic monomers (CMs), monomers, and alkyl iodide used in this 

work and the synthesis of catalytic monomers. 
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2.2 Results and Discussion 

Synthesis of Catalytic Monomers (CMs) Containing Quaternary Ammonium Iodide 

(QAI).  

 The QAI-containing catalytic monomers (Figure 2.1) were synthesized via the 

Menshutkin reaction in high yields (up to 94%) in a simple manner. 2,2-(Dimethylamino)ethyl 

methacrylate (DMAEMA) (1 equiv.) or 2,2-(dimethylamino)ethyl acrylate (DMAEA) (1 

equiv.) was reacted with an alkyl iodide (1.5 equiv.) in tetrahydrofuran (THF) at 40 °C for 24 

h to generate the corresponding CM. Several CMs with different alkyl chains (Figure 2.1) were 

synthesized for tuning the solubility of CMs in monomers and solvents. The structures and 

abbreviations of the studied CMs are given in Figure 2.1. A 90 g scale synthesis of C6MAI 

(Figure 2.1) was achieved using DMAEMA and hexyl iodide (C6H13−I), for example (Figure 

2.4). The purification was simple; namely, the solid C6MAI was rinsed with cold THF, giving 

an 80% yield after purification in the mentioned 90 g synthesis. The use of 1.1 equiv. of hexyl 

iodide gave a lower yield (57%) than that of 1.5 equiv. (yield = 80%). The scalable synthesis 

and facile purification are beneficial for practical use. 

 

Self-Catalyzed RCMP of Methyl Methacrylate (MMA) and C6MAI. 

 We carried out self-catalyzed RCMP using methyl methacrylate (MMA) as a main 

monomer and C6MAI as a comonomer with different ratios of [MMA]0/[C6MAI]0 ranging from 

99/1 to 75/25 (Table 2.1, entries 1−4). We heated a mixture of the two monomers (100 equiv. 

in total) and a 2-iodo-2-methylpropionitrile (CP−I (Figure 2.1)) initiator (1 equiv.) at 70 °C. 

The QAI moiety of C6MAI plays a catalytic role to generate propagating radicals from CP−I 

and polymer−I. Ethylene carbonate (EC) was used as a solvent to dissolve C6MAI for the high 

C6MAI-content systems ([MMA]0/[C6MAI]0 = 90/10 and 75/25). 
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Table 2.1. Self-catalyzed RCMP of methacrylates and acrylates with catalytic monomers. 

Entry Ma CMb Solventc 
[M]0/[CM]0/[

CP−I]0 

T 

(°C) 

t  

(h) 

Conv 

(M/C

M, 

%)d 

Mn
e 

(Mn,theo
f

) 

Đe 

1 MMA C6MAI none 7920/80/80 70 12 62/59 
7800 

(6400) 
1.28 

2 MMA C6MAI none 7800/200/80 70 8 72/76 
11000 

(7300) 
1.29 

3 MMA C6MAI EC 7200/800/80 70 4 69/68 
8800 

(8700) 
1.34 

4 MMA C6MAI EC 6000/2000/80 70 3 66/89 
8700 

(7500) 
1.24 

5 none C6MAI EC 0/8000/80 80 8 −/73 
NAg 

(27000) 
NAg 

6 MMA DMAEMA none 7200/800/80 70 12 64/59 
6700 

(6700) 
1.46 

7 MMA C4MAI EC 7200/800/80 70 8 61/95 
5500 

(8700) 
1.26 

8 MMA C8MAI EC 7200/800/80 70   8 60/93 
8300 

(9700) 
1.25 

9 MMA EHMAI EC 7200/800/80 70   7 81/81 
8000 

(11000) 
1.28 

10 MMA C12MAI EC 7200/800/80 70   6 70/66 
6300 

(11000) 
1.33 

11 MMA AMAI EC 7200/800/80 70 8 37/37 
5300 

(4500) 
1.19 

12 BMA C6MAI EC 7200/800/80 70 10 51/55 
8000 

(8600) 
1.39 

13 GMA C6MAI EC 7200/800/80 70 4 82/55 
16000 

(13000) 
1.35 

14 BzMA C6MAI EC 7200/800/80 70 8 70/69 
18000 

(14000) 
1.37 

15 MEMA C6MAI none 7200/800/80 70   7 52/57 
6500 

(7900) 
1.32 

16 PEGMA C6MAI none 7200/800/80h 60 10 56/98 
9900 

(10000) 
1.40 

17 DMAEMA C6MAI none 7200/800/80i 50 3 93/94 
12000 

(16000) 
1.39 

18 BA C12AI none 7200/800/80j 110 48 40/60 
8300 

(7400) 
1.17 

19 MEA C6AI none 7200/800/80 110 24 66/72 
8100 

(10000) 
1.18 

20k MMA C6MAI EC 7200/800/8 60   8 19/15 
20000 

(25000) 
1.27 

aMain monomer. bCatalytic monomer. The structures and abbreviations are given in Figure 2.1 c EC means dilution 

with 25wt% ethylene carbonate (EC). d1H NMR calculated monomer conversion. ePMMA-calibrated THF-GPC 

values for entries 1−3, 7−15, 18, and 19. PMMA-calibrated DMF-GPC values for entries 4, 6, 16, 17, and 20. 
fTheoretical Mn calculated with [M]0, [CM]0, [CP−I]0, and monomer conversion. gThe polymer tended to be 

adsorbed on columns in THF and DMF eluents and was not able to analyze with GPC. hAddition of V65 (160 

mM). iAddition of V65 (40 mM). jAddition of I2 (5 mM). 
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 Figure 2.2a shows the time evolution of the conversions of MMA (squares) and C6MAI 

(triangles) for [MMA]0/[C6MAI]0 = 90/10 (Table 2.1, entry 3). The rate of the monomer 

consumption was very similar for MMA (monomer 1) and C6MAI (monomer 2), meaning that 

the reactivity ratios (r1 and r2) are nearly 1. The nearly unity reactivity ratios are reasonable 

because both monomers are methacrylates (the same type of monomer). The polymerization 

was relatively fast; the total monomer conversion reached 69% for 4 h. The number-average 

molecular weight (Mn) well matched with the theoretical value, and the dispersity (Đ = Mw/Mn) 

was low (1.17−1.34) from an early stage of polymerization (Figure 2.2b), where Mw is the 

weight-average molecular weight. This result shows a good catalytic activity of C6MAI. 

 

 

Figure 2.2. Plots of (a) ln([M]0/[M]) vs. t and (b) Mn and Mw/Mn vs. conversion for the 

MMA/CP−I/C6MAI system (70 oC): [MMA]0 = 7200 mM; [CP−I]0 = 80 mM; [C6MAI]0 = 800 

mM. The Mn and Mw/Mn values are obtained by PMMA-calibrated GPC. The symbols are 

indicated in the Figure. 
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Figure 2.3 shows the 1H NMR spectrum of the random copolymer (PMMA-r-PC6MAI) 

obtained at 4 h (Mn = 8800 and Đ = 1.34) after purification. The methyl (d in Figure 2.3) and 

methylene (c and e) protons of the quaternary amino group in the C6MAI unit clearly appeared 

at 3.53 ppm (d), 3.73 ppm (e), and 4.15 ppm (c), showing the existence of C6MAI moieties in 

the copolymer. From the peak areas of the methyl proton (a) in the MMA unit and the ethylene 

proton (c) in the C6MAI unit, the polymer composition (MMA/C6MAI) was calculated to be 

92/8, which matched the feed monomer composition (90/10) and the nearly unity reactivity 

ratio. This result means that the fraction of C6MAI in the copolymer can be manipulated in a 

predictable manner by simply tuning the feed MMA/C6MAI monomer ratio. Thus, the self-

catalyzed RCMP using a QAI-containing monomer offers a facile access for preparing well-

defined QAI-containing polymers. 

 

 

Figure 2.3. 1H NMR spectrum of PMMA-r-PC6MAI (Table 2.1, entry 3) after purification 

(400 MHz, 298 K, CDCl3). 
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 With an increase in the C6MAI fraction (ranging the [MMA]0/[C6MAI]0 ratio from 99/1 

to 75/25) (Table 2.1, entries 1−4), the polymerization rate reasonably increased because of the 

higher catalyst (C6MAI) concentration. The total monomer conversion reached 72% for a short 

time of 3 h for [MMA]0/C6MAI]0 = 75/25 (Table 2.1, entry 4). The homopolymerization of 

C6MAI was also performed at 80 °C for 8 h to give PC6MAI with 73% monomer conversion 

(Table 2.1, entry 5 and Figure 2.29). We increased the temperature from 70 ℃ to 80 ℃ to fully 

dissolve C6MAI monomer. However, the obtained polymer was not able to analyze with gel 

permeation chromatography (GPC) because the polymer tended to be adsorbed on the GPC 

columns. Nonquaternized DMAEMA (Figure 2.1) with a tertiary amine also served as a CM 

to copolymerize with MMA (Table 2.1, entry 6). Tertiary amines are known to work as 

moderately efficient RCMP catalysts.10 However, compared with QAI-containing C6MAI 

(Table 2.1, entry 3), DMAEMA provided a 3 times slower polymerization (64% total monomer 

conversion for 12 h) and a higher Đ value (1.46) because of the lower catalytic activity. 

 

Polymerization of MMA and Other CMs.  

Besides C6MAI, CMs possessing different alkyl chains (Figure 2.1), i.e., butyl 

(C4MAI), 2-ethylhexyl (EHMAI), octyl (C8MAI), dodecyl (C12MAI), and allyl (AMAI) chains, 

were effective for the MMA polymerizations (Table 2.1, entries 7−11), yielding low-dispersity 

polymers (Đ = approximately 1.3). The use of AMAI successfully provided functional allyl 

groups in the copolymer chain (Table 2.1, entry 11 and Figure 2.30). The suppression of chain 

transfer to ally group is due to the steric hindrance of neighboring vinyl group and quaternary 

ammonium alkyl iodide group. We also observed that the length of alkyl chains largely affected 

the hydrophobicity of QAI-containing polymers. Whereas PMMA-r-PC6MAI (Mn = 8800 and 

Đ = 1.34, Table 2.1, entry 3) (5.0 wt %) was dissolved in an acetone/water (40/60) mixture, 

PMMA-r-PC12MAI with a longer alkyl chain (Mn = 6300 and Đ = 1.33, Table 2.1, entry 10) 
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(5.0 wt %) was precipitated even in a more acetone-containing mixture (acetone/water = 

46/54). This observation demonstrates that the hydrophobicity of QAI-containing polymers is 

tunable through the side chains in CMs. The facile synthesis and functionalization of CMs are 

highly beneficial for practical use and design of functional polymers. 

 

Polymerization of Functional Methacrylates and Acrylates.  

QAI-containing monomers were compatible with various functional methacrylates and 

acrylates (Figure 2.1). The polymerization results of butyl methacrylate (BMA), glycidyl 

methacrylate (GMA), benzyl methacrylate (BzMA), 2-methoxyethyl methacrylate (MEMA), 

poly(ethylene glycol) methyl ether methacrylate (PEGMA), and 2-(dimethylamino)-ethyl 

methacrylate (DMAEMA) with C6MAI are summarized in Table 2.1 (entries 12−17). QAI-

containing copolymers with low-dispersity (Đ ≤ 1.40) were successfully synthesized. The 

relatively slow polymerization of BMA could be attributed to the low solubility of C6MAI in 

the highly hydrophobic BMA (Table 2.1, entry 12). Whereas 70 °C was used for hydrophobic 

monomers (Table 2.1, entries 1−4 and 6−15), a milder temperature (50−60 °C) was used for 

hydrophilic PEGMA and DMAEMA monomers to suppress a side reaction (elimination of HI 

from the polymer chain end to generate a dead polymer, which is enhanced in polar media) 

(Table 2.1, entries 16 and 17). In the two systems, an azo initiator (2,2′-azobis(2,4-dimethyl-

valeronitrile) (V65)) was added to increase the polymerization rate. Azo initiators are often 

used to decrease the deactivator concentration and hence increase the polymerization rate in 

RCMP and other LRP systems.31 

 Table 2.1 (entries 18 and 19) shows the polymerizations of acrylates. Two QAI-

containing acrylates, i.e., C12AI and C6AI (Figure 2.1), were used to polymerize butyl acrylate 

(BA) and 2-methoxyethyl acrylate (MEA) (Figure 2.1), respectively, yielding low-dispersity 

polymers (Đ = 1.17−1.18). (C12AI exhibited a good solubility in the hydrophobic BA.) RCMP 
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of acrylates requires highly active catalysts because of the stronger secondary alkyl C−I bond 

in an acrylate polymer than the tertiary alkyl C−I bond in a methacrylate polymer. The 

successful polymerizations of the acrylates demonstrate the high catalytic activities of the QAI-

containing monomers. 

Quaternary ammonium halide-containing polymers are of great interest in antibacterial 

applications. The introduction of QAI in the biocompatible polymers, i.e., MEMA, PEGMA, 

and MEA polymers, can significantly increase their antibacterial properties.32,33 The self-

catalyzed RCMP is a metal-free, odor free, and straightforward synthetic route for QAI-

containing copolymers with quantitative quaternization. The technique does not require 

postquaternization or time-consuming removal of unreacted quaternizing agents from the 

polymers. 

 

2.3 Conclusions 

 Self-catalyzed RCMP using QAI-containing CMs was developed. QAI-containing 

CMs are easy to synthesize, which is attractive for large-scale use. The amenable monomers 

encompassed MMA, BA, and several functional methacrylates and acrylates. The system does 

not require additional catalysts and generates QAI-containing polymers without 

postquaternization. The high versatility in amenable monomers and CMs and the metal-free 

nature are beneficial aspects, and the obtained polymers may find biomedical and antibacterial 

applications.  
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2.4 Experimental Section 

Materials. 

Methyl methacrylate (MMA) (˃99.8%, Tokyo Chemical Industry (TCI)), 2-

(dimethylamino)ethyl methacrylate (DMAEMA) (≥98.5%, TCI), 2-(dimethylamino)ethyl 

acrylate (DMAEA) (≥98%, TCI), 2-methoxyethyl methacrylate (MEMA) (≥98%, TCI), 

poly(ethylene glycol) methyl ether methacrylate (PEGMA) (average molecular weight = 300) 

(98%, Sigma-Aldrich, USA), butyl acrylate (BA) (˃99%, TCI), 2-methoxyethyl acrylate 

(MEA) (˃98%, TCI), benzyl methacrylate (BzMA) (˃98%, TCI), and 2,2,2-trifluoroethyl 

methacrylate (TFEMA) (99%, Sigma-Aldrich) were purified through an alumina column. 2-

Iodo-2-methylpropionitrile (CP−I) (˃95%, TCI), 1-iodobutane (99%, Sigma-Aldrich), 1-

iodohexane (≥98%, Sigma-Aldrich), 1-iodooctane (98%, Sigma-Aldrich), 1-iodododecane 

(98%, Sigma-Aldrich), 2-ethylhexyl iodide (97%, Sigma-Aldrich), allyl iodide (98%, Sigma-

Aldrich), 2,2’-azobis(2,4-dimethylvaleronitrile) (V65) (95%,  Wako  Pure  Chemical,  Japan), 

ethylene carbonate (EC, ˃99%, TCI), diethylene glycol dimethyl ether (diglyme, ˃99%, TCI), 

isopropyl alcohol (>99.5%, TCI), ammonia solution (28% in water, TCI), acetone (≥99.5%, 

Fisher Scientific, USA), chloroform (>99.2%, VWR Chemicals, USA), ethanol (≥99.5%, 

absolute, Fisher Scientific), tetrahydrofuran (THF) (>99.5%, Kanto Chemical, Japan), N,N-

dimethylformamide (DMF) (>99.5%, Kanto), diethyl ether (ACS reagent grade, VWR 

International), and hexane (>99%, International Scientific, Singapore) were used as received.  

 

Measurements.  

 The THF-GPC analysis was performed on a Shimadzu i-Series Plus liquid 

chromatograph LC-2030c Plus (Kyoto, Japan) equipped with two Shodex KF-804L mixed gel 

columns (300  8.0 mm; bead size = 7 m; pore size = 20–200 Å). The DMF-GPC analysis 
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was performed on a Shodex GPC-101 liquid chromatograph (Tokyo, Japan) equipped with two 

Shodex KF-804L mixed gel columns. The flow rate was 0.7 mL/min (THF) and 0.8 mL/min 

(DMF). The DMF eluent included LiBr (10 mM). The sample detection was conducted using 

a refractive index detector (RID-20A) for THF-GPC and a Shodex differential refractometer 

RI-101 for DMF-GPC. The column system was calibrated with standard poly(methyl 

methacrylate)s (PMMAs) for both THF-GPC and DMF-GPC systems.   

The NMR spectra were recorded on Bruker (Germany) AV500 spectrometer (500 

MHz), BBFO400 spectrometer (400 MHz), or AV 300 (300 MHz) at ambient temperature. 

CDCl3 and acetone-d6 (Cambridge Isotope Laboratories, USA) were used as the solvents for 

the NMR analysis, and the chemical shift was calibrated using residual undeuterated solvents 

or tetramethylsilane (TMS) as the internal standard. The monomer conversion and the 

monomer composition in the obtained polymer were determined with 1H NMR. The mass 

spectra were obtained with a Q-Tof Premier (Waters, USA) high-resolution liquid 

chromatography mass spectrometer (HRLC-MS). The IR spectra were recorded on a Bruker 

ALPHA FTIR spectrometer with KBr (spectroscopic grade, Sigma-Aldrich, USA) as a matrix. 

 

General Procedure for the Synthesis of Quaternary Ammonium Iodide (QAI)-Containing 

Monomer.  

 In a typical run, a mixture of DMAEMA (50.0 g, 0.32 mol) and hexyl iodide (100 g, 

0.47 mol) in THF (300 mL) was heated at 40 °C with magnetic stirring under argon atmosphere 

to avoid moisture. After 24 h, the reaction solution was cooled in an ice bath. The generated 

precipitate was filtered and washed with cold THF. The solid was collected and dried in 

vacuum to give C6MAI (93.3 g, 0.26 mol) in an 80% yield as a white solid. Other QAI-

containing monomers were also synthesized similarly. For EHMAI, the reaction solution was 
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evaporated to produce insoluble solid. The solid was washed with diethyl ether for several 

times to remove unreacted starting materials, yielding EHMAI as a light orange solid. For 

AMAI, a mixture of DMAEMA (5.0 g, 32 mmol) and allyl iodide (8.01 g, 48 mol) in THF (20 

mL) was heat at 40 °C with magnetic stirring under argon atmosphere for 12 h, yielding AMAI 

as a red solid. For synthesizing C6AI and C12AI, DMAEA was used instead of DMAEMA. 

 

 

Figure 2.4. Image of 90-gram synthesis of C6MAI. 

 

C4MAI: Yield: 41%. 1H NMR (400 MHz, 298 K, CDCl3) δ 6.15 (s, 1H, –C=CH2), 5.67 (s, 1H, 

–C=CH2), 4.66 (m, 2H, –COCH2CH2–), 4.13 (m, 2H, –COCH2CH2–), 3.68 (t, J = 8.0 Hz, 2H, 

–N+CH2–), 3.49 (s, 6H, – N+(CH3)2), 1.95 (s, 3H, CH2=CCH3), 1.78 (quintet, J = 8.0 Hz, 2H, 

–N+CH2CH2–), 1.43 (sextet, J = 4.0 Hz, 2H, –N+(CH2)2CH2–), 1.00 (t, J = 4 Hz, 3H, –CH3) 

ppm; 13C NMR (100 MHz, 298 K, CDCl3) δ 166.3, 135.1, 127.5, 65.6, 62.6, 58.2, 52.2, 24.8, 

19.5, 18.3, 13.7 ppm. IR (KBr) υ 1719 (C=O), 1636 (C=C), 1168 (C–O) cm–1. HRLC-MS (m/z): 

calcd for C12H24NO2
+ [M–I–]+, 214.1807; found, 214.1807. 
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C6MAI: 1H NMR (400 MHz, 298 K, CDCl3) δ 6.13 (s, 1H, –C=CH2), 5.65 (s, 1H, –C=CH2), 

4.64 (m, 2H, –COCH2CH2–), 4.12 (m, 2H, –COCH2CH2–), 3.64 (t, J = 6.92 Hz, –N+CH2–), 

3.47 (s, 6H, – N+(CH3)2), 1.92 (s, 3H, CH2=CCH3), 1.76 (quintet, J = 6.92 Hz, 2H, –

N+CH2CH2–), 1.31 (m, 6H, –N+CH2CH2(CH2)3–), 0.85 (t, J = 6.92 Hz, –CH3) ppm; 13C NMR 

(100 MHz, 298 K, CDCl3) δ 166.3, 135.1, 127.5, 65.8, 62.6, 58.1, 52.2, 31.2, 25.8, 22.9, 22.4, 

18.3, 13.9 ppm. IR (KBr) υ 1729 (C=O), 1637 (C=C), 1167 (C–O) cm–1. HRLC-MS (m/z): 

calcd for C14H28NO2
+ [M–I–]+, 242.2122; found, 242.2120. 

 

EHMAI: Yield: 24%. 1H NMR (300 MHz, 298 K, CDCl3) δ 6.18 (s, 1H, –C=CH2), 5.69 (s, 

1H, –C=CH2), 4.69 (m, 2H, –COCH2CH2–), 4.24 (m, 2H, –COCH2CH2–), 3.60 (m, 2H, –

N+CH2–), 3.47 (s, 6H, – N+(CH3)2), 1.96 (s, 3H, CH2=CCH3), 1.88 (m, 1H, –N+CH2CH–), 1.80-

1.19 (m, 8H, –N+CH2CH(CH2)4–), 0.95 (t, J = 7.50 Hz, –CH3), 0.92 (t, J = 6.00 Hz, –

N+CH2CHCH3) ppm; 13C NMR (100 MHz, 298 K, CDCl3) δ 166.3, 135.1, 127.7, 70.7, 63.8, 

58.0, 51.8, 34.3, 32.9, 28.3, 26.2, 22.8, 18.3, 14.0, 10.5 ppm. IR (KBr) υ 1722 (C=O), 1640 

(C=C), 1167 (C–O) cm–1. HRLC-MS (m/z): calcd for C16H32NO2
+ [M–I–]+, 270.2433; found, 

270.2439. 

 

C8MAI: Yield: 68%. 1H NMR (400 MHz, 298 K, CDCl3) δ 6.09 (s, 1H, –C=CH2), 5.61 (s, 1H, 

–C=CH2), 4.61 (m, 2H, –COCH2CH2–), 4.07 (m, 2H, –COCH2CH2–), 3.60 (t, J = 8.40 Hz, –

N+CH2–), 3.43 (s, 6H, – N+(CH3)2), 1.96 (s, 3H, CH2=CCH3), 1.71 (quintet, J = 6.80 Hz, 2H, 

–N+CH2CH2–), 1.30-1.19 (m, 10H, –N+CH2CH2(CH2)5–), 0.80 (t, J = 6.40 Hz, –CH3) ppm; 13C 

NMR (100 MHz, 298 K, CDCl3) δ 166.3, 135.1, 127.5, 65.8, 62.6, 58.1, 52.2, 31.6, 29.1, 29.0, 

26.1, 23.0, 22.5, 18.3, 14.0 ppm. IR (KBr) υ 1718 (C=O), 1633 (C=C), 1160 (C–O) cm–1.  

HRLC-MS (m/z): calcd for C16H32NO2
+ [M–I–]+, 270.2433; found, 270.2439. 
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C12MAI: Yield: 45%. 1H NMR (400 MHz, 298 K, CDCl3) δ 6.16 (s, 1H, –C=CH2), 5.68 (t, J 

= 1.6 Hz, 1H, –C=CH2), 4.66 (m, 2H, –COCH2CH2–), 4.14 (m, 2H, –COCH2CH2–), 3.63 (t, J 

= 8.8 Hz, 2H, –N+CH2–), 3.50 (s, 6H, –N+(CH3)2), 1.95 (s, 3H, CH2=CCH3), 1.77 (quintet, J = 

8.8 Hz, 2H, –N+CH2CH2–), 1.36 (s, 4H, –N+(CH2)2(CH2)2–), 1.25 (s, 14H, –N+(CH2)4(CH2)7–), 

0.87 (t, J = 6.4 Hz, 3H, –CH3) ppm; 13C NMR (100 MHz, 298 K, CDCl3) δ 166.4, 135.1, 127.6, 

65.9, 62.6, 58.2, 52.3, 31.9, 29.6, 29.6, 29.5, 29.5, 29.4, 29.3, 26.2, 23.1, 22.7, 18.4, 14.2 ppm. 

IR (KBr) υ 1722 (C=O), 1637 (C=C), 1167 (C–O) cm–1.  HRLC-MS (m/z): calcd for 

C20H40NO2
+ [M–I–]+, 326.3059; found, 326.3060. 

 

AMAI: Yield: 94%.1H NMR (400 MHz, 298 K, CDCl3) δ 6.19–6.09 (m, 1H, H2C=CH), 6.17 

(s, 1H, H2C=C–CH3), 5.97 (d, 1H, H2C=CH, J = 8.4 Hz), 5.81 (d, 1H, H2C=CH, J = 8.4 Hz), 

5.69 (s, 1H, H2C=C–CH3), 4.71 (br, 2H, –COCH2CH2–), 4.50 (d, 1H, H2C=CH, J = 3.6 Hz), 

4.13 (m, 2H, –COCH2CH2–), 3.47 (s, 6H, –N+(CH3)2), 1.96 (s, 3H, CH2=CCH3) ppm; 13C NMR 

(100 MHz, 298 K, CDCl3) δ 165.7, 134.5, 130.2, 127.0, 123.6, 66.8, 61.9, 57.6, 50.9, 17.8 ppm. 

IR (KBr) υ 1719 (C=O), 1636 (C=C), 1178 (C–O) cm–1. HRLC-MS (m/z): calcd for 

C11H20NO2
+ [M–I–]+, 198.1494; found, 198.1499. 

 

C6AI: Yield: 23%. 1H NMR (500 MHz, 298 K, CDCl3) δ 6.48 (d, J =, 8.6 Hz, 1H, –C=CH2), 

6.12 (dd, J = 8.6, 5.3 Hz, 1H, –C=CH2), 5.95 (d, J = 8.6 Hz, 1H, –CH2=CH–), 4.67 (m, 2H, –

COCH2CH2–), 4.12 (m, 2H, –COCH2CH2–), 3.63 (t, J = 8.8 Hz, 2H, –N+CH2–), 3.49 (s, 6H, –

N+(CH3)2), 1.77 (m, 2H, –N+CH2CH2–), 1.33 (m, 6H, –N+(CH2)2(CH2)3–), 0.88 (t, J = 6.8 Hz, 

3H, –CH3) ppm; 13C NMR (100 MHz, 298 K, CDCl3) δ 165.1, 133.1, 127.1, 65.9, 62.5, 58.0, 

52.3, 31.2, 25.8, 22.9, 22.4, 13.9 ppm. IR (KBr) υ 1729 (C=O), 1637 (C=C), 1186 (C–O) cm–

1.  HRLC-MS (m/z): calcd for C13H26NO2
+ [M–I–]+, 228.1964; found, 228.1961. 
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C12AI: Yield: 42%. 1H NMR (400 MHz, 298 K, CDCl3) δ 6.42 (d, J = 8.6 Hz, 1H, –C=CH2), 

6.12 (dd, J = 8.6, 5.3 Hz, 1H, –C=CH2), 5.95 (d, J = 8.6 Hz, 1H, –CH2=CH–), 4.67 (s, 2H, –

COCH2CH2–), 4.12 (s, 2H, –COCH2CH2–), 3.63 (t, J = 8.6 Hz, 2H, –N+CH2–), 3.49 (s, 6H, –

N+(CH3)2), 1.77 (m, 2H, –N+CH2CH2–), 1.35 (s, 4H, –N+(CH2)2(CH2)2–), 1.24 (s, 14H, –

N+(CH2)4(CH2)7–), 0.86 (t, J = 7.0 Hz, 3H, –CH3) ppm; 13C NMR (100 MHz, 298 K, CDCl3) 

δ 165.0, 133.0, 127.0, 65.8, 62.4, 57.9, 52.3, 31.8, 29.5, 29.5, 29.4, 29.3, 29.2, 29.2, 26.1, 22.9, 

22.6, 14.0 ppm. IR (KBr) υ 1729 (C=O), 1633 (C=C), 1185 (C–O) cm–1.  HRLC-MS (m/z): 

calcd for C19H38NO2
+ [M–I–]+, 312.2903; found, 312.2901. 

 

General Procedure for Polymerization.  

 In a typical run, a mixture of a (main) monomer (1.5 g), a catalytic monomer, CP−I 

(alkyl iodide initiator), and ethylene carbonate (solvent, 25wt%) was heated in a Schlenk flask 

at 50–110 °C under argon atmosphere with magnetic stirring. After a prescribed time t, an 

aliquot (0.1 mL) of the solution was taken out by a syringe, quenched to room temperature, and 

analyzed with GPC and 1H NMR. At the last date point of the reaction, the polymer solution 

was diluted with acetone, and the polymer was reprecipitated in a mixture of hexane/ethanol 

(7/3 (v/v)) twice for purification. The collected polymer was dried in vacuo.  
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Spectral Data. 

 

Figure 2.5. 1H NMR spectrum of C4MAI (400 MHz, 298 K, CDCl3). 

 

 

Figure 2.6. 13C NMR spectrum of C4MAI (100 MHz, 298 K, CDCl3). 
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Figure 2.7. IR spectrum of C4MAI (KBr).  

 

 

Figure 2.8. 1H NMR spectrum of C6MAI (400 MHz, 298 K, CDCl3). 
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Figure 2.9. 13C NMR spectrum of C6MAI (100 MHz, 298 K, CDCl3).  

 

Figure 2.10. IR spectrum of C6MAI (KBr).  
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Figure 2.11. 1H NMR spectrum of EHMAI (300 MHz, 298 K, CDCl3). 

 

Figure 2.12. 13C NMR spectrum of EHMAI (100 MHz, 298 K, CDCl3). 
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Figure 2.13. IR spectrum of EHMAI (KBr). 

 

Figure 2.14. 1H NMR spectrum of C8MAI (400 MHz, 298 K, CDCl3).  
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Figure 2.15. 13C NMR spectrum of C8MAI (100 MHz, 298 K, CDCl3).  

 

Figure 2.16. IR spectrum of C8MAI (KBr). 
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Figure 2.17. 1H NMR spectrum of C12MAI (400 MHz, 298 K, CDCl3). 

 

Figure 2.18. 13C NMR spectrum of C12MAI (100 MHz, 298 K, CDCl3).  
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Figure 2.19. IR spectrum of C12MAI (KBr). 

 

Figure 2.20. 1H NMR spectrum of AMAI (400 MHz, 298 K, CDCl3).  
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Figure 2.21. 13C NMR spectrum of AMAI (100 MHz, 298 K, CDCl3). 

 

Figure 2.22. IR spectrum of AMAI (KBr). 
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Figure 2.23. 1H NMR spectrum of C6AI (500 MHz, 298 K, CDCl3). 

 

Figure 2.24. 13C NMR spectrum of C6AI (100 MHz, 298 K, CDCl3). 
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Figure 2.25. IR spectrum of C6AI (KBr). 

 

Figure 2.26. 1H NMR spectrum of C12AI (500 MHz, 298 K, CDCl3). 
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Figure 2.27. 13C NMR spectrum of C12AI (100 MHz, 298 K, CDCl3).  

 

Figure 2.28. IR spectrum of C12AI (KBr). 
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Figure 2.29. 1H NMR spectrum of PC6MAI (300 MHz, 298 K, DMSO). 

 

 

Figure 2.30. 1H NMR spectrum of PMMA-r-PAMAI (400 MHz, 298 K, CDCl3).
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Chapter 3. Self-catalyzed Synthesis of Nano-capsule and Its Application to 

Heterogeneous RCMP Catalyst 

 

Abstract 

 A quaternary ammonium iodide (QAI)-containing macroinitiator was used in self-

catalyzed polymerization-induced self-assembly (PISA), yielding a nano-capsule (vesicle) 

bearing QAI groups on both outer and inner surfaces of the nano-capsule. QAI is a catalyst for 

reversible complexation mediated polymerization (RCMP). Thus, the obtained nano-capsule 

was utilized as a heterogeneous catalyst in RCMPs of several monomers. A good recyclability 

of the catalytic nano-capsule was demonstrated in ten cycles. Polymers are generated not only 

outside the capsule (via QAI-catalysis on the outer surface) but also inside the capsule (cavity) 

(via QAI-catalysis on the inner surface), latter of which afforded a polymer-loaded nano-

capsule. Thus, the nano-capsule served as a dual catalyst for yielding polymers outside and 

inside the capsule. 
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3.1. Introduction 

Polymerization-induced self-assembly (PISA) is a technique to generate nano-

assemblies such as micelles, worms, and vesicles in situ during the polymerization.1–9 PISA 

can generate assemblies at high solid contents, which is an attractive feature. In PISA, a 

solvophilic macroinitiator is extended via polymerization to form an amphiphilic block 

copolymer. As the second block segment grows, the block copolymer becomes insoluble in the 

polymerization solvent, forming nano-assemblies during the polymerization. PISA utilizes 

living polymerizations such as living radical polymerizations (also termed reversible 

deactivation radical polymerizations) including reversible addition-fragmentation chain 

transfer (RAFT) polymerization10–12, atom transfer radical polymerization (ATRP)13–15, and 

nitroxide mediated polymerization (NMP)16–17. Our research group has conducted PISA using 

reversible complexation mediated polymerization (RCMP)3–5.  

RCMP18-21 utilizes a polymer-iodide (polymer–I) as a dormant species and an iodide 

anion (I−) as a catalyst. I−is used in the form of a quaternary ammonium iodide (QAI) (R4N
+ 

I−), for example. The polymer–I dormant species coordinates the I– catalyst to form a halogen 

bonding complex (polymer–II−). The complex subsequently reversibly generates a 

propagating radical (polymer•) (Scheme 3.1). An advantage of RCMP is use of no metals or 

odorous compounds.  

 

 

Scheme 3.1. Reversible activation in RCMP. 
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Our research group previously utilized QAI-containing monomers such as [2-

(methacryloyloxy)ethyl]dimethylhexylammonium iodide (C6MAI) (Scheme 3.2) and attained 

self-catalyzed RCMP of QAI-containing monomers.22 The monomer contains a polymerizable 

methacrylate moiety and also a catalytic QAI moiety. Because the monomer contains the 

catalytic moiety, the polymerization (RCMP) proceeds without adding extra catalysts.  

 

 

Scheme 3.2. Self-catalyzed synthesis of nano-capsules via RCMP-PISA. 

 

Herein, we report a combination of self-catalyzed RCMP with PISA for synthesizing a 

nano-capsule (vesicle). As Scheme 3.2 shows, we prepared a QAI-containing macroinitiator 

via self-catalyzed RCMP and subsequently used the macroinitiator to conduct self-catalyzed 

RCMP-PISA for synthesizing a nano-capsule. The macroinitiator served as an initiator and a 

catalyst. This is the first self-catalyzed synthesis of a nano-assembly in the fields of living 

radical polymerization and PISA. 

Importantly, the surface of the obtained nano-capsule bears QAI groups (Scheme 3.2). 

Hence, as an application, we further utilized the obtained nano-capsule as a supported 

(heterogeneous) catalyst for RCMP. Heterogeneous catalysts have been extensively studied for 

polymerizations since the development of Ziegler-Natta catalysts in 1970s for producing 

polyethylene and polypropylene.23 An advantage of heterogeneous catalysts is recyclability of 

the catalysts, which is beneficial for sustainability. Heterogeneous catalysts have also 
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extensively been studied in ATRP24–35 and RAFT polymerizations36–38. The present catalytic 

nano-capsule for RCMP is purely organic (with no inorganic support) and recyclable, which 

are attractive features. A marked unique feature of the present catalytic nano-capsule is that the 

nano-capsule bears QAI groups on both outer and inner surfaces of the nano-capsule (Scheme 

3.2) and hence can serve as dual catalysts to conduct RCMP outside and inside the nano-capsule. 

Monomers can undergo polymerization outside the nano-capsule via the outer surface catalysts 

or diffuse into the inner core and undergo polymerization inside the nano-capsule (nano-reactor) 

via the inner surface catalysts. Such dual catalysts are novel in the field of living radical 

polymerization. 

 

3.2. Results and Discussion 

Synthesis of Macroinitiator ((PMMA-r-PC6MAI)–I). 

 A mixture of methyl methacrylate (MMA) (19.3 equiv., main monomer), C6MAI (1 

equiv., co-monomer and catalyst), and 2-iodo-2-methylpropionitrile (CP–I, initiating dormant 

species) was heated at 60 ℃ for 1 h (Scheme 3.2 and Table 3.1). C6MAI contains both 

methacrylate and QAI groups and acts as a monomer and a polymerization catalyst. Hence, the 

polymerization proceeded without an extra catalyst. We intentionally stopped the 

polymerization for a short period of time (1 h) and at low monomer conversions (30% for 

MMA and 41% for C6MAI) in order to retain the chain-end iodide. The obtained polymer was 

purified by reprecipitation in a hexane/ethanol mixture (7/3 (v/v)). The number-average 

molecular weight (Mn) and dispersity (Đ = Mw/Mn) of the purified (PMMA-r-PC6MAI)–iodide 

((PMMA-r-PC6MAI)–I) random copolymer were 1700 and 1.08, respectively, where Mw is the 

weight-average molecular weight, PMMA is poly(methyl methacrylate), and PC6MAI is 

poly([2-(methacryloyloxy)ethyl]dimethylhexylammonium iodide) (Table 3.1). These values 

are PMMA-calibrated gel permeation chromatography (GPC) values. Figure 3.1 shows the 1H 
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NMR spectrum of the purified PMMA-r-PC6MAI. The methyl (CH3) protons (a) of the MMA 

unit appeared at 3.56–3.88 ppm. For C6MAI unit, the ethylene (OCH2) protons (b) appeared at 

4.31–4.74 ppm, the ethylene (OCH2CH2N
+) protons (c) appeared at 3.91–4.31 ppm, the 

ethylene (CH2N
+) protons (d) appeared at 3.69–3.91 ppm, the dimethyl protons ((CH3)2N

+) (e) 

appeared at 3.15–3.56 ppm, the ethylene (N+CH2CH2CH2) protons (f) and the ethylene 

(CH2CCH3) protons (k) appeared at 1.56–2.31 ppm, the ethylene (N+(CH2)2(CH2)3) protons (g, 

h, i) and the methyl (N+(CH2)2(CH2)3CH3) protons (j) and the methyl (CH2CCH3) protons (l) 

and the dimethyl ((CN)C(CH3)2) protons (m) appeared at 0.51–1.56 ppm. The molar ratio of 

the MMA units to the C6MAI units is calculated according to [(integral for a, e, and d) – 

(integral for b and c)(8H for e and d)/(4H for b and c)]/(3H for a) to (integral for b and c)/(4H 

for b and c). We calculated the molar compositions of the MMA and C6MAI units to be 79% 

and 21%, respectively. The original amounts (19.3 equiv. and 1 equiv.) and conversions (30% 

and 41%) of MMA and C6MAI suggest that the polymer compositions before the purification 

were 93% and 7% for MMA and C6MAI, respectively. During the reprecipitation, MMA-rich 

polymers seemed to be removed more, which would result in the observed increase in the 

C6MAI composition (21%) after the purification. Using these Mn value (1700) and molar 

compositions (79% and 21% for the MMA and C6MAI units, respectively), we estimate the 

degree of polymerization (DP) to be approximately 9 and 2 (8.6 and 2.3) for the MMA and 

C6MAI units, respectively. Because the Mn value is not an absolute value but a PMMA-

calibrated GPC value, these DP values are viewed as rough estimate. We use these estimated 

DP values in the present paper. Thus, we obtained (PMMA9-r-PC6MAI2)–I. In the present 

paper, the subscript in the polymer denotes a DP of each monomer. 
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Table 3.1. Synthesis of (PMMA-r-PC6MAI)–I. 

[MMA]0/[C6MAI]0/[CP–

I]0 (equiv.) 

T  

(℃) 

t  

(h) 

Conv. (%)a 

(MMA/C6MAI) 
Mn

b Ðb DPc 

(MMA/C6MAI) 

19.3/1/1 60 1 30/41 1700 1.08 9/2 

aMonomer conversions were determined with 1H NMR. bPMMA-calibrated GPC (THF eluent) values of the 

purified polymer. c The DP values of the MMA and C6MAI units were calculated from the Mn value and the 

polymer compositions obtained from the 1H NMR spectrum of the purified polymer.  

 

 

 

Figure 3.1. 1H NMR spectrum of PMMA-r-PC6MAI (Table 3.1) (400 MHz, 298 K, CDCl3). 

 

Self-catalyzed PISA. 

Using the obtained (PMMA9-r-PC6MAI2)–I as a macroinitiator, we carried out PISA. 

We heated a mixture of benzyl methacrylate (BzMA) (100 equiv., monomer), (PMMA9-r-

PC6MAI2)–I (1 equiv., macroinitiator), 2,2'-azobis(2,4-dimethylvaleronitrile) (V65) (0.5 equiv., 

azo initiator), and ethanol (70 wt% of the total mixture) at 70 ℃ (Scheme 3.2 and Table 3.2). 

The total fraction of the macroinitiator (2.7 wt%) and monomer (BzMA) (27.3 wt%) was 30 

wt%, and hence the solid (polymer) content expected at a full (100%) monomer conversion 

was 30 wt%. V65 was added to increase the polymerization rate. Azo initiators are used to 
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decrease the deactivator concentration, hence, effectively increase the polymerization rate in 

RCMP22 and other living radical polymerization systems39. 

 The polymerization mixture turned cloudy at 1 h, suggesting the formation of a self-

assembly as the PBzMA segment became long enough to be insoluble in ethanol (solvent), 

where PBzMA is poly(benzyl methacrylate). An aliquot of the polymerization mixture was 

taken out at 1, 1.25, 1.5, and 2 h and diluted with CDCl3 for the NMR analysis (to determine 

the monomer conversion) or tetrahydrofuran (THF) for the GPC analysis. The monomer 

conversion reached 62 % for 2 h (Table 3.2 and Figure 3.2a). The GPC chromatogram at 2 h 

(Figure 3.2b) show that a large fraction of the macroinitiator chains smoothly extended to block 

copolymer chains, suggesting a high block efficiency. The Mn value increased with an increase 

in the monomer (BzMA) conversion and the Đ value was 1.19–1.38 during the polymerization 

(Table 3.2 and Figure 3.2c), suggesting that the C6MAI units in the macroinitiator worked as 

effective catalysts in the polymerization.  

 

Table 3.2. PISA of BzMA using (PMMA9-r-PC6MAI2)–I and V65 (in 70% Ethanol) at 70 ℃. 

[BzMA]0/[(PMMA9-

r-PC6MAI2)–

I]0/[V65]0 (equiv.)a 

t (h) 
Conv. 

(%)b Mn
c (Mn,theo

d) Ðc 

Hydrodynami

c size in DLS 

(d(DLS)) 

(nm)e 

DLS size 

distribution 

indexf 

100/1/0.5 

1 33 6100 (7500) 1.38 - - 

1.25 40 7500 (8700) 1.22 - - 

1.5 52 8400 (11000) 1.22 - - 

2 62 12000 (13000) 1.19 220 0.139 

a Solvent was ethanol (70 wt%). bMonomer (BzMA) conversion determined with 1H NMR. cPMMA-calibrated 

GPC values (THF eluent). dTheoretical Mn values calculated according to ([BzMA]0/[macroinitiator]0)(monomer 

conversion) + (molecular weight of macroinitiator (1700)). eIntensity-average DLS peak-top value (in 

water/ethanol mixture (98.6/1.4 (v/v))). fThe intensity-average size distribution index in DLS defined as [(standard 

deviation)/(peak-top value)]2 (in water/ethanol mixture (98.6/1.4 (v/v))).  
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Figure 3.2. (a) Plot of ln([M]0/[M]) vs. time (t), (b) GPC chromatograms at 0 and 2 h, and (c) 

plots of Mn and Mw/Mn vs. monomer conversion for the BzMA/(PMMA9-r-PC6MAI2)–

I/V65/ethanol system (70 °C): [BzMA]0 = 8 M; [(PMMA9-r-PC6MAI2)–I]0 = 80 mM; [V65]0 

= 40 mM; ethanol = 70 wt% (Table 3.2).  

 

 At 2 h, the DP of PBzMA is estimated to be 62 from the original amount of BzMA (100 

equiv. to the macroinitiator) and the conversion of BzMA (62%). We use this estimated DP 

value in the present paper and denote the block copolymer as (PMMA9-r-PC6MAI2)-b-

PBzMA62. The self-assembly obtained at 2 h was studied using transmission electron 

microscopy (TEM) and dynamic light scattering (DLS) (Figure 3.3). For the TEM analysis, the 

polymerization mixture was diluted with ethanol (50 times), dropped on a TEM grid, and dried 

under vacuum condition. The TEM image (image A in Figure 3.3a, median size of the vesicles 

is 140 nm) suggests the generation of a vesicle. For the DLS analysis, the polymerization 

mixture was diluted with water (50 times). The DLS analysis (Figure 3.3 and Table 3.2) shows 

that the hydrodynamic size (intensity-average DLS peak top value) of the assembly was 220 

nm (in a water/ethanol (98.6/1.4 (v/v)) mixture). The size (diameter = 220 nm) of the assembly 

was larger than the two-fold (ca. 37 nm) of the contour length (ca. 18 nm = 0.25 nm   (= 9 
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+ 2 + 62) monomer units in total) of the block copolymer, suggesting that the generated 

assembly was not a micelle but a vesicle. (The size of the assembly shown in the TEM image 

is somewhat smaller than that determined using DLS, because the assembly was dry in the 

TEM analysis and swollen in the DLS analysis (in the solvent).) The solid content at 2 h was 

19.6 wt% (2.7 wt% of the macroinitiator and 16.9 wt% of the PBzMA segment generated 

during the PISA). Thus, we successfully obtained a (PMMA9-r-PC6MAI2)-b-PBzMA62 nano-

capsule with a relatively high solid content.  

 

Synthesis of Crosslinked Nano-capsules. 

In order to stabilize (fix) the nano-capsule structure, we co-used a crosslinkable divinyl 

monomer, i.e., ethylene glycol dimethacrylate (EGDMA), as well as BzMA in PISA. A small 

amount of EGDMA (6.25% molar fraction of EGDMA and 93.75% molar fraction of BzMA) 

was used to crosslink the polymer at a later stage of polymerization, i.e., after the assembly 

(nano-capsule) was formed.  

 

Table 3.3. Synthesis of Crosslinked Nano-capsule at 70 ℃. 

[BzMA]0/[EGDMA]0/[(PMMA9-r-PC6MAI2)–

I]0/[V65]0 (equiv.)a t (h) 

Hydrodynamic 

size in DLS 

(d(DLS)) (nm)b 

DLS size 

distribution 

indexc 

93.75/6.25/1/0.5 2 234 0.139 

a Solvent was ethanol (70 wt%). bIntensity-average DLS peak-top value (in water/ethanol mixture (98.6/1.4 (v/v))). 
cThe intensity-average size distribution index in DLS defined as [(standard deviation)/(peak-top value)]2 (in 

water/ethanol mixture (98.6/1.4 (v/v))). 

 

We carried out the same polymerization as above (Table 3.2) except co-using EGDMA 

(Table 3.3) for 2 h. Both BzMA and EGDMA are methacrylates. We assume that the two 

monomers have same reactivity and that the total monomer conversion was the same as that 

using BzMA only (62% (Table 3.2)). Thus, we denote the obtained polymer as (PMMA9-r-

PC6MAI2)-b-(PBzMA-r-PEGDMA)62. As the TEM image (image B in Figure 3.3b, median 
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size of the vesicles is 310 nm) shows, a vesicle was generated. The DLS analysis (Figure 3.3b 

and Table 3.3) showed that the hydrodynamic size (DLS peak top) of the assembly in a 

water/ethanol (98.6/1.4 (v/v)) mixture was 234 nm, which is close to that (220 nm) of the non-

crosslinked vesicle obtained using BzMA only (Figure 3.3a and Table 3.2).  

We added THF to the non-crosslinked (Figure 3.3a) and crosslinked (Figure 3.3b) 

vesicles. The non-crosslinked vesicle decomposed to single polymer chains with a 

hydrodynamic size of 7 nm (in a THF/ethanol (98.6/1.4 (v/v)) mixture), because the PBzMA 

segment is soluble in THF. In contrast, the crosslinked vesicle was stable in THF (THF/ethanol 

(98.6/1.4 (v/v)) mixture) with a hydrodynamic size of 191 nm, which is close to that (234 nm) 

in water (water/ethanol (98.6/1.4 (v/v)) mixture). The TEM analysis confirmed that the 

assembly structure (vesicle structure) was unchanged in water (image B in Figure 3.3) and THF 

(image C in Figure 3.3, median size of the vesicles is 183 nm). Thus, we successfully obtained 

the crosslinked vesicle. We observed that the outline of the vesicle (shell layer) in image C is 

much obvious than that in image B. It could be due to the different contrast in TEM image B 

and C. Another possible reason might be due to the different drying speed of different solvents 

(ethanol for TEM image B and THF for TEM image C). 
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Figure 3.3. DLS curves in water (water/ethanol mixture (98.6/1.4 (v/v)) (dashed line) and in 

THF (THF/ethanol mixture (98.6/1.4 (v/v)) (solid line) for (a) (PMMA9-r-PC6MAI2)-b-

PBzMA62 and (b) (PMMA9-r-PC6MAI2)-b-(PBzMA-r-PEGDMA)62 nano-capsules. TEM 

images for A = (PMMA9-r-PC6MAI2)-b-PBzMA62, B = (PMMA9-r-PC6MAI2)-b-(PBzMA-r-

PEGDMA)62 in ethanol, and C = (PMMA9-r-PC6MAI2)-b-(PBzMA-r-PEGDMA)62 in THF.  

 

 

Polymerizations of MMA Using Catalytic Nano-capsule. 

The obtained crosslinked nano-capsule (Table 3.3) contains QAI (C6MAI) units on both 

outer and inner surfaces of the nano-capsule (Scheme 3.2). The QAI unit can work as a RCMP 

catalyst, motivating us to use this crosslinked nano-capsule as a unique catalytic nano-capsule. 

We exploited the outer and inner QAI groups in a dual manner and conducted RCMP outside 

and inside the nano-capsule.  

A mixture of MMA (52 wt% of total reaction mixture, 100 equiv., monomer), CP–I (1 

equiv., initiator), and the crosslinked nano-capsule (13 wt% of total reaction mixture, 0.5 equiv. 

of the C6MAI unit, catalyst), and toluene (35 wt% of total reaction mixture, solvent) was heated 

at 70 ℃ (Table 3.4 (entry 1) and Figure 3.4 (circles)). The monomer (MMA) conversion 

reached 42% for 24 h. For 24 h, the polymer generated outside the nano-capsule had a Mn value 

of 5100, which is close to the theoretical value (4400), and a Đ value of 1.22. In order to further 



 

71 
 

decrease the Đ value, we added a small amount of I2 (0.0125 equiv. to CP–I) (Table 3.4 (entry 

2) and Figure 3.4 (squares)). The Đ value slightly decreased to 1.20 for 24 h (monomer 

conversion = 28% and Mn = 3200). I2 is a good deactivator of Polymer• and its addition can 

ensure a sufficiently high deactivation rate.22, 40  

While a low-dispersity polymer was successfully obtained, the polymerization was 

relatively slow (Table 3.4 (entry 2) and Figure 3.4 (squares)). To increase the polymerization 

rate, we added a small amount (0.25 equiv.) of an azo initiator, i.e., 2,2'-azobis(2-

methylpropionitrile) (AIBN) (Table 3.4 (entry 3) and Figure 3.4 (triangles)). With the addition 

of AIBN, the polymerization rate increased by a factor of approximately 21 (Figure 3.4), even 

though the amount of the crosslinked nano-capsule was approximately halved (6 wt% for Table 

3.4 (entry 3) vs. 13 wt% for Table 3.4 (entry 1)). The monomer (MMA) conversion reached 

91% for 9 h, while keeping a small Ð value (1.23). These results (Table 3.4 and Figure 3.4) 

demonstrate that the crosslinked nano-capsule successfully worked as a heterogeneous catalyst 

in RCMP of MMA (outside the nano-capsule). (The RCMP inside the nano-capsule will be 

described below.) We supposed the PMMA was formed by dissolving in the solvent but not 

absorbing on the nano-capsule. The nano-capsule works as a catalyst to coordinate to the 

polymer-iodide, generating polymer radical chain which dissolve in the solvent.  
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Table 3.4. RCMPs of MMA using Catalytic Nano-capsule.  

Entry 

[MMA]0/[CP–

I]0/[I2]0/[AIBN]0 

(equiv.)a 

Catalytic 

nano-capsule T  

(oC) 

t  

(h) 

Conv. 

(%)b Mn (Mn,theo
c) Ð 

1 100/1/0/0 

13 wt% 

 (0.5 equiv. 

C6MAI unit) 

70 24 42 5100 (4200) 1.22 

2 100/1/0.0125/0 

13 wt% 

(0.5 equiv. 

C6MAI unit) 

70 24 28 3200 (2800) 1.20 

3 100/1/0.0125/0.25 

6 wt% 

(0.2 equiv. 

C6MAI unit) 

70 9 91 9800 (9100) 1.23 

a52 wt% MMA, 13 wt% catalytic nano-capsule, and 35 wt% solvent (toluene) for entries 1 and 2 and 56 wt% 

MMA, 6 wt% catalytic nano-capsule, and 38 wt% solvent (toluene) for entry 3. bMonomer conversions determined 

with 1H NMR. cTheoretical Mn values calculated according to ([MMA]0/[CP–I]0)(monomer conversion). 

 

 

Figure 3.4. Plots of (a) ln([M]0/[M]) vs. time (t) and (b) Mn and Mw/Mn vs. monomer conversion 

for the MMA/CP−I/(catalytic capsule)/I2/AIBN systems (70 °C). The reaction conditions are 

given in Table 4. The symbols are indicated in the figure.  

 

Polymerizations of Several Monomers Using Catalytic Nano-capsule. 

Besides MMA, we studied RCMPs of other functional methacrylates, i.e., BzMA and 

poly(ethylene glycol) methyl ether methacrylate (PEGMA) (molecular weight = 300), and 

other families of monomer, i.e., styrene (St) and acrylonitrile (AN) using the catalytic nano-
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capsule (Table 5). Relatively low-dispersity polymers (Ð = 1.34–1.48) were obtained with 75–

89% monomer conversions for 1–8 h. The results suggest a wide monomer scope of the 

catalytic nano-capsule.  

 

Table 3.5. RCMPs of BzMA, PEGMA, St, and AN using Catalytic Nano-capsule. 

Entry Monomer 

[Monomer]0/ 

[CP–I]0/ 

[Azo initiator]0 

(equiv.)a,b 

Catalytic  

nano-

capsule 

T  

(oC) 

t  

(h) 

Conv.  

(%)c 

Mn
d  

(Mn,theo
e) 

Ðd 

1 BzMA 100/1/0.25 
9 wt% 

(0.8 equiv.) 
70 2 89 

14000 

(16000) 
1.48 

2 PEGMA 100/1/1 
6 wt%  

(0.6 equiv.) 
60 2 89 

23000 

(27000) 
1.35 

3 St 100/1/1 
9 wt%  

(0.5 equiv.) 
80 8 75 

5500 

(7800) 
1.34 

4 AN 100/1/0.125 
6 wt% 

(0.1 equiv.) 
75 1 86 

19000 

(4600) 
1.48 

a38 wt% monomer, 9 wt% catalytic nano-capsule, and 53 wt% solvent (toluene) for entries 1 and 3, 58 wt% 

monomer, 6 wt% catalytic nano-capsule, and 36 wt% solvent (toluene) for entry 2 and 4. bAzo intiator = AIBN 

for entries 1, 3, and 4 and V65 for entry 2. cMonomer conversions determined with 1H NMR. dPMMA-calibrated 

THF-GPC values for entries 1 and 3 and PMMA-calibrated DMF-GPC values for entries 2 and 4. eTheoretical Mn 

values calculated according to ([monomer]0/[CP–I]0)(monomer conversion). 
 

Recycling of Catalytic Nano-capsule. 

The catalytic nano-capsule was able to be recovered from the polymerization solution 

through precipitation (using toluene as a good solvent to dilute reaction mixture and collect the 

nano-capsule by subsequent centrifugation). To demonstrate the recyclability of the catalytic 

nano-capsule, we used the recovered catalytic nano-capsule in the polymerizations of MMA 

under the same condition (condition in Table 3.4 (entry 3)) in recycled manners. We added I2 

in each run, because I2 was washed out from the nano-capsule in the recovery process. In ten 

polymerization cycles, similar monomer conversions (83–91%) and Mn values (9200–9800) 

were consistently achieved for the 9 h polymerization (Figure 3.5 and Table 3.6). The Ð value 

gradually increased from 1.23 (first cycle) to 1.39 (tenth cycle), suggesting a gradual loss of 

the catalytic activity. Nevertheless, the Ð value was still relatively small (1.39) even in the 

tenth cycle. The results show the good recyclability of the catalytic nano-capsule. The size of 
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the catalytic nano-capsule might increase after first cycle due to the occupancy of polymer 

(PMMA) in the core and thus expanding the nano-capsule. But the increase in size should be 

minor since the vesicular structure was crosslinked (covalently stabilized). 

  

Table 3.6. RCMPs of MMA using Recycled Catalytic Nano-capsule. 

Cyclea [MMA]0/[CP–

I]0/[AIBN]0/[I2] (mM)b 

Catalytic 

nano-capsule 

T 

(oC) 

t 

(h) 

Conv.  

(%)c 

Mn 

(Mn,theo
d) Ð 

1 

8000/80/20/1 

(100/1/0.25/0.0125) 

(equiv.) 

6 wt% 

(0.2 equiv. 

C6MAI unit) 

70 9 91 
9800 

(9100) 
1.23 

2 

8000/80/20/1 

(100/1/0.25/0.0125) 

(equiv.) 

6 wt% 

(0.2 equiv. 

C6MAI unit) 

70 9 87 
9200 

(8700) 
1.22 

3 

8000/80/20/1 

(100/1/0.25/0.0125) 

(equiv.) 

6 wt% 

(0.2 equiv. 

C6MAI unit) 

70 9 84 
9400 

(8400) 
1.24 

4 

8000/80/20/1 

(100/1/0.25/0.0125) 

(equiv.) 

6 wt% 

(0.2 equiv. 

C6MAI unit) 

70 9 85 
9500 

(8500) 
1.31 

5 

8000/80/20/1 

(100/1/0.25/0.0125) 

(equiv.) 

6 wt% 

(0.2 equiv. 

C6MAI unit) 

70 9 90 
9500 

(9000) 
1.33 

6 

8000/80/20/1 

(100/1/0.25/0.0125) 

(equiv.) 

6 wt% 

(0.2 equiv. 

C6MAI unit) 

70 9 86 
9800 

(8600) 
1.33 

7 

8000/80/20/1 

(100/1/0.25/0.0125) 

(equiv.) 

6 wt% 

(0.2 equiv. 

C6MAI unit) 

70 9 85 
9800 

(8500) 
1.36 

8 

8000/80/20/1 

(100/1/0.25/0.0125) 

(equiv.) 

6 wt% 

(0.2 equiv. 

C6MAI unit) 

70 9 83 
9600 

(8300) 
1.32 

9 

8000/80/20/1 

(100/1/0.25/0.0125) 

(equiv.) 

6 wt% 

(0.2 equiv. 

C6MAI unit) 

70 9 86 
10400 

(8600) 
1.38 

10 

8000/80/20/1 

(100/1/0.25/0.0125) 

(equiv.) 

6 wt% 

(0.2 equiv. 

C6MAI unit) 

70 9 86 
10400 

(8600) 
1.39 

aPolymerization cycle. b56 wt% MMA, 6 wt% catalytic nano-capsule, and 38 wt% solvent (toluene). cMonomer 

conversions determined from NMR. dTheoretical Mn calculated according to ([MMA]0/[CP–I]0)(monomer 

conversion). 

 



 

75 
 

 

Figure 3.5. RCMPs of MMA using catalytic nano-capsule in a recycled manner. The reaction 

condition for each cycle was the same as Table 4 (entry 3): MMA/CP−I/(catalytic 

capsule)/I2/AIBN system (70 °C) where [MMA]0 = 8 M; [CP-I]0 = 80 mM; [AIBN]0 = 20 mM; 

[I2]0 = 1 mM. 

 

Use of Catalytic Nano-capsule as Nano-reactor. 

 We also utilized the nano-capsule as a catalytic nano-reactor. The present nano-capsule 

bears QAI groups not only on the outer surface but also on the inner surface, and hence we 

conducted RCMP in the cavity of the nano-capsule. We first dispersed the catalytic nano-

capsule (6 wt% of total reaction mixture) in toluene (38 wt% of total reaction mixture) at room 

temperature. After stirring for 2 h, we added a mixture of MMA (100 equiv.), CP–I (1 equiv.), 

AIBN (0.25 equiv.), and I2 (0.025 equiv.) and stirred the whole mixture for another 2 h at room 

temperature to ensure that the monomer (MMA), initiating dormant species (CP–I), and other 

species diffuse into the cavity of the nano-capsule. (We did not conduct the pre-stirring (totally 

4 h) in the above-mentioned study for polymers outside the nano-capsule. However, the 
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monomer, initiating dormant species, and other species should diffuse in the cavity and the 

polymerization should occur in the cavity in the above-mentioned study, too. Here, to study 

RCMP in the cavity in more detail, we conducted the pre-stirring to ensure their diffusion into 

the cavity.) We subsequently heated the mixture at 70 ℃ for 6 h. The polymerization took 

place in both inside and outside the nano-capsule. After the polymerization, we collected the 

catalytic nano-capsule by immersion in toluene to fully remove small molecules from the cavity. 

We suppose that the polymer formed outside the nano-capsule was rinsed out while the 

polymer formed inside the nano-capsule stayed in the cavity because large molecules (polymer 

chains) were not able to penetrate the nano-capsule shell.  

The collected nano-capsule was analyzed with DLS and TEM. The DLS analysis 

showed that the hydrodynamic size (DLS peak top) increased from 191 nm (before the 

polymerization in the cavity) in THF (solvent) to 396 nm (after the polymerization in the 

cavity) in THF (solvent). The increase in the particle size suggests an increase in the osmotic 

pressure in the cavity and hence the presence of polymers in the cavity. The TEM image (Figure 

3.6) shows that the cavity of the nano-capsule was loaded with the polymer (PMMA). The 

cavity was empty before the MMA polymerization (Figure 3.3c). After the MMA 

polymerization, the cavity was dark in color (Figure 3.6) which is different from Figure 3.3c.  

The results demonstrate that the polymerization occurred in the cavity and that the nano-

capsule served as a catalytic nano-reactor for RCMP. Interestingly, in the present system, the 

hydrophobic (PMMA) nanoparticle was obtained in a stable manner in the hydrophobic (MMA 

and toluene) medium, unlike conventional emulsion and polymerizations utilizing hydrophilic 

media to generate hydrophobic particles. This aspect is a unique feature to use the nano-reactor. 

However, it is not possible to remove, isolate and characterize the PMMA synthesized within 

the cavity of the nano-capsule, because ester linkages present in EGDMA, PMMA, PBzMA, 
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and PMMA-r-PC6MAI. With base degradation, it is not possible to selectively cleave the ester 

linkages in EGDMA from others. 

 

Figure 3.6. TEM image of PMMA-loaded catalytic nano-capsule. 

 

3.3. Conclusions 

 QAI-containing nano-capsule was obtained via self-catalyzed RCMP-PISA at a 

relatively high (19.6 wt%) solid content. The obtained nano-capsule was successfully utilized 

as a heterogeneous catalyst in RCMPs of MMA, BzMA, PEGMA, St, and AN, yielding 

relatively low-dispersity (Ð = 1.23–1.48) polymers at high monomer conversions (75–91%). 

A good recyclability of the catalytic nano-capsule was demonstrated in RCMPs of MMA in 

ten cycles. The nano-capsule bears QAI groups on the inner surface (as well as the outer 

surface) and hence worked as a catalytic nano-reactor, yielding a PMMA-loaded nano-capsule. 

In the future, the nano-reactor may be used for block copolymerizations to create functional 

micro-phase separation nanoparticles and selective polymerization for monomers with 

different property (i.e., hydrophilic and hydrophobic monomers) for example. The self-

catalyzed synthesis of a nano-capsule at a relatively high solid content and a unique application 

of the obtained nano-capsule as a dual heterogeneous catalyst are attractive and interesting 

features of this study. 
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3.4 Experimental Section 

Materials. 

 Tetrahydrofuran (THF) (>99.5%, Kanto Chemical, Japan), 1-iodohexane (≥98%, 

Sigma-Aldrich), 2,2′-azobis(2-methylpropionitrile) (AIBN) (95%, Wako Pure Chemical, 

Japan), 2-(dimethylamino)ethyl methacrylate (DMAEMA) (≥98.5%, TCI), 2-iodo-2-

methylpropionitrile (CP−I) (˃95%, TCI), acetone (≥99.5%, Fisher Scientific, USA), benzyl 

methacrylate (BzMA) (˃98%, TCI), chloroform (>99.2%, VWR Chemicals, USA), methyl 

methacrylate (MMA) (˃99.8%, Tokyo Chemical Industry (TCI)), poly(ethylene glycol) methyl 

ether methacrylate (PEGMA) (average molecular weight = 300) (98%, Sigma-Aldrich, USA), 

acrylonitrile (AN) (˃99%, TCI), 2,2’-azobis(2,4-dimethylvaleronitrile) (V65) (95%, Wako), 

styrene (St) (˃99.8%, TCI), ethylene carbonate (EC, ˃99%, TCI), ethanol (≥99.5%, absolute, 

Fisher Scientific), toluene (ACS reagent grade, VWR International), hexane (>99%, 

International Scientific, Singapore) and N,N-dimethylformamide (DMF) (>99.5%, Kanto), 

were used as received.  

 

Measurement. 

 A Shimadzu i-Series Plus liquid chromatograph LC-2030c Plus (Kyoto, Japan) 

equipped with a Shodex (Japan) KF-804L mixed gel column (300 × 8.0 mm; bead size = 7 m; 

pore size = 1500 Å) and a Shodex LF-804 mixed gel column (300 × 8.0 mm; bead size = 6 m; 

pore size = 3000 Å) was used with THF eluent for the GPC analysis. The flow rate was 0.7 

mL/min (40 oC). A Shimadzu LC-2030c Plus equipped with two Shodex LF-804 mixed gel 

columns (300 × 8.0 mm; bead size = 6 m; pore size = 3000 Å) and a Shodex KD-802 (300 × 

8.0 mm; bead size = 6 m; pore size = 150 Å) was used with DMF eluent for the GPC analysis. 

The flow rate was 0.34 mL/min (40 °C). The DMF eluent contained LiBr (10 mM). A refractive 
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index detector (RID-20A) was used for sample detection for THF-GPC and for DMF-GPC. 

For both THF-GPC and DMF-GPC systems, standard poly(methyl methacrylate)s (PMMAs) 

was used to calibrate the column system.   

 The NMR spectra were recorded on Bruker (Germany) BBFO400 spectrometer (400 

MHz) at ambient temperature. CDCl3 (Cambridge Isotope Laboratories, USA) were used as 

the solvents for the NMR analysis, and the chemical shift was calibrated using residual 

undeuterated solvents or tetramethylsilane (TMS) as the internal standard. The monomer 

conversions and the monomer compositions in the obtained polymers were determined with 1H 

NMR.  

A JEM-1400 transmission electron microscope (JEOL, Japan) operated at 100 kV  was 

used to obtain transmission electron microscopy (TEM) images. The TEM grid was carbon-

coated on 200 mesh (copper) (Ted Pella, USA). 

A Malvern Zetasizer Nano ZSP (Worcestershire, UK) was used for the dynamic light 

scattering (DLS) measuremen. The test angle for the DLS analysis was 173° (backscattering 

detection). Ethanol, water or THF were used as the solvent. 

 

Synthesis of Macroinitiator (PMMA-r-PC6MAI–I).  

A mixture of MMA (7.5 g, 75 mmol), C6MAI (1.46 g, 3.95 mmol), and CP−I (0.77 g, 

3.95 mmol) was heated in a 50 mL flask at 60 °C under argon atmosphere with magnetic stirring. 

After 1 h, the mixture was quenched to room temperature and diluted with acetone (10 mL). 

The solution was dropped into a mixture of hexane/ethanol (7/3 (v/v), 100 mL) for purification. 

The reprecipitation was repeated twice to complete remove the monomers. The polymer was 

collected and dried in vacuo to give PMMA-r-PC6MAI as a yellow solid. Yield: 36% (3.54 g). 

Mn = 1700 and Đ = 1.08 after purification.  
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Self-catalyzed PISA.  

In a typical run, a mixture of BzMA monomer (1 g), a macroinitiator (PMMA-r-

PC6MAI), and V65 was heated in a Schlenk flask at 70 ℃ under argon atmosphere with 

magnetic stirring. After a prescribed time t, an aliquot (0.1 mL) of the solution was taken out 

by a syringe, quenched to room temperature, and analyzed with GPC and 1H NMR. An aliquot 

(0.1 mL) was diluted with ethanol, water or THF for DLS and TEM.  

 

General Procedure for Polymerization.  

In a typical run, a mixture of a monomer (1 g), catalytic nano-capsules, CP−I (alkyl 

iodide initiator), and solvent was heated in a Schlenk flask at 60–80 °C under argon atmosphere 

with magnetic stirring. After a prescribed time t, an aliquot (0.1 mL) of the solution was taken 

out by a syringe, quenched to room temperature, and analyzed with GPC and 1H NMR. 

 

Recyclability Test (Recovery of Catalytic Nano-capsule).  

In a typical run, a mixture of an MMA (4.5 g, 56 wt% of total reaction mixture, 100 

equiv.), catalytic nano-capsules (0.5 g, 6 wt% of total reaction mixture, 0.2 equiv.), CP−I (alkyl 

iodide initiator, 1 equiv.), I2 (0.0125 equiv.), AIBN (0.25 equiv.), and toluene (38 wt%) of total 

reaction mixture was heated in a Schlenk flask at 70 °C under argon atmosphere with magnetic 

stirring. After 9 h, the reaction mixture was quenched to room temperature, and analyzed with 

GPC and 1H NMR. The reaction mixture was diluted with toluene and the catalytic nano-

capsule was collected by centrifugation. The catalytic nano-capsule was dried in vacuum 

overnight then used for next MMA polymerization cycle.  
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RCMP in the Cavity of Nano-capsule.  

In a typical run, a mixture of a catalytic nano-capsule (6 wt% of total reaction mixture) 

and toluene (38 wt% of total reaction mixture) was stirred at room temperature. After 2 h, a 

mixture of MMA (100 equiv., 56 wt% of total reaction mixture), CP–I (1 equiv.), AIBN (0.25 

equiv.), and I2 (0.025 equiv.) was added and stirred the whole mixture for another 2 h at room 

temperature. The whole mixture was then heated at 70 ℃ for 6 h. After 6 h, the mixture was 

quenched to room temperature, and stirred with excess toluene then centrifuged to collect the 

nano-capsule. The collected capsule was dried in vacuum overnight and analyzed by TEM. 
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Chapter 4. Synthesis of Degradable and Chemically Recyclable Polymers Using 4,4-

Disubstituted Five-Membered Cyclic Ketene Hemiacetal Ester (CKHE) Monomers. 

 

Abstract 

 Novel degradable and chemically recyclable polymers were synthesized using five-

membered cyclic ketene hemiacetal ester (CKHE) monomers. The studied monomers were 4,4-

dimethyl-2-methylene-1,3-dioxolan-5-one (DMDL) and 5-methyl-2-methylene-5-phenyl-1,3-

dioxolan-4-one (PhDL). The two monomers were synthesized in high yields (80–90%), which 

is an attractive feature. DMDL afforded its homopolymer with a relatively high molecular 

weight (Mn >100 000, where Mn is the number-average molecular weight). DMDL and PhDL 

were copolymerized with various families of vinyl monomers, i.e., methacrylates, acrylates, 

styrene, acrylonitrile, vinyl pyrrolidinone, and acrylamide, and various functional 

methacrylates and acrylate. Such a wide scope of the accessible polymers is highly useful for 

material design. The obtained homopolymers and random copolymers of DMDL degraded in 

basic conditions (in the presence of a hydroxide or an amine) at relatively mild temperatures 

(room temperature to 65 °C). The degradation of the DMDL homopolymer generated 2-

hydroxyisobutyric acid (HIBA). The generated HIBA was recovered and used as an ingredient 

to re-synthesize DMDL monomer, and this monomer was further used to re-synthesize the 

DMDL polymer, demonstrating the chemical recycling of the DMDL polymer. Such 

degradability and chemical recyclability of the DMDL polymer may contribute to the circular 

materials economy.  
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4.1. Introduction   

Degradable polymers find numerous applications in, e.g., drug delivery, packaging, and 

agriculture fields.1–9 In the field of radical polymerization, degradable polymers are 

prepared via radical ring-opening polymerization of cyclic ketene acetals (CKAs),10–14 for 

example, gaining significant attention. Examples of CKA are 2-methylene-1,3-dioxepane 

(MDO),15–23 5,6-benzo-2-methylene-1,3-dioxepane (BMDO),24–26 and 2-methylene-4-phenyl-

1,3-dioxolane (MPDL)27–30 (Scheme 4.1). CKAs are homo-polymerized and co-polymerized 

with other vinyl monomers, affording degradable ester linkages in the polymer backbones. 

Mechanistically (Scheme 4.1), the radical addition to the carbon–carbon double bond of CKA 

generates a ring-retained radical. The subsequent intramolecular fragmentation (ring opening) 

generates a ring-opened radical and provides a degradable ester linkage in the backbone. MDO 

and BMDO are seven-membered ring, and the ring strain would promote the ring opening. 

BMDO and MPDL produce benzylic ring-opened radicals, and the stabilization of the radical 

by the phenyl group would promote the ring opening. The obtained homopolymers and 

copolymers have been exploited for applications in, e.g., packaging, agrochemical, personal 

care, and biomedical applications.10–13 
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Scheme 4.1. CKA monomers and their possible polymerization mechanisms. 

 

In the present work, we are motivated to use cyclic ketene hemiacetal esters (CKHEs) 

(Scheme 4.2) as alternatives to CKAs. A CKHE bears a carbonyl group, while a CKA does not. 

We choose 4,4-disubstituted five-membered CKHEs, i.e., 4,4-dimethyl-2-methylene-1,3-

dioxolan-5-one (DMDL) and 5-methyl-2-methylene-5-phenyl-1,3-dioxolan-4-one (PhDL) 

(Scheme 4.2). If their ring opening occurs (Scheme 4.2), a relatively stable polymethacrylate-

like radical (a tertiary radical with an ester group and two alkyl groups) is generated. Hence, 

we hypothesize that the polymerizations of these monomers would prefer ring opening and 

provide polymers with anhydride degradable linkages in the backbone, which is our initial 

motivation, although this hypothesis is found to be incorrect as described below. 
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Scheme 4.2. CKHE monomers and their possible polymerization mechanisms. 

 

To the best of our knowledge, there is one report of radical polymerization of a CKHE. 

The studied CKHE was a six-membered CKHE, i.e., 2-methylene-4H-benzo[d][1,3]dioxin-4-

one (MBDO (Scheme 4.2)).31 MBDO yielded polymers with ring-retained structures, possibly 

because its ring-opened radical is a phenyl radical, which is unlikely to generate. The 

homopolymer of MBDO was insoluble in most of common organic solvents. MBDO was 

copolymerized with vinyl acetate (VAc), yielding soluble random copolymers. Interestingly, 

the obtained polymers degraded via acid-assisted hydrolysis. After 5 days of the hydrolysis, 

only small molecules were detected. The authors suggested the backbone (main chain) scission 

of the polymers. The nuclear magnetic resonance (NMR) analysis showed that the polymers 

degraded to acetic acid and salicylic acid, which are raw ingredients of MBDO. Therefore, the 

authors suggested that the polymers are potentially recyclable, although the recycling was not 

demonstrated experimentally. These results are interesting findings. 
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In the present paper, we report the use of DMDL and PhDL as CKHEs to synthesize 

their homopolymers and random copolymers with several co-monomers. DMDL and PhDL are 

4,4-disubstituted five-membered CKHEs bearing two methyl groups (DMDL) or a phenyl 

group and a methyl group (PhDL) at the 4-position. Unlike the previously reported MBDO, 

DMDL was able to generate homopolymers soluble in common organic solvents. DMDL and 

PhDL were also able to be copolymerized with a range of co-monomers. Mechanistically, 

contrary to our initial hypothesis, DMDL and PhDL generated polymers with ring-retained 

structures (Scheme 4.2) like MBDO, meaning that the activation energy for generating the ring-

opened radical is still high for DMDL and PhDL. Nevertheless, despite the ring-retained 

structure, the PDMDL homopolymers and copolymers degraded via the backbone scission in 

basic conditions, where PDMDL is poly(4,4-dimethyl-2-methylene-1,3-dioxolan-5-one). 

Importantly, NaOH-assisted degradation of PDMDL homopolymers generated 2-

hydroxyisobutyric acid (HIBA), which is a raw ingredient of DMDL (Scheme 4.3). We 

recovered HIBA to synthesize the DMDL monomer and PDMDL, demonstrating the recycling 

of PDMDL (Scheme 4.3). In this recycling, four of the six carbons of DMDL are 

recycled via HIBA (four carbons). Thus, the polymers serve as (partly) recyclable polymers. 

Markedly, the degradation of our polymers does not generate mere CO2 but generates their raw 

ingredient. This type of polymers is classified to chemically recyclable polymers that can 

degrade into their raw ingredients or useful oligomers to build other new polymeric 

materials.2 Chemically recyclable polymers are attractive in sustainability and may provide 

more economic values compared with polymers that can degrade into mere CO2. 
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Scheme 4.3. Synthesis of monomer, polymerization, hydroxide-assisted degradation of 

polymer, and recycle of HIBA. 

 

4.2. Results and Discussion 

Synthesis of DMDL and PhDL. 

 DMDL was previously synthesized in the field of synthetic organic chemistry32 but has 

not been utilized in polymerization. According to the literature,32 we synthesized DMDL via an 

intramolecular cyclization of commercially available compound 3 (R1 = CH3 in Scheme 4.3) 

(1 equiv.) using triethylamine (TEA) (1.2 equiv.) in dichloromethane under reflux for 5 h. The 

conversion determined with 1H NMR was nearly 100%. There was no report for the synthesis 

of PhDL. We synthesized PhDL from commercially available compound 1 (R1 = Ph in Scheme 

4.3) by referring to the synthesis of a similar compound.33,34 The compound 1 (1 equiv.) was 

reacted with acetyl chloride (2.8 equiv.) in dichloromethane under reflux for 2 h, giving 

compound 2 (R1 = Ph in Scheme 4.3) in a 96% yield after purification (recrystallization). The 

purified compound 2 (1 equiv.) was subsequently reacted with oxalyl chloride (1.1 equiv.) in a 

mixture of dichloromethane (99%) and dimethyl formamide (1%) at room temperature 

overnight, giving compound 3 (R1 = Ph in Scheme 4.3) in a 99% conversion (as determined 

with 1H NMR). The crude compound 3 (1 equiv.) was used for its intramolecular cyclization 

in the presence of TEA (4.7 equiv.) in dichloromethane under reflux for 2 h, yielding PhDL 

(Figures 4.7 and 4.8 in Experimental Section). Both DMDL and PhDL were purified by 

distillation, and we obtained pure DMDL and PhDL in 80% and 90% yields (based on the 

amount of compound 3), respectively. The high yields of these two monomers are attractive 

features in practical use. 
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In a synthetic point of view, the 4-position of compound 3 must be di-substituted. If the 

4-position is not di-substituted (but mono-substituted or non-substituted), the compound 3 is 

unstable, spontaneously generating an undesired compound (a ketene).35 This requirement is 

also another reason why we studied 4,4-disubstituted DMDL and PhDL. The stability of the 

DMDL monomer (8.9 wt%) was studied in DMSO-d6 (89.3 wt%) under moisture (1.8 wt% 

water) at room temperature. DMDL decomposed to form compound 2 (Scheme 

4.3) via hydrolysis (Figure 4.9 in Experimental Section). The extent of the DMDL hydrolysis 

was 5%, 11%, and 64% for 0.5 h, 12 h, and 4 days, respectively. 

 

Homopolymerizations of DMDL and PhDL. 

We conducted a homopolymerization of DMDL (100 equiv., 50 wt%) using 2,2′-

azoisobutyronitrile (AIBN) (1 equiv.) as a radical initiator in toluene (50 wt%) at 70 °C for 12 

h (Table 4.1, entry 1). The monomer conversion reached 82% (as determined with 1H NMR), 

yielding a PDMDL with Mn = 10 300 and Đ (= Mw/Mn) = 1.61, where Mn and Mw are the 

number- and weight-average molecular weights, respectively, and Đ is the dispersity. 

The Mn and Đ values are not absolute values but PMMA-calibrated GPC values, where PMMA 

is poly(methyl methacrylate). The obtained PDMDL was soluble in organic solvents such as 

chloroform, tetrahydrofuran, and dimethylsulfoxide. Figure 4.1a and b show the 1H NMR 

spectra (CDCl3) of DMDL (monomer) and PDMDL (polymer) (after 

purification via reprecipitation in hexane/diethyl ether (1/1 (v/v)) (non-solvent)), respectively. 

The vinyl protons (a) of DMDL appearing at 3.62 and 3.70 ppm were converted to the 

backbone methylene protons (a′) of PDMDL appearing at 2.17–3.25 ppm. For PDMDL (Figure 

4.1b), the integration ratio of methylene protons (a′) and dimethyl protons (b′) was nearly 1 (a′) 

to 3 (b′), agreeing with the PDMDL structure. 
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Table 4.1. Homopolymerizations of DMDL and random copolymerizations of DMDL with co-

monomers.  

 

Entry 
Co-monomer 

(M) 
Initiator Solventa 

[M]0/[DMD

L]0/[initiato

r]0 (equiv) 

T 

(°C) 

t 

(h) 

Conv. 

(M/DMDL) 

(%/%)b 

Mn
c Đc 

FDMDL 

(%)d 

1 None AIBN Toluene 0/100/1 70 12 NA/82 10300 1.61 100 (100) 

2 None AIBN Bulk 0/100/0.5 70 1.5 NA/79 104000 2.04 100 (100) 

3 MMA AIBN Toluene 50/50/1 70 7 99/23 19000 1.78 18 (19) 

4 BA AIBN Toluene 50/50/1 70 1 98/56 130000 1.53 37 (36) 

5 St AIBN Toluene 50/50/2 80 12 79/NAe 5100 1.46 8 (NA) 

6 AN AIBN EC 50/50/1 70 1 80/44 77000 1.54 34 (35) 

7 VAc AIBN Toluene 50/50/1 70 12 84/48 11000 1.60 35 (36) 

8 NVP AIBN DMF 50/50/1 70 2 96/28 29000 1.81 19 (23) 

9 DMA AIBN Toluene 50/50/1 70 1 100/39 91000 1.95 28 (29) 

10 PEGMA V65 Toluene 50/50/1 60 4 92/NAe 39000 2.22 17 (NA) 

11 DMAEMA AIBN Toluene 50/50/1 70 4 98/20 27000 1.62 17 (17) 

12 BMA AIBN Toluene 50/50/1 70 5 93/11 46000 1.54 10 (11) 

13 LMA AIBN Toluene 50/50/1 70 3 85/15 42000 1.76 16 (15) 

14 BzMA AIBN Toluene 50/50/1 70 3 92/26 39000 1.76 19 (22) 

15 EHMA AIBN Toluene 50/50/1 70 2 97/18 38000 1.95 13 (16) 

16 SMA AIBN Toluene 50/50/1 70 2 77/29 86000 1.96 28 (27) 

17 MEA AIBN Toluene 50/50/1 70 1 100/54 82000 2.00 32 (35) 
aDilution with 50wt% solvent for entries 1 and 3–17. EC is ethylene carbonate. DMF is N,N-dimethylformamide. 
bMonomer conversion obtained with 1H NMR. cPMMA-calibrated THF-GPC values for entries 1, 3–5, 7, and 12–

17 and PMMA-calibrated DMF-GPC values for entries 2, 6, and 8–11. dFDMDL value determined by the 1H NMR 

analysis of the purified polymer. In the parenthesis, FDMDL value calculated from the monomer conversions of 

DMDL and co-monomer determined using 1H NMR is given. eMonomer conversion of DMDL was unable to 

determine because the DMDL monomer peak overlapped with the co-monomer peak in the 1H NMR spectrum. 
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Figure 4.1. 1H NMR spectra of (a) DMDL and (b) PDMDL. 13C NMR spectra of (c) DMDL 

and (d) PDMDL. The synthesis of PDMDL is given in Table 4.1 (entry 1). 400 MHz for 1H 

NMR (100 MHz for 13C NMR) in CDCl3. 
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As mentioned, there are two possible polymerization pathways, i.e., the ring-retaining 

and ring-opening pathways (Scheme 4.2). Figure 4.1c and d show the 13C NMR spectra (CDCl3) 

of DMDL and PDMDL, respectively. Through the polymerization, the vinyl carbon (b) of 

DMDL (Figure 4.1c) appearing at 157 ppm can be converted to the backbone quaternary carbon 

(b′) via the ring-retaining pathway (Figure 4.1d) or to a backbone anhydride carbonyl 

carbon via the ring-opening pathway (Scheme 4.2). The 13C NMR spectrum of PDMDL 

(Figure 4.1d) shows a clear signal for the characteristic backbone quaternary carbon (b′) at 106 

ppm, meaning the occurrence of the ring-retaining pathway. The signal of the ester carbonyl 

carbon (a) of DMDL appearing at 173 ppm (Figure 4.1c) was only slightly sifted to 174 ppm 

((a′) in Figure 4.1d) in PDMDL, supporting the ring retention. If the ring-opened structure was 

also formed, an additional signal for the anhydride carbonyl carbon should have appeared, as 

anhydride carbonyl carbons generally appear at 160–170 ppm.36 However, we observed only 

one signal (for the ester carbonyl carbon for the ring-retained structure) but did not observe 

other signals in the region at 160–180 ppm, where any carbonyl carbons are to appear. The 

result means that the obtained PDMDL predominantly contained the ring-retained monomer 

units and that the ring-opened monomer units were minor units if any present. A possible 

reason why the ring-opened radical was hardly generated (Scheme 4.2) is the presence of the 

trigonal carbonyl carbon in CKHE (DMDL). The trigonal carbonyl carbon can make the CKHE 

ring more planar than the CKA ring (without the trigonal carbonyl carbon), and the planar 

conformation may enhance the stabilization of the ring-retained radical.37 

Instead of the solution polymerization in toluene (Table 4.1, entry 1) (described above), 

we carried out a bulk polymerization of DMDL (100 equiv.) using AIBN (0.5 equiv.) at 70 °C 

for 1.5 h (Table 4.1, entry 2). The absolute monomer concentration increased, and the viscosity 

of the polymerization solution increased, suppressing radical–radical termination by the so-
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called gel effect and yielding a higher molecular weight PDMDL with Mn = 104 000 and Đ = 

2.04 at a 79% monomer conversion. 

Despite the higher molecular weight, the polymer was still soluble in organic solvents. 

We measured the glass transition temperature (Tg), crystallization temperature (Tc), melting 

temperature (Tm), and 50%-decomposition temperature (Td) of this polymer (PDMDL) using 

differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA). Td is the 

temperature at which a material begins to degrade thermally with a weight loss of 50% in this 

study.  

 The Tg, Tc, Tm, and Td values were 41 °C, 117 °C, 186 °C, and 269 °C, respectively 

(Figure 4.10). 

The homopolymerization of PhDL (using AIBN) did not proceed at 70 °C. At an 

elevated temperature of 120 °C, the homopolymerization of PhDL (using t-butyl 

peroxybenzoate (TBPB)) slowly proceeded but yielded only an oligomer with Mn <1000 

(Table 4.2, entry 1) (Figure 4.11). In PhDL, one of the two methyl groups of DMDL is replaced 

by a phenyl group (Scheme 4.2). The steric hindrance of the bulky phenyl group might hinder 

the successive connection of the ring-retained monomer units. Another possibility is that the 

phenyl group of PhDL stabilizes the ring-opened radical and facilitates the formation of the 

ring-opened radical but that the radical might be too stable to polymerize. Also, the ring-opened 

radical might generate polymers with anhydride linkages but the anhydride linkages might be 

cleaved during the polymerization at a high temperature of 120 °C. These are not definitive but 

possible explanations. Due to the low molecular weight, the obtained oligomer was difficult to 

unequivocally analyze, and the exact explanation is not clear at this moment. 
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Table 4.2. Homopolymerization of PhDL and random copolymerizations of PhDL with co-

monomers. 

Entry 

Co-

monome

r (M) 

Initiato

ra,b 

[M]0/[PhD

L]0/[Initiat

or]0 (mM) 

T 

(°C) 

t 

(h) 

Conv. 

(M/PhDL

) (%/%)c 

Mn
d Đd 

FPhDL 

(%)e 

1 None TBPB 0/100/1 120 12 NA/37 <1000 NA 100 (100) 

2 MMA AIBN 50/50/1 70 7 93/15 15000 1.83 11 (14) 

3 MMA TBPB 50/50/1 120 5 94/33 21000 1.45 24 (26) 

4 BA AIBN 50/50/1 70 3 96/39 47000 2.08 26 (29) 

5 BA TBPB 50/50/1 120 3.5 96/48 13000 2.63 31 (33) 
aTBPB is t-butyl peroxybenzoate. bDilution with 50 wt% solvent. cMonomer conversion obtained with 1H NMR. 
dPMMA-calibrated THF-GPC values. eFPhDL value determined by the 1H NMR analysis of the purified polymer. 

In the parenthesis, FPhDL value calculated from the monomer conversion (monomer consumption) determined 

using 1H NMR is given. 

 

Random Copolymerizations of DMDL and PhDL with Various Co-monomers. 

We carried out a random copolymerization of DMDL (50 mol%) with methyl 

methacrylate (MMA) (50 mol%) in toluene at 70 °C (Table 4.1, entry 3). Figure 4.2a shows 

the plots of the conversions of MMA (square) and DMDL (circle) vs. time. MMA was 

consumed faster than DMDL. After 7 h, the conversions of MMA and DMDL were 99% and 

23%, respectively, yielding a random copolymer of MMA and DMDL with Mn = 19 000 

and Đ = 1.78. The fraction (FDMDL) of DMDL in the copolymer was 18%. The 1H and 13C 

NMR analysis showed that the polymer contained both MMA and DMDL units and the DMDL 

units were incorporated in the ring-retained form (Figures 4.12 and 4.13 in Experimental 

Section). The monomer reactivity ratio was determined by the Fineman-Ross 

method38 (Figures 4.14–4.18 in Experimental Section) to be rMMA = 4.60 and rDMDL ≈ 0 (Table 

4.3, entry 1). The result means that the MMA terminal radical reacts with both MMA and 

DMDL and 4.60 times more reacts with MMA than DMDL and that the DMDL terminal 

radical virtually exclusively reacts with MMA. 
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Figure 4.2. Plots of monomer conversion vs. time for (a) the MMA/DMDL/AIBN (50/50/1) 

system (70 oC) (Table 4.1, entry 3) and (b) the BA/DMDL/AIBN (50/50/1) system (70 oC) 

(Table 4.1, entry 4). The solvent was toluene (50 wt%) for both systems. The symbols are 

indicated in the figure. 

 

Table 4.3. Monomer reactivity ratiosa of co-monomers (M1) and DMDL (M2) determined by 

the Fineman-Ross method. 

Entry M1 T (°C) r1
a r2

a 

1 MMA 60 4.60 Close to zero 

2 BA 60 0.83 0.03b 

3 St 80 1.08 0.01b 

4 AN 70 0.28 0.04b 

5 VAc 70 1.65 0.29 
a r1 = r12/r11 and r2 = r21/r22. b rDMDL = 0–0.10 with an experimental error. 

 

 

We studied n-butyl acrylate (BA) as another family of monomer. We carried out a 

random copolymerization of DMDL (50 mol%) with BA (50 mol%) in toluene at 70 °C (Table 

4.1, entry 4). Figure 4.2b shows the plots of the conversions of BA (triangle) and DMDL 

(circle) vs. time. Similar to MMA, the co-monomer BA was consumed faster than DMDL. 

After 1 h, the conversions of BA and DMDL were 98% and 56%, respectively, yielding a 

random copolymer of BA and DMDL with Mn = 130 000 and Đ = 1.53 (Figure 4.19 in 

Experimental Section). The monomer reactivity ratios were rBA = 0.83 and rDMDL ≈ 0.03 (a 

range of 0–0.10 with an experimental error) (Table 4.3, entry 2). These values means that the 
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BA/DMDL system (rBA = 0.83 (Table 4.3, entry 2)) has a more alternating tendency than the 

MMA/DMDL system (rMMA = 4.60 (Table 4.3, entry 1)) but that the DMDL terminal radical 

still virtually exclusively reacts with BA over DMDL (rDMDL ≈ 0.03 (Table 4.3, entry 2)).  

We also studied styrene (St), acrylonitrile (AN), and vinyl acetate (VAc) as other 

families of monomer (Table 4.1, entries 5–7). We carried out random copolymerizations of 

DMDL (50 mol%) with the co-monomer (50 mol%) in toluene (for St and VAc) or ethylene 

carbonate (for AN), yielding polymers with Mn = 5100–77 000 and Đ = 1.46–1.60 at FDMDL = 

8–35% (Figure 4.20–4.22 in Experimental Section). For the St and AN systems, the monomer 

reactivity ratios were rSt = 1.08 and rDMDL ≈ 0.01 (0–0.10 with an experimental error) (Table 

4.3, entry 3) and rAN = 0.28 and rDMDL ≈ 0.04 (0–0.10 with an experimental error) (Table 4.3, 

entry 4). The rSt and rAN values mean that the St terminal radical reacts nearly equally with 

DMDL and St, whereas the AN terminal radical reacts 3.6 (= 1/0.28) times more with DMDL 

than AN. The nearly zero rDMDL values mean that the DMDL terminal radical predominantly 

reacts with St and AN over DMDL. The VAc system had rVAc = 1.65 and rDMDL = 0.29 (Table 

4.3, entry 5). The rDMDL value is not nearly zero in the VAc system (Table 4.3, entry 5), in 

contrast to the mentioned four systems (Table 4.3, entries 1–4). The result means that the 

DMDL terminal radical reacts with VAc slowly and hence can react with DMDL to some 

extent in the VAc system.  

In the literatures, random copolymerizations of CKAs and vinyl co-monomers also 

showed similar tendency, i.e., slower consumption of CKAs than the co-monomers. The rco-

monomer values are typically 2–8 and the rCKA values are 0.01–1 (Table 4.4 in Experimental 

Section).29,39–43 For MBDO (previously reported CKHE monomer) (Scheme 4.2), its random 

copolymerization with VAc had rVAc = 0.587 and rMBDO = 1.51 (60 °C), showing that MBDO 

has higher reactivity than VAc.31  
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Thermal properties of the obtained DMDL copolymers (Table 4.1, entries 3 and 5–7) 

with MMA, St, AN, and VAc were studied (Figures 4.23–4.26 in Experimental Section). 

The Tg values of the copolymers with MMA (104 (±5) °C), St (90 (±5) °C), and AN (76 (±5) °C) 

were slightly lower than those of homopolymers of MMA (ca. 105 °C),44 St (ca. 90–

100 °C),44 and AN (ca. 95 °C),44 while the Tg value of the copolymer with VAc (38 (33–46) °C) 

was slightly higher than that of a homopolymer of VAc (ca. 30 °C),44 because the Tg value of 

a homopolymer of DMDL is 41 °C. 

We further expanded the co-monomer scope to N-vinylpyrrolidone (NVP) and N,N-

dimethylacrylamide (DMA) as other families of monomer (Table 4.1, entries 8 and 9) and 

functional methacrylates with poly(ethylene glycol) methyl ether (PEGMA), dimethylamino 

(DMAEMA), butyl (BMA), lauryl (LMA), benzyl (BzMA), ethylhexyl (EHMA), and stearyl 

(SMA) groups (Table 4.1, entries 10–16) as well as a functional acrylate with a methoxyethyl 

group (MEA) (Table 4.1, entry 17), yielding co-polymers with Mn = 27 000–91 000 and Đ = 

1.54–2.22 at FDMDL = 10–32% (Figures 4.27–4.36 in Experimental Section). Such a wide range 

of amenable monomer families and functional monomers, including hydrophobic (BMA, LMA, 

BzMA, EHMA, SMA, and MEA), hydrophilic (NVP, DMA, PEGMA, and DMAEMA), and 

biocompatible (PEGMA and MEA) monomers, are attractive for polymer design by DMDL.  

While the homopolymerization of PhDL generated only an oligomer (Table 4.2, entry1), 

PhDL was able to be copolymerized with a methacrylate and an acrylate (Table 4.2, entries 2–

5). We carried out a random copolymerization of PhDL (50 mol%) with MMA (50 mol%) in 

toluene at 70 °C (Table 4.2, entry 2), which is the same condition as that in the DMDL/MMA 

system (Table 4.1, entry 3) except using PhDL instead of DMDL. After 7 h, the conversions 

of MMA and PhDL were 93% and 15%, respectively, yielding a random copolymer of MMA 

and PhDL with Mn = 15 000 and Đ = 1.83 (Figure 4.37 in Experimental Section). The 

conversion of PhDL (15%) was smaller than that of DMDL (23%) at similar conversions of 
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MMA (93–99%). In order to increase the conversion of PhDL, we elevated the polymerization 

temperature from 70 °C to 120 °C (Table 4.2, entry 3). After 5 h, the conversions of MMA and 

PhDL were 94% and 33%, respectively, yielding a random copolymer with Mn = 21 000 

and Đ = 1.45. The conversion of PhDL increased by 18% (from 15% to 33%) by elevating the 

temperature from 70 °C to 120 °C at the similar (93–94%) conversions of MMA.   

We also conducted a random copolymerization of PhDL (50 mol%) with BA (50 mol%) 

in toluene at 70 °C (Table 4.2, entry 4). After 3 h, the conversions of BA and PhDL were 96% 

and 39%, respectively, yielding a random copolymer with Mn = 47 000 and Đ = 2.08 (Figure 

4.38 in Experimental Section). At a higher temperature of 120 °C, the conversions of BA and 

PhDL were 96% and 48%, respectively (Table 4.2, entry 5), showing an increase in the 

conversion of PhDL by 9% by elevating the temperature from 70 °C to 120 °C at the same 

(96%) conversion of BA. 

Thus, DMDL and PhDL were able to be copolymerized with a range of vinyl monomers, 

offering a wide scope of accessible polymers. This feature is in sharp contrast to the limited 

co-monomer scope of the previously reported CKHE monomer, i.e., MBDO, which was 

copolymerized only with VAc. 

 

Hydroxide-assisted Degradation of PDMDL. 

We studied the degradation of PDMDL. We dissolved a PDMDL homopolymer (Mn = 

104 000 and Đ = 2.04 (Table 4.1, entry 2)) (0.064 g, 2.4 wt%, 1 equiv. of the DMDL monomer 

unit) in DMSO-d6 (2.08 g, 77.2 wt%), which was a colorless transparent solution. To this 

solution, a D2O solution of 1 M NaOH (0.55 g, 20.4 wt%, 1 equiv. of NaOH) was added at 

room temperature. The mixture became slightly turbid, because PDMDL chains became 

globular due to the presence of water (D2O), but the mixture soon turned reddish brown and 

transparent upon stirring at room temperature. PDMDL seemed to degrade to small molecules. 
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The reaction mixture was subsequently analyzed using GPC and NMR within 5 h after the 

reaction started. 

In the GPC chromatogram (DMF eluent) (Figure 4.3a), no peak was observed in the 

polymer region (molecular weight >2000), suggesting that PDMDL degraded. (The peak at the 

molecular weight <2000 observed in Figure 4.3a would be ascribed to generated oligomers 

and/or possible clusters of lithium bromide (LiBr) used in the DMF eluent.) The 1H (Figure 

4.3b) and 13C (Figure 4.3c) NMR spectra also show no polymer (PDMDL) signals (no signal 

at 2.15–3.25 ppm for the backbone CH2 protons in the 1H NMR spectrum and no signal at 174 

ppm for the ester carbon of the DMDL unit in the polymer in the 13C NMR spectrum) (the 1H 

and 13C NMR spectra of (non-degraded) PDMDL (2.4 wt%) in the studied DMSO-d6/D2O 

(77.2/20.4 wt%) mixed solvent are given in Experimental Section (Figures 4.39 and 4.40 in 

Experimental Section)). The only species clearly detected was HIBA (Scheme 4.3) whose 

CH3 protons appeared at 1.13 ppm (Figure 4.3b) and whose CH3 carbons, quaternary carbon, 

and carbonyl carbon appeared at 28, 73, and 181 ppm, respectively (Figure 4.3c).  
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Figure 4.3. Degradation of PDMDL (Mn = 104,000, Đ = 2.04, 2.4 wt%, 1 equiv. of the DMDL 

monomer unit) using 1 equiv. of NaOH in a mixture of D2O (20.4 wt%) and DMSO-d6 (77.2 

wt%) at room temperature within 5 h. (a) GPC chromatogram before (black line) and after 

(orange line) degradation. (b) 1H NMR and (c) 13C NMR spectra of the reaction mixture after 

degradation (400 MHz for 1H NMR (100 MHz for 13C NMR) in DMSO-d6/D2O). 

 

 

Scheme 4.4 shows a possible degradation mechanism of PDMDL in the presence of 

OH−. It should be emphasized that this scheme is a possible mechanism but is not a definitive 

one at this moment. Firstly, OH− attacks the carbonyl carbon of the hemiacetal ester, generating 

an alkoxide anion (Scheme 4.4, compound 5). A subsequent elimination can result in either (a) 
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the side-chain cleavage or (b) the main-chain cleavage. The side-chain cleavage can generate 

a ketone in the backbone chain (compound 6) and HIBA. If the side-chain cleavage is 

significant, a polyketone can be generated. The main-chain cleavage can generate a carboxylic 

acid chain-end PDMDL (compound 8) and a carboxylate chain-end PDMDL (compound 9). 

These two compounds can further generate another form of carboxylic acid chain-end PDMDL 

(compound 10) and a ketone chain-end PDMDL (compound 11) as well as two molecules of 

HIBA. If the main-chain cleavage is significant, the polymers (compounds 8–11) will further 

undergo the main-chain cleavage and degrade into small molecules. A main-chain cleavage 

mechanism was previously proposed for the degradation of the MBDO polymer, for which the 

mechanism was studied in an acidic condition.31  

 
Scheme 4.4. Possible mechanisms of hydroxide-assisted degradation of PDMDL.  

 

 

No polymer peak observed in the GPC chromatogram (Figure 4.3a) suggests that the 

main-chain cleavage operated significantly in the present system so that the polymer chains 

could degrade into small molecules or oligomers. The side-chain cleavage is not excluded at 

this moment and might also operate to some extent. HIBA is a product in both pathways. The 

observation of HIBA in the NMR analysis (Figures 4.3b and c) supports the proposed 
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degradation scheme (either or both of the two pathways). However, the 1H and 13C NMR 

analyses detected no other species, and the reason is unclear at the moment. When the main-

chain cleavage operates, small molecules or oligomers with carboxylic acid 

(compounds 8 and 10), carboxylate (compound 9), and/or ketone (compound 11) can be 

generated. However, the 13C NMR analysis (Figure 4.3c) detected no other C=O carbons than 

that of HIBA. When the side-chain cleavage operates, a polyketone (compound 6) or its 

isomer, i.e., a polyenol (compound 7) can be generated, and the intramolecular cyclization of 

polyketone can also generate aromatic species.45 However, the 13C NMR analysis (Figure 4.3c) 

detected no ketone (>190 ppm), no enol (90–100 ppm), or no aromatic species (110–140 ppm). 

Small molecules that were possibly generated might be volatile and evaporate during the 

degradation. Thus, we also conducted the same experiment in a valved (sealed) NMR tube 

(Figure 4.41 in Experimental Section). However, again, only HIBA was detected. A possible 

reason for no detection of other species (compounds 6–11) is the solubility of the product. To 

check this possibility, we studied the degradation of PDMDL in a more hydrophobic solvent 

(a mixture of THF-d8 and D2O instead of a mixture of DMSO-d6 and D2O), as described in 

detail in Experimental Section. The 1H NMR and 13C NMR spectra of the reaction mixture 

(Figure 4.42 in Experimental Section) again showed only HIBA even in this more hydrophobic 

solvent. Thus, the reason for no detection of other species is not clear at this moment, and hence 

the proposed degradation scheme (Scheme 4.4) is viewed as a tentative mechanism.  

Nevertheless, as an experimental fact, PDMDL clearly degraded in the presence of 

NaOH. The degradation occurred within 5 h at room temperature or markedly fast (within 30 

min) at 50 °C, which would be an attractive feature of PDMDL. 
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Acid-assisted Degradation of PDMDL. 

We also studied the degradation of PDMDL in an acidic condition, using the same 

condition as previously reported condition for the acid-assisted degradation of the MBDO 

polymer.31 We dissolved a PDMDL (Mn = 106 000 and Đ = 1.88) (0.064 g, 2.4 wt%, 1 equiv. 

of the DMDL monomer unit) in DMSO (2.08 g, 78.7 wt%), which was a colorless transparent 

solution. To this solution, an aqueous 1 M HCl solution (0.5 g, 18.9 wt%, 1 equiv. of HCl) was 

added, and the mixture became turbid. The mixture was heated at 80 °C for 24 h, and the 

generated precipitate was analyzed with GPC (Figure 4.43 in Experimental Section). The 

precipitate was found to be unreacted PDMDL, and its Mn (= 100 000) and Đ (= 2.00) values 

were close to its original values (Mn = 106 000 and Đ = 1.88). The amount of the precipitate 

(unreacted PDMDL) was 0.057 g, which is 89% of the original amount (0.064 g). Thus, 

PDMDL did not degrade in the same condition as the MBDO polymer did, mainly because of 

the low solubility of PDMDL in the studied acidic condition.  

Thus, we used a more hydrophobic solvent (a mixture of DMSO-d6 (79.4 wt%) and 

H2O (1.4 wt%)) to dissolve PDMDL (10.2 wt%) and used an organic acid, i.e., trifluoroacetic 

acid (9 wt%), that is soluble in this solvent. We heated the mixture at 80 °C for 3 days and 

observed a decrease in the Mn value by 25%, showing that PDMDL slowly degraded in this 

acidic condition (Figure 4.44 in Experimental Section). We observed HIBA in this acid-

assisted degradation, as in the NaOH-assisted degradation. Furthermore, acetone was observed 

in the acid-assisted degradation (Figure 4.44 in Experimental Section), which may suggest a 

chain-end degradation of 11 in the acidic condition (Scheme 4.5 in Experimental Section), 

although this mechanism is a tentative mechanism. While the acid-assisted degradation of the 

MBDO polymer generated acetic acid,31 we did not observe acetic acid in the degradation of 

PDMDL. The degradation mechanism might be different for the MBDO polymer and PDMDL. 
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Amine-assisted Degradation of PDMDL. 

The NaOH-assisted degradation was too fast to monitor over time. Hence, we used a 

milder base, i.e., an amine to probe the degradation of PDMDL. The studied amine was a 

primary amine, i.e., pentylamine (R–NH2). We dissolve a PDMDL (Mn = 39 000 and Đ = 1.42) 

(0.064 g, 4.0 wt%, 1 equiv. of the DMDL monomer unit) and pentylamine (0.065 g, 4.0 wt%, 

1.5 equiv.) in CD3CN (1.48 g, 92.0 wt%), which was a colorless transparent solution. The 

solution was heated at 65 °C. Figure 4.4a and b show the GPC chromatograms and the plot 

of Mn vs. the reaction time, respectively. The original Mn (= 39 000) value of PDMDL started 

to decay (Mn = 33 000) right after the addition of the amine and became approximately a half 

(Mn = 20 000) after the heating for 4 h, approximately a quarter (Mn = 10 000) for 8 h, and 

approximately 1/10 (Mn = 3000) for 24 h. The polymer degraded to small molecules or 

oligomers (Mn <2000) for 60 h.  
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Figure 4.4. Degradation of PDMDL (Mn = 39000, Đ = 1.42, 4.0 wt%, 1 equiv. of the DMLD 

unit) using pentylamine (4.0 wt%, 1.5 equiv.) in CD3CN (92.0 wt%) at 65 oC. (a) GPC 

chromatograms and (b) plot of Mn vs. degradation time. The 0 h sample in (a) is a sample right 

after the addition of pentylamine. (c) 1H NMR and (d) 13C NMR spectra of the reaction mixture 

after degradation for 60 h (400 MHz for 1H NMR (100 MHz for 13C NMR) in CD3CN). 

 

 

The 1H (Figure 4.4c) and 13C (Figure 4.4d) NMR spectra of the reaction mixture for 60 

h show no polymer (PDMDL) signals (no signal at 2.38–3.13 ppm for the backbone 

CH2 protons in the 1H NMR spectrum or no signal at 174 ppm for the ester carbon of the 

DMDL unit in the polymer in the 13C NMR spectrum) (the 1H and 13C NMR spectra of (non-

degraded) PDMDL in the studied CD3CN are given in Figure 4.45 and 4.46 in Experimental 

Section). A possible mechanism is given in Scheme 4.6 in Experimental Section. We observed 

2-hydroxy-2-methyl-N-pentylpropanamide (HMPPA) (product), HIBA (product), and 

pentylamine (remaining reactant) (Figure 4.4c and d), which were identified from the spectra 

of the isolated HMPPA, HIBA, and pentylamine (Figure 4.47 and 4.48 in Experimental 
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Section). The observation of HMPPA supports the proposed amine-assisted degradation 

scheme (Scheme 4.6 in in Experimental Section). The degradation was carried out without 

removing moisture. HIBA (Scheme 4.4) was generated probably because of the presence of 

moisture, which might provide hydroxide in the presence of the amine. However, similar to the 

NaOH-assisted degradation, no other products than HMPPA and HIBA were observed in 

the 1H and 13C NMR spectra (Figure 4.4c and d) for an unclear reason. 

 Although the degradation mechanism is yet to be definitive, this experiment 

demonstrated that PDMDL degraded even with a milder base (amine). The facile operation (no 

need to remove moisture) and mild temperature (65 °C) are attractive. 

 

Degradation of PPEGMA-r-PDMDL. 

Besides the PDMDL homopolymer, we studied the degradation of a PPEGMA-r-

PDMDL random copolymer, where PPEGMA is poly(ethylene glycol) methyl ether 

methacrylate. This random copolymer is hydrophilic and soluble in water. We dissolved a 

PPEGMA-r-PDMDL (Mn = 39 000, Đ = 2.22, and FDMDL = 17%) (0.06 g, 1 wt%, 1 equiv. of 

the DMDL monomer unit) in a 0.9 M KOH aqueous solution (6.0 g, 99 wt%, 67 equiv. of KOH) 

and monitored the degradation at room temperature for 23 h. Figure 4.5a and b show the GPC 

chromatograms and the plot of Mn vs. time. The original Mn (= 39 000) value of the copolymer 

became approximately a half (Mn = 21 000) for 1 h, approximately 1/3 (Mn = 13 000) for 8 h, 

and approximately a quarter (Mn = 9300) for 23 h. To confirm that the observed decrease in 

the Mn value was not ascribed to the pendant chain cleavage of the PEGMA units, we studied 

the degradation of a PPEGMA homopolymer (Mn = 72 000 and Đ = 2.82) in the same condition. 

After 24 h, the Mn value decreased from 72 000 to only 70 000 (Figure 4.49 in Experimental 

Section), confirming no significant pendant chain cleavage. Thus, the observed degradation 

(significant decrease in the Mn value) of the PPEGMA-r-PDMDL is ascribed to the main-chain 
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cleavage of the DMDL units in the polymer. The FDMDL value of the PPEGMA-r-PDMDL was 

17%, meaning that a DMDL unit was incorporated in every approximately 6 PEGMA units on 

average. Upon the full main-chain cleavage of the DMDL units, the Mn value may decrease to 

1800 (6 units of PEGMA). The observed Mn value (=9400) after 23 h of the reaction was larger 

than 1800, possibly because of a compositional drift during the polymerization (smaller DMDL 

compositions in the polymers generated at an early stage of polymerization and larger DMDL 

compositions in those generated at a later stage of polymerization).46 The degradation of 

PPEGMA-r-PDMDL by addition of 0.9 M KOH (Figure 4.5a) is slower than that of PDMDL 

by the addition of 1.0 M NaOH (Figure 4.3a) might be due to the poor solubility of PDMDL 

in water than in DMSO. In the degradation of PDMDL, we used DMSO to dissolve PDMDL 

then we added 1.0 M NaOH in D2O. In the degradation of PPEGMA-r-PDMDL, we used 

aqueous KOH. The polymer is soluble, but the PDMDL is poorly soluble in water. Therefore, 

the degradation of PPEGMA-r-PDMDL is slower. 

 

Degradation of PLMA-r-PDMDL. 

We also studied the degradation of a PLMA-r-PDMDL random copolymer, where 

PLMA is poly(lauryl methacrylate). This random copolymer is hydrophobic. We used a 

mixture of methanol and THF to dissolve this hydrophobic copolymer. We dissolved a PLMA-

r-PDMDL (Mn = 42 000, Đ = 1.76, and FDMDL = 16%) (0.04 g, 2.0 wt%, 1 equiv. of the DMDL 

monomer unit) in a mixture of a 0.9 M KOH methanol solution (0.16 g, 8.1 wt%, 3.5 equiv. of 

KOH) and THF (1.78 g, 89.9 wt%) and monitored the degradation at room temperature for 24 

h (Figure 4.5c and d). The original Mn (= 42 000) value of the copolymer became 

approximately its 60% (Mn = 25 000) for 2 h, approximately its 45% (Mn = 19 000) for 8 h, and 

approximately its 30% (Mn = 13 000) for 24 h. Thus, the degradation of the PLMA-r-PDMDL 

successfully occurred. 
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Figure 4.5. Degradation of PPEGMA-r-PDMDL (Mn = 39000, Đ = 2.22, and FDMDL = 17%) 

(1 wt%) using 67 equiv of KOH in water (99 wt%) at room temperature: (a) GPC 

chromatograms and (b) plot of Mn vs. time. Degradation of PLMA-r-PDMDL (Mn = 42000, Đ 

= 1.76, and FDMDL = 16%) (1.8 wt%) with 3.5 equiv of KOH in a mixture of methanol (8.1 

wt%) and THF (89.9 wt%) at room temperature; (c) GPC chromatograms and (d) plot of Mn 

vs. time. 

 

Recovery of HIBA via NaOH-assisted Degradation of PDMDL. 

HIBA is the starting material (compound 1 (R1 = CH3) in Scheme 4.3) of the DMDL 

monomer. Hence, we attempted to recover HIBA after the NaOH-assisted degradation of 

PDMDL, use the recovered HIBA to synthesize DMDL monomer, and use this monomer to 

synthesize PDMDL for demonstrating the concept of the recycling of PDMDL (Scheme 4.3). 

As mentioned, four of the six carbons of the DMDL monomer are recycled via the recovery of 

HIBA. 
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A PDMDL (Mn = 56 000 and Đ = 2.47) (1.0 g, 1 equiv. of the DMDL monomer unit) 

was dissolved in a mixture of a 0.9 M KOH methanol solution (28 g, 4 equiv. of KOH) and 

THF (300 g) was stirred at room temperature for 1 h. The mixture of methanol and THF was 

used instead of a mixture of DMSO and water (Figure 4.3), because DMSO is difficult to 

evaporate (in the evaporation process below). KOH was used instead of NaOH (Figure 4.3), 

because KOH is soluble in the mixture of methanol and THF. After the reaction, acidic water 

and diethyl ether were added to the reaction mixture. HIBA was more soluble in the organic 

phase than in the aqueous phase in an acidic condition. After the extraction with diethyl ether 

three times, the collected organic layer was evaporated. The 1H and 13C NMR spectra (Figure 

4.6) show that the compound extracted in the organic layer was nearly pure HIBA (we observed 

only HIBA). We collected 0.39 g of HIBA. The theoretically recoverable maximum amount of 

HIBA from 1 g of PDMDL is 0.81 g. Thus, the recovery yield was 48% (= (0.39 g)/(0.81 g)). 

We used the recovered HIBA to synthesize DMDL (Figure 4.51-4.55 in Experimental 

Section). We carried out a polymerization of this DMDL (100 equiv.) with AIBN (0.5 equiv.) 

at 70 °C for 6 h (in the same condition as Table 4.1, entry 2) and obtained a PDMDL with Mn = 

52 000 and Đ = 2.32 with an 80% monomer conversion. Thus, we successfully experimentally 

demonstrated the concept of the chemical recycling of PDMDL. 
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Figure 4.6. 1H NMR spectra of (a) recovered HIBA and (b) pure HIBA. 13C NMR spectra of 

(c) recovered HIBA and (d) pure HIBA. (400 MHz for 1H NMR (100 MHz for 13C NMR) in 

CDCl3). 
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4.3. Conclusions 

We successfully synthesized polymers using two new CKHE monomers (DMDL and 

PhDL). The two monomers were synthesized in high yields (80–90%), which is an attractive 

feature. DMDL generated homopolymers, and DMDL and PhDL were copolymerized with 

important families of vinyl monomers, i.e., methacrylates, acrylates, styrene, acrylonitrile, 

vinyl pyrrolidinone, and acrylamide, and various functional methacrylates and acrylate, 

exhibiting a wide scope of the accessible polymers. The obtained homopolymers and random 

copolymers of DMDL degraded in the presence of a hydroxide (NaOH or KOH) and an amine 

(pentylamine) at mild temperatures (room temperature to 65 °C). The degradation of the 

PDMDL homopolymer generated HIBA. We recovered HIBA, used the recovered HIBA to 

synthesize DMDL monomer, and used this monomer to synthesize PDMDL, demonstrating 

the concept of the chemical recycling of PDMDL. HIBA is not only an ingredient to regenerate 

DMDL but also a useful ingredient of other important chemicals such as methacrylic acid, 

tetramethylglycolide, and chloro- and amino-derivatives of HIBA47,48 and can serve for a range 

of chemical recycling. The degradability and chemical recyclability of PDMDL may be useful 

for circular materials economy.  
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4.4. Experimental Section 

Materials. 

 2-Acetoxyisobutyryl chloride (˃97%, Tokyo Chemical Industry (TCI)), 2-

hydroxyisobutyric acid (˃98%, TCI), acetyl chloride (≥99.0%, Sigma-Aldrich, USA), oxalyl 

chloride (≥99.0%, Sigma-Aldrich), triethylamine (˃99.0%, TCI), anhydrous dichloromethane 

(DCM) (˃99.0%, TCI), hexane (>99%, International Scientific, Singapore), diethyl ether (ACS 

reagent grade, VWR International, USA), ethanol (≥99.5%, absolute, Fisher Scientific, USA), 

chloroform (>99.2%, VWR Chemicals, USA), tetrahydrofuran (THF) (>99.5%, Kanto 

Chemical, Japan), N,N-dimethylformamide (DMF) (>99.5%, Kanto), 2,2′-azobis(2-

methylpropionitrile) (AIBN) (95%, Wako Pure Chemical, Japan), 2,2’-azobis(2,4- 

dimethylvaleronitrile) (V65) (95%, Wako), ethylene carbonate (EC) (˃99%, TCI), toluene 

(ACS reagent grade, VWR International), methanol (ACS reagent grade, VWR International), 

tert-butyl peroxybenzoate (TBPB) (≥98.0%, Sigma-Aldrich), methyl methacrylate (MMA) 

(˃99.8%, TCI), poly(ethylene glycol) methyl ether methacrylate (PEGMA) (average molecular 

weight = 300) (98%, Sigma-Aldrich), butyl acrylate (BA) (˃99%, TCI), acrylonitrile (AN) 

(˃99%, TCI), butyl methacrylate (BMA) (˃99.8%, TCI), styrene (St) (˃99.8%, TCI), 2-

(dimethylamino)ethyl methacrylate (DMAEMA) (≥98.5%, TCI), 2-methoxyethyl acrylate 

(MEA) (˃98%, TCI), N,N-dimethylacrylamide (DMA) (˃99.0%, TCI), vinyl acetate (VAc) 

(>99.0%, TCI), 1-vinyl-2-pyrrolidinone (NVP) (>99.0%, TCI), lauryl methacrylate (LMA) 

(>97.0%, TCI), benzyl methacrylate (BzMA) (>98.0%, TCI), 2-ethylhexyl methacrylate 

(EHMA) (>99.0%, TCI), stearyl methacrylate (SMA) (>97.0%, TCI), potassium hydroxide 

(KOH) (min. 85%, GCE, Sweden), sodium hydroxide (NaOH) (≥97.0%, VWR Chemicals), 

hydrochloric acid (1M, TCI), trifluoroacetic acid (TFA) (>99.0%, TCI), pentylamine (>98.0%, 

TCI), and anhydrous magnesium sulfate (>98.0%, TCI) were used as received.  
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Measurements. 

 The GPC analysis using THF as an eluent was performed on a Shimadzu i-Series Plus 

liquid chromatograph LC-2030c Plus (Kyoto, Japan) equipped with a Shodex (Japan) KF-804L 

mixed gel column (300 × 8.0 mm; bead size = 7 m; pore size = 1500 Å) and a Shodex LF-

804 mixed gel column (300 × 8.0 mm; bead size = 6 m; pore size = 3000 Å). The flow rate 

was 0.7 mL/min (40 o C). The GPC analysis using DMF as an eluent was performed on a 

Shimadzu LC-2030c Plus equipped with two Shodex LF-804 mixed gel columns (300 × 8.0 

mm; bead size = 6 m; pore size = 3000 Å) and a Shodex KD-802 (300 × 8.0 mm; bead size = 

6 m; pore size = 150 Å). The flow rate was 0.34 mL/min (40 °C). The DMF eluent contained 

LiBr (10 mM). The sample detection was conducted using a refractive index detector (RID-

20A) for THF-GPC and for DMF-GPC. The column system was calibrated with standard 

poly(methyl methacrylate)s (PMMAs) for both THF-GPC and DMF-GPC systems.  

The NMR spectra were recorded on Bruker (Germany) BBFO400 spectrometer (400 

MHz) at ambient temperature. CDCl3, DMSO-d6, THF-d8 and CD3CN (Cambridge Isotope 

Laboratories, USA) were used as the solvents for the NMR analysis, and the chemical shift 

was calibrated using residual undeuterated solvents or tetramethylsilane (TMS) as the internal 

standard. The monomer conversions and the monomer compositions in the obtained polymers 

were determined with 1H NMR.   

The differential scanning calorimetry (DSC) curves were recorded with QSeries DSC 

Q50 model device (TA instrument, New Castle, US). The DSC analysis was conducted using 

an aluminium sample pan under flowing nitrogen at a flow rate of 50 mL/min. The samples 

were cooled down to –80 °C or –50 °C and heated up to 225–400 °C with a heating rate of 10 

°C/min. 
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The thermal gravimetric analysis (TGA) curves were recorded with TGA Q500 model 

device (TA instrument). The TGA analysis was carried out in platinum pans under flowing air 

at a flow rate of 60 mL/min with a heating rate of 10 °C/min at a temperature range of 25–700 

°C. 

Synthesis of DMDL. 

5,5-Dimethyl-2-methylene-1,3-dioxolan-4-one (DMDL) was synthesized according to 

reported literature.32 A mixture of 2-acetoxyisobutyryl chloride (3 (R1 = CH3), 50.0 g, 0.30 

mol), triethylamine (36.8 g, 0.36 mol), and anhydrous DCM (200 mL) was heated under reflux 

in nitrogen atmosphere. After 5 h, the mixture was cooled down and diluted with 200 mL of 

hexane/diethyl ether (1/1 (v/v)). The resulting suspension was filtered, and the solvent was 

evaporated with a rotary evaporator. The residual liquid was subjected to fractional distillation 

to give DMDL (30 g, 0.23 mol) at 15 Torr at 40 oC in 80% yield. 1H NMR (400 MHz, CDCl3) 

δ 3.70 (d, J = 4.0 Hz, 1H), 3.62 (d, J = 4.0 Hz, 1H), 1.54 (s, 6H). 13C NMR (100 MHz, CDCl3) 

δ 173.3, 157.4, 79.3, 61.5, 23.7.  

 

Synthesis of PhDL.  

2-Acetoxy-2-phenylpropanoic acid (2 (R1 = Ph)) was synthesized according to the 

reported literature.33 2-Hydroxy-2-phenylpropanoic acid hydrate (1 (R1 = Ph), 10.0 g, 60 

mmol) was suspended in anhydrous DCM (60 mL) under Ar, followed by the addition of acetyl 

chloride (12 mL, 2.8 equiv., 168 mmol) dropwise. The mixture gradually became clear and was 

heated to reflux. After 2 h, the resulting solution was cooled down, and concentrated under 
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vacuum to remove all volatiles. The residue was crystallized to give 2 (R1 = Ph) (12.0 g, 57.6 

mol) in 96% yield as a white solid. 1H NMR (400 MHz, CDCl3) δ 7.59-7.55 (m, 2H), 7.45-

7.34 (m, 3H), 2.23 (s, 3H), 1.99 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 177.6, 176.2, 139.1, 

128.8, 128.6, 128.5, 124.9, 124.8, 81.3, 23.5, 21.1. 

 

1-Chloro-1-oxo-2-phenylpropan-2-yl acetate (3 (R1 = Ph)) was synthesized using a 

modified procedure according to the reported literature.34 2-Acetoxy-2-phenylpropanoic acid 

(2 (R1 = Ph), 12.0 g, 57.6 mmol) was dissolved in anhydrous DCM (60 mL) under Ar, followed 

by the addition of N,N-dimethylformamide (0.45 mL, 10 mol%, 5.8 mmol) and oxalyl chloride 

(5.4 mL, 1.1 equiv., 63.4 mmol) with caution. The mixture was stirred at room temperature 

overnight. The resulting solution was concentrated under vacuum to remove all volatiles. The 

residue was directly used in the following step as 3 (R1 = Ph) (13.0 g, 57.4 mol, 99% yield) as 

a yellow sticky semi-solid. 1H NMR (400 MHz, CDCl3) δ 7.52-7.49 (m, 2H), 7.42-7.37 (m, 

3H), 2.28 (s, 3H), 1.98 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 173.2, 170.0, 136.5, 129.1, 

128.9, 128.4, 125.1, 124.9, 86.6, 24.2, 21.1. 

 

5-Methyl-2-methylene-5-phenyl-1,3-dioxolan-4-one (PhDL) was synthesized using a 

modified procedure according to the reported literature. 32 The 1-chloro-1-oxo-2-

phenylpropan-2-yl acetate (3 (R1 = Ph), 13.0 g, 57.4 mmol) obtained above was dissolved in 
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anhydrous DCM (100 mL), followed by the addition of triethylamine (37.6 g, 4.7 equiv., 270 

mmol) under Ar. The mixture was heated to reflux. After 2 h, the mixture was cooled down, 

concentrated and precipitated with 100 mL of diethyl ether. The resulting suspension was 

filtered, and the solvent was evaporated with a rotary evaporator. The residual liquid was 

subject to fractional distillation to give PhDL (9.8 g, 51.5 mmol) at 0.1 Torr at 60 oC in 90% 

yield. 1H NMR (400 MHz, CDCl3) δ 7.59-7.54 (m, 2H), 7.46-7.36 (m, 3H), 3.85 (d, J = 4.0 

Hz, 1H), 3.83 (d, J = 4.0 Hz, 1H), 1.90 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 170.5, 157.5, 

137.2, 129.1, 128.9, 124.6, 81.8, 62.1, 25.1. 

 

 

Stability of DMDL under Moisture.  

DMDL (0.05 g, 8.9 wt%) and DMSO-d6 (0.50 g, 89.3 wt%) were mixed at room 

temperature in a vial. The mixture was transferred to an NMR tube. Water (0.01 g, 1.8 wt%) 

was added to the mixture. After a prescribed time t, the mixture was analyzed with NMR. In 

the presence of moisture, DMDL was hydrolyzed to form compound 2 (Scheme 3). We 

compared integrals of the vinyl protons (a) of DMDL at 3.62 and 3.70 ppm with and those of 

the methyl protons (c) of compound 2 and possibly further decomposed species of compound 

2 from 1.86 to 2.09 ppm (Figure 4.9). The extents of the DMDL hydrolysis were determined 

to be 5%, 11%, and 64% at 0.5 h (Figure 4.9a), 12 h (Figure 4.9b), and 4 days (Figure 4.9c), 

respectively. 
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General Procedure for Polymerization.  

 In a typical run, a mixture (1.2–2.5 mL, typically) of a CKHE monomer, a co-monomer, 

AIBN or V65 or TBPB (radical initiator), and solvent was heated in a Schlenk flask at 60-

120 °C under argon atmosphere with magnetic stirring. After a prescribed time t, an aliquot 

(0.1 mL) of the solution was taken out by a syringe, cooled to room temperature, and analyzed 

with GPC and 1H NMR. At the last date point of the reaction, the polymer solution was diluted 

with chloroform (acetonitrile for AN and DMA), and the polymer was reprecipitated in a 

mixture of hexane/diethyl ether (1/1 (v/v)) twice (methanol for BA, St, BMA, LMA, EHMA, 

and SMA) for purification. The collected polymer was dried in vacuo and analyzed with 1H 

NMR. 

 

Synthesis of PDMDL (Mn = 104000 and Đ = 2.04) (Table 4.1, entry 2) Used for 

Degradation.  

A mixture of DMDL (2.50 g, 19.5 mmol) and AIBN (16.0 mg, 0.0975 mmol) was 

heated in a Schlenk flask at 70 °C under argon atmosphere with magnetic stirring. After 1.5 h, 

the reaction was cooled to room temperature and analyzed with GPC and 1H NMR. The 

polymer solution was diluted with chloroform (5 mL), and the polymer was reprecipitated in a 

mixture of hexane/diethyl ether (1/1 (v/v)) (50 mL) twice. The collected polymer was dried in 

vacuo to give a PDMDL (Mn = 104000 and Đ = 2.04) as a white solid. 
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Synthesis of PDMDL (Mn = 39000 and Đ = 1.42) Used for Degradation.  

A mixture of DMDL (2.50 g, 19.5 mmol), AIBN (16.0 mg, 0.0975 mmol), and toluene 

(10 wt%) was heated in a Schlenk flask at 70 °C under argon atmosphere with magnetic stirring. 

After 3 h, the reaction was cooled to room temperature and analyzed with GPC and 1H NMR. 

The polymer solution was diluted with chloroform (5 mL), and the polymer was reprecipitated 

in a mixture of hexane/diethyl ether (1/1 (v/v)) (50 mL) twice. The collected polymer was dried 

in vacuo to give a PDMDL (Mn = 39000 and Đ = 1.42) as a white solid. 

 

Synthesis of PPEGMA-r-PDMDL (Mn = 39000 and Đ = 2.22) (Table 4.1, entry 10) Used 

for Degradation.  

A mixture of PEGMA (1.17 g, 3.90 mmol), DMDL monomer (0.50 g, 3.90 mmol), V65 

(19.4 mg, 0.0780 mmol), and toluene (50 wt%) was heated in a Schlenk flask at 60 °C under 

argon atmosphere with magnetic stirring. After 4 h, the reaction was cooled to room 

temperature and analyzed with GPC and 1H NMR. The polymer solution was diluted with 

chloroform (2 mL), and the polymer was reprecipitated in a mixture of hexane/diethyl ether 

(1/1 (v/v)) (20 mL) twice. The collected polymer was dried in vacuo to give a PPEGMA-r-

PDMDL (Mn = 39000 and Đ = 2.22) as a transparent viscous solid. 

 

Synthesis of PPEGMA (Mn = 72000 and Đ = 2.82) Used for Degradation.  

A mixture of PEGMA (1.09 g, 3.63 mmol), V65 (9.02 mg, 0.0363 mmol), and toluene 

(50 wt%) was heated in a Schlenk flask at 60 °C under argon atmosphere with magnetic stirring. 

After 1.5 h, the reaction was cooled to room temperature and analyzed with GPC and 1H NMR. 

The polymer solution was diluted with chloroform (2 mL), and the polymer was reprecipitated 

in a mixture of hexane/diethyl ether (1/1 (v/v)) (20 mL) twice. The collected polymer was dried 

in vacuo to give a PPEGMA (Mn = 72000 and Đ = 2.82) as a transparent viscous solid.  
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Synthesis of PLMA-r-PDMDL (Mn = 42000 and Đ = 1.76) (Table 4.1, entry 13) Used for 

Degradation.  

A mixture of LMA (1.00 g, 3.93 mmol), DMDL (0.50 g, 3.90 mmol), AIBN (12.8 mg, 

0.0780 mmol), and toluene (50 wt%) was heated in a Schlenk flask at 70 °C under argon 

atmosphere with magnetic stirring. After 3 h, the reaction was cooled to room temperature and 

analyzed with GPC and 1H NMR. The polymer solution was diluted with chloroform (2 mL), 

and the polymer was reprecipitated in methanol (20 mL) twice. The collected polymer was 

dried in vacuo to give a PLMA-r-PDMDL (Mn = 42000 and Đ = 1.76) as a transparent viscous 

solid. 

 

Synthesis of PLMA (Mn = 90000 and Đ = 2.32) Used for Degradation.  

A mixture of LMA (1.00 g, 3.93 mmol), AIBN (12.8 mg, 0.0393 mmol), and toluene 

(50 wt%) was heated in a Schlenk flask at 70 °C under argon atmosphere with magnetic stirring. 

After 3 h, the reaction was cooled to room temperature and analyzed with GPC and 1H NMR. 

The polymer solution was diluted with chloroform (2 mL), and the polymer was reprecipitated 

in methanol (20 mL) twice. The collected polymer was dried in vacuo to give a PLMA (Mn = 

90000 and Đ = 2.32) as a transparent viscous solid. 

 

Determination of Monomer Reactivity Ratios.  

The monomer reactivity ratio was determined at early stages of polymerization, where 

the monomer conversions were low, using the Fineman-Ross method. We varied the monomer 

feed compositions (f) of two monomers and determined the copolymer compositions (F) using 

1H NMR. According to the Fineman-Ross equation, i.e., 𝐺 = 𝑟1𝐻 − 𝑟2 , where 𝐺 =

𝑥(𝑦 − 1) 𝑦⁄  and 𝐻 = 𝑥2 𝑦⁄  with 𝑥 = 𝑓1 𝑓2⁄  and 𝑦 = 𝐹1 𝐹2⁄ , G was plotted against H. From the 

slope and intercept of the obtained straight line, 𝑟1 and 𝑟2 were determined (Figures 4.14–4.18).  
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For the comparison of the monomer reactivity ratios for DMDL and literature CKAs, 

examples of the monomer reactivity ratios for literature CKAs are summarized in Table 

4.4.29,39–43 

Table 4.4. Examples of monomer reactivity ratios for CKAs and vinyl Co-monomers. 

CKAa 

Vinyl 

co-

monomers 

rCKA rco-monomer
 Polymerization  

conditionb 
Methodc Reference 

MPDL MMA 0.01 4 
NMP, 90 ℃, 

50 wt % toluene 
NLLS 4 

MDO MMA 0.04 3.5 
DTBP, 120 ℃, 

bulk 
KT 5 

MDO VAc 0.93 1.71 
AIBN, 60 ℃, 

bulk 
FR 6 

BMDO MMA 0.53 1.96 
ATRP, 120 ℃, 

bulk 
KT 7 

BMDO BA 0.08 3.7 
ATRP, 110 ℃, 

bulk 
KT 8 

BMDO St 1.08 8.53 
ATRP, 120 ℃, 

bulk 
KT 9 

aThe structures of MPDL, MDO, and BMDO are given in Scheme 1. bNMP is nitroxide mediated polymerization, 

DTBP denotes a conventional radical polymerization using di-tert-butyl peroxide, AIBN denotes a conventional 

radical polymerization using 2,2′-azobis(2-methylpropionitrile), and ATRP is atom transfer radical 

polymerization. cNLLS is the nonlinear least-square method, KT is the Kelen-Tüdős method, and FR is the 

Fineman-Ross method. 

 

Hydroxide-assisted Degradation of PDMDL (Mn = 104000 and Đ = 2.04 (DMF-GPC) and 

Mn = 106000 and Đ = 1.88 (THF-GPC)). 

A mixture of PDMDL (Mn = 104000 and Đ = 2.04) (0.064 g, 1 equiv. of the DMDL 

monomer unit, 2.4 wt%), 1M NaOH in D2O (0.55 g, 1 equiv. of NaOH, 20.4 wt%), and DMSO-

d6 (2.08 g, 77.2 wt%) was stirred at room temperature for 10 min. The mixture was analyzed 

with NMR and DMF-GPC within 5 h after the start of the reaction.  

This experiment was also conducted using a valved NMR tube. PDMDL (Mn = 104000 

and Đ = 2.04 (DMF-GPC)) (0.064 g, 1 equiv. of the DMDL monomer unit, 2.4 wt%) was 

dissolved in DMSO-d6 (2.08g, 77.2 wt%) in a vial, and to this solution, 1M NaOH in D2O (0.55 

g, 1 equiv. of NaOH, 20.4 wt%) was added. The mixture was transferred to a valved NMR tube, 
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and the tube was valved (sealed) within 15 seconds after the addition of NaOH. The mixture 

was analyzed with NMR after 10 min at room temperature and DMF-GPC within 5 h after the 

start of the reaction (Figure 4.41). 

We also studied the degradation of PDMDL in a more hydrophobic solvent (a mixture 

of THF-d8 and D2O instead of a mixture of DMSO-d6 and D2O). We dissolved PDMDL (Mn = 

106000 and Đ = 1.88 (THF-GPC)) (0.064 g, 3.4 wt%, 1 equiv. of the DMDL monomer unit) 

in a mixture of THF-d8 (1.4 g, 75.2 wt%) and D2O (0.20 g, 10.7 wt%), which was a colorless 

transparent solution. To this solution, NaOH (0.20 g, 10.7 wt%, 10 equiv.) was added, and the 

mixture was heated at 50 °C. We used an excess of NaOH (10 equiv.) and heated (50 °C) to 

accelerate the reaction. The reaction mixture turned to a reddish-brown suspension. After the 

heat treatment for 30 min, no polymer was observed in the GPC chromatogram (THF eluent) 

of the reaction mixture (Figure 4.42), meaning that PDMDL degraded. Because of the poor 

solubility of HIBA (carboxylic acid) in THF, the reaction mixture was cloudy. Therefore, the 

mixture was treated with HCl to adjust the pH to 3 before the analysis with NMR. At pH = 3, 

the mixture turned homogeneous. The 1H NMR and 13C NMR spectra of the reaction mixture 

(Figure 4.42a and b) again showed only HIBA even in this more hydrophobic solvent (THF-

d8/D2O mixture). Thus, the reason for no detection of other species is not clear at this moment, 

and hence the proposed degradation scheme (Scheme 4.4) is viewed as a tentative mechanism. 

 

HCl-assisted Degradation of PDMDL (Mn = 104000 and Đ = 2.04 (DMF-GPC) and Mn = 

106000 and Đ = 1.88 (THF-GPC)).  

A mixture of PDMDL (Mn = 106000 and Đ = 1.88 (THF-GPC)) (0.064 g, 2.4 wt%, 1 

equiv. of the DMDL monomer unit), 1M HCl aqueous solution (0.5 g, 18.9 wt%, 1 equiv. of 

HCl), and DMSO-d6 (2.08 g, 78.7 wt%) was heated at 80 ℃ with magnetic stirring for 24 h. 

The mixture was cooled to room temperature. The cloudy mixture was centrifuged to separate 
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the white precipitate from the solution. The precipitate was dried in vacuum and analyzed with 

THF-GPC (Figure 4.43). 

 

Trifluoroacetic Acid-assisted Degradation of PDMDL (Mn = 104000 and Đ = 2.04 (DMF-

GPC) and Mn = 106000 and Đ = 1.88 (THF-GPC)). 

We dissolved a PDMDL (Mn = 104000 and Đ = 2.04 (DMF-GPC)) (0.064 g, 10.2 wt%, 

1 equiv. of the DMDL monomer unit) in DMSO (0.5 g, 79.4 wt%), which was a colorless 

transparent solution. We transferred this mixture to a valved NMR tube. To this solution, 

trifluoroacetic acid (0.057 g, 9 wt%, 1 equiv.) and water (9 mg, 1.4 wt%, 1 equiv.) were added, 

and the mixture was clear and colorless. The mixture was heated at 80 °C for 3 days and 

analyzed with NMR and DMF-GPC (Figure 4.44). The Mn value decreased from 104000 

(original PDMDL) to 73000 after heating at 80 °C for 3 days (Figure 4.44a). The 1H (Figure 

4.44b) NMR spectrum showed the remained PDMDL signals (2.12-3.55 ppm for the backbone 

CH2 protons and 1.00-1.85 ppm for the dimethyl protons), HIBA (1.26 ppm for the dimethyl 

protons) and acetone (2.06 ppm for the two methyl protons). The 13C (Figure 4.44c) NMR 

spectrum confirmed the presence of acetone in the reaction mixture (207 ppm for the carbonyl 

carbon and 31 ppm for the methyl carbons). Scheme 4.5 shows a possible mechanism for the 

acid-assisted degradation. This scheme is a possible mechanism but is not a definitive one. 
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Scheme 4.5. Possible mechanisms of acid-assisted degradation of PDMDL. 

 

Amine-assisted Degradation of PDMDL (Mn = 39000 and Đ = 1.42).  

A mixture of PDMDL (Mn = 39000 and Đ = 1.42 (DMF-GPC)) (0.064 g, 4.0 wt%, 1 

equiv. of the DMDL monomer unit), pentylamine (0.065g, 4.0 wt%, 1.5 equiv.), and CD3CN 

(1.48 g, 92.0 wt%) was heated at 65 ℃ with magnetic stirring. After a prescribed time t, an 

aliquot (0.1 mL) of the solution was taken out by a syringe, cooled to room temperature, and 

analyzed with DMF-GPC. At the last date point of the reaction, the mixture was analyzed with 

NMR. 

Scheme 4.6 shows a possible mechanism for the amine-assisted degradation of PDMDL. 

Again, this scheme is a possible mechanism but is not a definitive one. R–NH2 attacks the 

carbonyl carbon of the hemiacetal ester, generating an alkoxide anion (Scheme 4.6, compound 

12). Then, either the side-chain or main-chain cleavage can occur. The side-chain cleavage can 

generate a ketone in the backbone (compound 6) and 2-hydroxy-2-methyl-N-
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pentylpropanamide (HMPPA). The main-chain cleavage can generate amide (compounds 13 

and 14), carboxylate (compound 9), and ketone (compound 11) chain-end PDMDLs as well as 

HMPPA. 

 
Scheme 4.6. Possible mechanisms of amine-assisted degradation of PDMDL.  

 

Degradation of PPEGMA-r-PDMDL (Mn = 39000 and Đ = 2.22).  

A mixture of PPEGMA-r-PDMDL (Mn = 39000, Đ = 2.22, and FDMDL=17%) (0.06 g, 

1 wt%, 1 equiv. of the DMDL monomer unit) and 0.9M KOH aqueous solution (6.0 g, 99 wt%, 

67 equiv. of KOH) was stirred at room temperature. After a prescribed time t, an aliquot (0.1 

mL) of the solution was taken out by a syringe and analyzed with DMF-GPC. 

 

Degradation of PPEGMA (Mn = 72000 and Đ = 2.82).  

A mixture of PPEGMA (Mn = 72000 and Đ = 2.82) (0.06 g, 1 wt%) and 0.9M KOH 

aqueous solution (6.0 g, 99 wt%) was stirred at room temperature. After 24 h, an aliquot (0.1 

mL) of the solution was analyzed with DMF-GPC. The Mn decreased (from 72000) to only 

70000 and hence did not change significantly (Figure 4.49). Thus, the degradation (decrease in 
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the Mn value) of the PPEGMA-r-PDMDL (Figure 4.5a) was ascribed to the main-chain 

cleavage of the DMDL units in the polymer.  

 

Degradation of PLMA-r-PDMDL (Mn = 42000 and Đ = 1.76).  

A mixture PLMA-r-PDMDL (Mn = 42000, Đ = 1.76, and FDMDL = 16%) (0.04 g, 2.0 

wt%, 1 equiv. of the DMDL monomer unit), 0.9M KOH in methanol (0.16 g, 3.5 equiv. to the 

DMDL unit, 8.1 wt%), and THF (1.78 g, 89.9 wt%) was stirred at room temperature. After a 

prescribed time t, an aliquot (0.1 mL) of the solution was taken out by a syringe and analyzed 

with THF-GPC.  

 

Degradation of PLMA (Mn = 90000 and Đ = 2.32).  

A mixture PLMA (Mn = 90000 and Đ = 2.32) (0.04 g, 2.0 wt%), 0.9M KOH in methanol 

(0.16 g, 8.1 wt%), and THF (1.78 g, 89.9 wt%) was stirred at room temperature. After 24 h, an 

aliquot (0.1 mL) of the solution was analyzed with THF-GPC. The Mn changed from 90000 to 

91000 and hence did not change significantly (Figure 4.50). Thus, the observed degradation 

(decrease in the Mn value) of the PLMA-r-PDMDL (Figure 4.5b) was ascribed to the main-

chain cleavage of the DMDL units in the polymer.  

 

Recovery of HIBA via NaOH-assisted Degradation of PDMDL.  

A mixture of PDMDL (Mn = 56000 and Đ = 2.47) (1.0 g, 1 equiv. of the DMDL 

monomer unit), 0.9M KOH in methanol (28 g, 4 equiv. of KOH), and THF (300 g) was stirred 

at room temperature for 1 h. The mixture was acidified using an aqueous HCl (1M) solution to 

pH = 3. The mixture was extracted with diethyl ether (100ml) for three times. The collected 

organic layer was dried with anhydrous magnesium sulfate. The mixture was filtered and dried 

with rotary evaporator. HIBA (0.39g) (white solid) was obtained and analyzed with NMR. 
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Synthesis of PDMDL Using Recovered HIBA.  

The HIBA (1 equiv.) recovered above was reacted with acetyl chloride (1.8 equiv.) 

under room temperature for 2 h, according to Scheme 4.3. The mixture was evaporated under 

vacuum, extracted with dichloromethane, dried with sodium sulfate, and then evaporated under 

vacuum, giving compound 2 (R1 = CH3) (Figures 4.51 and 4.52) in an 80% yield. The purified 

compound 2 (R1 = CH3) (1 equiv.) was subsequently reacted with oxalyl chloride (1.1 equiv.) 

in a mixture of dichloromethane (99%) and dimethyl formamide (1%) at room temperature 

overnight, giving compound 3 (R1 = CH3) (Figures 4.53 and 4.54) in a 70% conversion (as 

determined with 1H NMR) after the evaporation under vacuum. The crude compound 3 (R1 = 

CH3) (1 equiv.). was directly reacted in the presence of triethylamine (1.5 equiv.) in 

dichloromethane under reflux for 5 h, yielding DMDL. DMDL was purified by distillation and 

obtained in a 75% yield (based on the amount of compound 3 (R1 = CH3)) after distillation 

(Figure 4.55).  
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Spectral Data and Plots. 

 
Figure 4.7. 1H NMR spectrum of PhDL (400 MHz, 298 K, CDCl3). 

 
Figure 4.8. 13C NMR spectrum of PhDL (100 MHz, 298 K, CDCl3). 

 



 

129 
 

 

Figure 4.9. 1H NMR spectra of DMDL and water mixture at (a) 0.5 h (b) 12 h (c) 4 days (400 

MHz, 298 K, DMSO-d6).  

 

 
Figure 4.10. (a) DSC and (b) TGA curves of PDMDL (Table 4.1, entry 2) (Mn = 104000 and 

Ð = 2.04). 
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Figure 4.11. 1H NMR spectrum of PPhDL (Table 4.2, entry 1) (400 MHz, 298 K, CDCl3). 

 

 
Figure 4.12. 1H NMR spectrum of PMMA-r-PDMDL (Table 4.1, entry 3) (400 MHz, 298 K, 

CDCl3). 
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Figure 4.13. 13C NMR spectrum of PMMA-r-PDMDL (Table 4.1, entry 3) (100 MHz, 298 K, 

CDCl3). 

 
Figure 4.14. Fineman-Ross plot of MMA (M1) and DMDL (M2) (Table 4.3, entry 1). 
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Figure 4.15. Fineman-Ross plot of BA (M1) and DMDL (M2) (Table 4.3, entry 2). 

 

 
Figure 4.16. Fineman-Ross plot of St (M1) and DMDL (M2) (Table 4.3, entry 3). 
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Figure 4.17. Fineman-Ross plot of AN (M1) and DMDL (M2) (Table 4.3, entry 4). 

 

 
Figure 4.18. Fineman-Ross plot of VAc (M1) and DMDL (M2) (Table 4.3, entry 5). 
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Figure 4.19. 1H NMR spectrum of PBA-r-PDMDL (Table 4.1, entry 4) (400 MHz, 298 K, 

CDCl3). 

 
Figure 4.20. 1H NMR spectrum of PSt-r-PDMDL (Table 4.1, entry 5) (400 MHz, 298 K, 

CDCl3). 



 

135 
 

 
Figure 4.21. 1H NMR spectrum of PAN-r-PDMDL (Table 4.1, entry 6) (400 MHz, 298 K, 

CD3CN). 

 
Figure 4.22. 1H NMR spectrum of PVAc-r-PDMDL (Table 4.1, entry 7) (400 MHz, 298 K, 

CDCl3). 
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Figure 4.23. (a) DSC and (b) TGA of PMMA-r-PDMDL (Table 4.1, entry 3) (Mn = 19000 and 

Ð = 1.78). The Tg and Td values were 104 ( 5 ℃) ℃ and 366 ℃, respectively. 

 

 

 

Figure 4.24. (a) DSC and (b) TGA of PSt-r-PDMDL (Table 4.1, entry 5) (Mn = 5100 and Ð = 

1.46). The Tg and Td values were 90 ( 5 ℃) ℃ and 391 ℃, respectively. 
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Figure 4.25. (a) DSC and (b) TGA of PAN-r-PDMDL (Table 4.1, entry 6) (Mn = 77000 and Ð 

= 1.54). The Tg and Td values were 76 ( 5 ℃) ℃ and 350 ℃, respectively. (The decay in the 

20–40 oC region in the DSC curve would be ascribed to the ethylene carbonate (EC) remaining 

in the polymer (melting point of EC = 36 ℃) 

 

 

Figure 4.26. (a) DSC and (b) TGA of PVAc-r-PDMDL (Table 4.1, entry 7) (Mn = 11000 and 

Ð = 1.60). The Tg and Td values were 38 (33–46) ℃ and 272 ℃, respectively. 
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Figure 4.27. 1H NMR spectrum of PNVP-r-PDMDL (Table 4.1, entry 8) (400 MHz, 298 K, 

CDCl3). 

 
Figure 4.28. 1H NMR spectrum of PDMA-r-PDMDL (Table 4.1, entry 9) (400 MHz, 298 K, 

CD3CN). 
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Figure 4.29. 1H NMR spectrum of PPEGMA-r-PDMDL (Table 4.1, entry 10) (400 MHz, 298 

K, CDCl3). 

 
Figure 4.30. 1H NMR spectrum of PDMAEMA-r-PDMDL (Table 4.1, entry 11) (400 MHz, 

298 K, CDCl3). 
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Figure 4.31. 1H NMR spectrum of PBMA-r-PDMDL (Table 4.1, entry 12) (400 MHz, 298 K, 

CDCl3). 

 
Figure 4.32. 1H NMR spectrum of PLMA-r-PDMDL (Table 1, entry 13) (400 MHz, 298 K, 

CDCl3). 
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Figure 4.33. 1H NMR spectrum of PBzMA-r-PDMDL (Table 4.1, entry 14) (400 MHz, 298 K, 

CDCl3). 

 

 
Figure 4.34. 1H NMR spectrum of PEHMA-r-PDMDL (Table 4.1, entry 15) (400 MHz, 298 

K, CDCl3). 
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Figure 4.35. 1H NMR spectrum of PSMA-r-PDMDL (Table 4.1, entry 16) (400 MHz, 298 K, 

CDCl3) 

 
Figure 4.36. 1H NMR spectrum of PMEA-r-PDMDL (Table 4.1, entry 17) (400 MHz, 298 K, 

CDCl3). 
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Figure 4.37. 1H NMR spectrum of PMMA-r-PPhDL (Table 4.2, entry 2) (400 MHz, 298 K, 

CDCl3). 

 
Figure 4.38. 1H NMR spectrum of PBA-r-PPhDL (Table 4.2, entry 4) (400 MHz, 298 K, 

CDCl3). 



 

144 
 

 
Figure 4.39. 1H NMR spectrum of non-degraded PDMDL in DMSO-d6/D2O (77.2/20.4 wt%) 

mixture (400 MHz, 298 K, CDCl3). 

 
Figure 4.40. 13C NMR spectrum of non-degraded PDMDL (2.4 wt%) in DMSO-d6/D2O 

(77.2/20.4 wt%) mixture (100 MHz, 298 K, CDCl3).  
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Figure 4.41. Degradation of PDMDL (Mn = 104,000, Đ = 2.04, 2.4 wt%, 1 equiv. of the DMDL 

monomer unit) using 1 equiv. of NaOH in a mixture of D2O (20.4 wt%) and DMSO-d6 (77.2 

wt%) at room temperature within 5 h. The reaction was conducted in a valved (sealed) NMR 

tube. The PDMDL used in Figure 4.41 is the same as that given in Table 4.1 (entry 2), Figure 

4.3a, 4.42, 4.43, and 4.44. The Mn and Đ values of PDMDL determined with DMF-GPC (Table 

4.1 (entry 2), Figure 4.3a, 4.41, and 4.44) were 104,000 and 2.04, respectively, and those 

determined with THF-GPC (Figure 4.42 and 4.43) were 106,000 and 1.88, respectively. (a) 

GPC chromatogram before (black line) and after (orange line) degradation. (b) 1H NMR and 

(c) 13C NMR spectra of the reaction mixture after degradation (400 MHz for 1H NMR and 100 

MHz for 13C NMR) (in DMSO-d6/D2O). 
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Figure 4.42. Degradation of PDMDL (Mn = 106,000, Đ = 1.88, 3.4 wt%) using 10 equiv. of 

NaOH (10.7 wt%) in D2O (10.7 wt%) and THF-d8 (75.2 wt%) at 50 oC for 30 min. The PDMDL 

used in Figure 4.42 is the same as that given in Table 4.1 (entry 2), Figure 4.3a, 4.41, 4.43, and 

4.44. The Mn and Đ values of PDMDL determined with DMF-GPC (Table 4.1 (entry 2), Figure 

4.3a, 4.41, and 4.44) were 104,000 and 2.04, respectively, and those determined with THF-

GPC (Figure 4.42 and 4.43) were 106,000 and 1.88, respectively. (a) GPC chromatogram 

before (black line) and after (orange line) degradation. (b) 1H NMR and (c) 13C NMR spectra 

of the reaction mixture after degradation (400 MHz for 1H NMR and 100 MHz for 13C NMR) 

(in THF-d8/D2O).  
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Figure 4.43. HCl-assisted degradation of PDMDL (Mn = 106,000, Đ = 1.88) (2.4 wt%) in a 

mixture of 1M HCl aqueous solution (18.9 wt%) and DMSO-d6 (78.7 wt%) at 80 oC. The 

PDMDL used in Figure 4.43 is the same as that given in Table 4.1 (entry 2), Figure 4.3a, 4.41, 

4.42, and 4.44. The Mn and Đ values of PDMDL determined with DMF-GPC (Table 4.1 (entry 

2), Figure 4.3a, 4.41, and 4.44) were 104,000 and 2.04, respectively, and those determined with 

THF-GPC (Figure 4.42 and 4.43) were 106,000 and 1.88, respectively. 
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Figure 4.44. Degradation of PDMDL (Mn = 104,000, Đ = 2.04, 10.2 wt%, 1 equiv. of the 

DMDL monomer unit) using 1 equiv. of trifluoroacetic acid (9.0 wt%) and H2O (1.4 wt%) in 

DMSO-d6 (79.4 wt%) at 80 o C for 3 days. The reaction was conducted in a valved (sealed) 

NMR tube. The PDMDL used in Figure 4.44 is the same as that given in Table 4.1 (entry 2), 

Figure 4.3a, 4.41, 4.42, and 4.43. The Mn and Đ values of PDMDL determined with DMF-GPC 

(Table 4.1 (entry 2), Figure 4.3a, 4.41, and 4.44) were 104,000 and 2.04, respectively, and 

those determined with THF-GPC (Figure 4.42 and 4.43) were 106,000 and 1.88, respectively. 

(a) GPC chromatogram before (black line) and after (orange line) degradation. (b) 1H NMR 

and (c) 13C NMR spectra of the reaction mixture after degradation (400 MHz for 1H NMR and 

100 MHz for 13C NMR) (in DMSO-d6/H2O). 
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Figure 4.45. 1H NMR spectrum of non-degraded PDMDL (4.2 wt%) in CD3CN (95.8 wt%) 

mixture (400 MHz, 298 K, CDCl3). 

 

 

 
Figure 4.46. 13C NMR spectrum of non-degraded PDMDL (4.2 wt%) in CD3CN (95.8 wt%) 

mixture (100 MHz, 298 K, CDCl3). 
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Figure 4.47. 1H NMR of (a) the reaction mixture after degradation (b) pure HMPPA (c) pure 

HIBA and pentylamine (400 MHz, 298K, CD3CN). 

 

 
Figure 4.48. 13C NMR of (a) the reaction mixture after degradation, (b) pure HMPPA, (c) pure 

HIBA and pentylamine (100 MHz, 298K, CD3CN). 
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Figure 4.49. Degradation of PPEGMA (Mn = 72000, Đ = 2.82) (1 wt%) using 0.9M KOH 

aqueous solution (99 wt%) at room temperature for 24 h. 

 

 

 
Figure 4.50. Degradation of PLMA (Mn = 90000, Đ = 2.32) (2.0 wt%) using 0.9M KOH in a 

mixture of methanol (8.1 wt%) and THF (89.9 wt%) at room temperature for 24 h. 
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Figure 4.51. 1H NMR spectrum of compound 2 (R1 = CH3) synthesized from recovered HIBA 

(400 MHz, 298 K, CDCl3). 

 

 
Figure 4.52. 13C NMR spectrum of compound 2 (R1 = CH3) synthesized from recovered HIBA 

(100 MHz, 298 K, CDCl3). 
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Figure 4.53. 1H NMR spectrum of compound 3 (R1 = CH3) synthesized from recovered HIBA 

(400 MHz, 298 K, CDCl3). 

 

 
Figure 4.54. 13C NMR spectrum of compound 3 (R1 = CH3) synthesized from recovered HIBA 

(100 MHz, 298 K, CDCl3). 
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Figure 4.55. 1H NMR spectrum of DMDL synthesized from recovered HIBA (400 MHz, 298 

K, CDCl3). 
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Chapter 5. Controlled Radical Polymerization of 4,4-Disubstituted Five-Membered 

Cyclic Ketene Hemiacetal Ester (CKHE) Monomer  

 

Abstract 

 Controlled radical polymerization of a 4,4-disubstituted five-membered cyclic ketene 

hemiacetal ester (CKHE) monomer, i.e., 4,4-dimethyl-2-methylene-1,3-dioxolan-5-one 

(DMDL) was performed using reversible addition-fragmentation chain-transfer (RAFT) 

polymerization and reversible complexation mediated polymerization (RCMP), yielding low-

dispersity homopolymers, random (gradient) copolymers, and a block copolymer of DMDL. 

Various vinyl monomers such as (functional) methacrylates, (functional) acrylates, vinyl 

acetate, N,N-dimethylacrylamide and acrylonitrile were used as co-monomers for the 

copolymerizations. The obtained PDMA-r-PDMDL random copolymer degraded in a basic 

condition at room temperature.   

 

  



 

158 
 

5.1. Introduction 

In chapter 4, we synthesized cyclic ketene hemiacetal esters (CKHE) monomers and 

used them in conventional radical polymerization. Because of the nature of conventional 

radical polymerization, the dispersity (Ð) was high, and the number of average molecular 

weight (Mn) was not controlled. In the present chapter (chapter 5), we used a CKHE monomer 

in controlled radical polymerization for obtaining polymers with low dispersity and controlled 

molecular weights. Homopolymers, random (gradient) copolymers, and a block copolymer 

were synthesized via reversible addition-fragmentation chain-transfer (RAFT) polymerization 

and reversible complexation mediated polymerization (RCMP).  

The Ð value is a fundamental parameter in determining polymer properties such as 

rheological properties, thermal properties, and self-assembly behaviors.1 Low-dispersity 

polymers may be useful in obtaining specific properties. An advantage of controlled radical 

polymerization is its capability for yielding block copolymers and also gradient copolymers 

when the reactivities of two monomers are largely different. Degradable block copolymers and 

degradable gradient copolymers are not obtainable via conventional radical polymerization. 

Self-assemblies (micelles and vesicles) of degradable block copolymers can decompose upon 

degrading stimuli and are used for drug delivery applications.2-4 Gradient copolymers are 

copolymers in which the comonomer sequence gradually changes from one monomer species 

to the other species. Gradient copolymers can still self-assemble because of different properties 

along the chain. Gradient copolymers may degrade more heterogeneously, generating short 

oligomers upon degradation, while block copolymers degrade specifically, generating small 

molecules from the degradable segment and polymer chains from the non-degradable segment. 

Degradable gradient copolymers have been utilized in biomedical applications such as drug 

delivery,5,6 gene/DNA transfection,7 and tissue engineering.8 Lu et al. used degradable gradient 

copolymers to form doxorubicin (DOX)-loaded micelles, releasing DOX (drug molecule) upon 



 

159 
 

pH changes.5 Non-spherical egg-shaped micelles were also prepared by degradable gradient 

block copolymers which then degraded by lipase (enzyme) completely.6  

Vinyl monomers are classified into “more activated” monomers (MAMs) and “less 

activated” monomers (LAMs) based on the stability of the generated propagating radical.9 

MAMs generally bear conjugated substituents such as phenyl, carbonyl, and nitrile groups on 

the polymerizable vinyl group and generate stabilized propagating radicals. LAMs generally 

do not bear conjugated substituents and generate less stabilized propagating radicals. In RAFT 

polymerization, choice of RAFT agents (chain transfer agents (CTAs)) is important for 

different monomers (MAMs and LAMs). Figure 5.1 shows examples of CTAs, which bear a 

leaving alkyl group (R group) and a stabilizing group (Z group). They are dithiocarbamates (Z 

= N-alkyl), xanthates (Z = O-alkyl), trithiocarbonates (Z = S-alkyl), and dithiobenzoates (Z = 

Ph). Scheme 5.1 shows the RAFT process, where Pn–SCSZ is a polymer dormant species. The 

propagating radical (Pm
•) undergoes addition to the thiocarbonylthio compounds (S=C(Z)S–

Pn), generating an intermediate radical (Pm-SC•S–Z). The intermediate radical subsequently 

undergoes fragmentation, forming a polymer dormant species (Pm–SCSZ) and a propagating 

radical (Pn
•) (Scheme 5.1). Through the addition and fragmentation processes, the transfer 

between the propagating radical (Pm
•) and the dormant species (Pn–SCSZ) completes. To 

ensure a frequent chain transfer, the C=S bond of the CTA must be sufficiently reactive for the 

addition of the propagating radical. The reactivity of the C=S bond largely depends on the Z 

group, because the Z group controls the stability of the intermediate radical formed in the RAFT 

process (Scheme 5.1). When the Z group better stabilizes the intermediate radical, the addition 

rate constant (kadd (Scheme 5.1)) increases, thereby resulting in a more frequent chain transfer. 

The kadd value increases in the order of Z = N-alkyl < O-alkyl < S-alkyl < Ph. Hence, 

dithiobenzoates (Z = Ph) and trithiocarbonates (Z = S-alkyl) are generally efficient CTAs and 

are used for MAMs such as methacrylate. However, for LAMs, the propagating radicals are 
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less stable. The intermediate radicals can be more stable than the propagating radicals of LAMs, 

resulting in the accumulation of the intermediate radicals. Thus, termination between the 

intermediate radical and propagating radical and termination among the intermediate radicals 

can be significant, causing a retardation in the polymerization rate and a significant generation 

of dead polymer chains. Thus, less stabilized Z groups need to be used to make the intermediate 

radical less stable (make the fragmentation faster). Hence, dithiocarbamates (Z = N-alkyl) and 

xanthates (Z = O-alkyl) are suitable for LAMs such as vinyl acetate (VAc).  

 

 

Figure 5.1. Examples of RAFT agents (CTAs). 

 

 

Scheme 5.1. RAFT process. 

 

 RCMP employs polymer–iodide (Polymer–I) as the dormant species and an iodide 

anion (I−) as the catalyst, for example (Scheme 5.2).10 I− is used in the forms of salts such as 

tetrabutylammonium iodide (Bu4N
+I−) (BNI). Polymer–I and I− form a halogen-bonding 

complex (Polymer–I---I−), which can reversibly generate the propagating radical (Polymer•) 

and I2
•− (Scheme 5.2). 
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Scheme 5.2. Reversible activation in RCMP. 

 

In the present chapter, we used 4,4-dimethyl-2-methylene-1,3-dioxolan-5-one (DMDL) 

(Figure 5.2) as a CKHE monomer and synthesized its homopolymers, random (gradient) 

copolymers and a block copolymer via the RAFT polymerization and its homopolymer and 

random copolymers via RCMP. The studied co-monomers are shown in Figure 5.2.  

 

5.2. Results and Discussion 

Homopolymerizations of DMDL Using RAFT Polymerization. 

We carried out RAFT homopolymerizations of DMDL using three different CTAs 

(Figure 5.2), i.e., ethyl 2-[(ethoxycarbonothioyl)thio]propionate (ECP) (Z = O-alkyl), 2-

cyanopropan-2-yl N-methyl-N-(pyridin-4-yl)carbamodithioate (CMPC) (Z = N-aryl), and 4-

cyano-4[[(dodecylthio)carbonothioyl]thio]pentanoic acid (CDPA) (Z = S-alkyl). We heated 

mixtures of DMDL (100 equiv.), CTA (1 equiv.), and 2,2’-azoisobutyronitrile (AIBN) (0.2 

equiv.) at 70 ℃ for 4–5.5 h. When ECP was used as a CTA, the monomer conversion reached 

56 % (as determined with 1H NMR) for 5.5 h, yielding a poly(4,4-dimethyl-2-methylene-1,3-

dioxolan-5-one) (PDMDL) with Mn = 6400 and Ð (=Mw/Mn) = 1.37 (Table 5.1, entry 1), where 

Mw is the weight-average molecular weight. The Mn and Đ values are not absolute values but 

PMMA-calibrated gel permeation chromatography (GPC) values, where PMMA is 

poly(methyl methacrylate). The monomer (DMDL) conversion increased with an increase in 

time (Figure 5.3a). The Mn value increased with an increase in the monomer conversion (Figure 

5.3b). The deviation of the Mn value from the theoretical values is ascribed to the PMMA-

calibrated GPC values. The Ð value was approximately 1.4 throughout the polymerization. 

Thus, a relatively low-dispersity PDMDL was obtained. Figure 5.4 shows the 1H NMR 
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spectrum (CDCl3) of PDMDL after purification (reprecipitation in a hexane/diethyl ether 

mixture (1/1 (v/v)) (non-solvent)).  The backbone methylene protons (a) of PDMDL and 

methylene proton (c) of ECP appear at 2.13–3.16 ppm. The dimethyl protons (b) of PDMDL 

and methyl protons (d, f, h) appear at 1.12–1.77 ppm. The methylene protons (e, g) of ECP 

appearing at 4.02–4.19 ppm (e) and 4.62–4.72 ppm (g). For PDMDL, the integration ratio of 

methylene protons (a) and dimethyl protons (b) was nearly 1 (a) to 3 (b), agreeing with the 

PDMDL structure.  

The use of CMPC as a CTA (Table 5.1, entry 2) resulted in a slower polymerization 

than the use of ECP (Table 5.1, entry 1). The monomer conversion was 20 % for 4 h, yielding 

a PDMDL with Mn = 3600 and Ð = 1.39 (Table 5.1, entry 2). Although the polymerization was 

slow, a relatively low-dispersity PDMDL was obtained. When CDPA was used as a CTA, the 

polymerization was even slower. The monomer conversion reached 19 % for 5.5 h, yielding a 

PDMDL with a peak-top molecular weight of 1100 (Table 5.1, entry 3). (The polymer chains 

were too short, and the Mn and Đ values were not accurately determined by GPC.) 

DMDL bears no conjugated substituents but two non-conjugated (ether) substituents 

and would be considered as a LAM. The propagating radical of DMDL is a tertiary carbon-

centered radical with two non-conjugated carbon-oxygen linkages and would be a “less 

stabilized” radical. The observed retardation in the polymerization rate using CDPA (Z = S-

alkyl) would be ascribed to the slow fragmentation of the intermediate radical and thereby 

caused terminations of the intermediate radical, as mentioned above. CMPC bears an N-aryl 

(not N-alkyl). Because of the presence of the aryl group (pyridyl group), the intermediate 

radical of CMPC might be stabilized, which would result in the observed slow polymerization. 

Therefore, for the homopolymerization of DMDL, ECP was the best suitable CTA of the three 

studied CTAs with respect to the polymerization rate.  
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Figure 5.2. RAFT agents (CTAs), alkyl iodide initiator (for RCMP), catalyst (for RCMP), and 

monomers used in this work. 

 

Table 5.1. RAFT polymerizations of DMDL monomer with CTAs. 

Entry CTA 
[DMDL]0/[CTA]0

/[AIBN]0 (equiv.) 
T (oC) t (h) Conv. (%)a Mn

b (Mn,theo
c) Ðb 

1 ECP 100/1/0.2 70 5.5 56 6400 (7200) 1.37 

2 CMPC 100/1/0.2 70 4 20 3600 (2600) 1.39 

3 CDPA 100/1/0.2 70 5.5 19 1100d (2400) NA 
aMonomer conversions determined with 1H NMR. bPMMA-calibrated GPC values (THF eluent). cTheoretical Mn 

calculated according to ([DMDL]0/[CTA]0)(monomer conversion)(molecular weight of monomer). dGPC peak-

top molecular weight.  

 

 
Figure 5.3. Plots of (a) monomer conversion vs. polymerization time (t) and (b) Mn and Mw/Mn 

vs. monomer conversion for the DMDL/ECP/AIBN system (70 °C). The reaction condition is 

given in Table 5.1, entry 1.  
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Figure 5.4. 1H NMR spectrum of PDMDL (Table 5.1, entry 1) (400 MHz, 298 K, CDCl3).  

 

 

Random Copolymerizations of DMDL Using RAFT Polymerization. 

 We studied random copolymerizations of DMDL with vinyl co-monomers, i.e., VAc, 

N,N-dimethylacrylamide (DMA), butyl acrylate (BA), and 2-methoxyethyl acrylate (MEA)  

(Figure 5.2) using ECP and CDPA as CTAs (Table 5.2). VAc is a LAM. DMA, BA, and MEA 

are MAMs. We heated mixtures of DMDL (50 equiv.), co-monomer (50 equiv.), CTA (1 

equiv.), and AIBN (0.2 equiv.) at 70 ℃ for 2–5 h. The (initial) monomer composition was 50% 

for DMDL and 50% for the co-monomer. We chose ECP as a CTA for the copolymerization 

with the LAM (VAc) and CDPA for those with the MAMs (DMA, BA, and MEA).  
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Table 5.2. RAFT random copolymerizations of DMDL with several vinyl co-monomers. 

aMonomer conversions determined with 1H NMR. bPMMA-calibrated GPC values (THF eluent) for entries 1, 3, 

and 4. PMMA-calibrated GPC values (DMF eluent) for entry 2. cTheoretical Mn calculated according to 

([M]0/[CTA]0)(co-monomer conversion)(molecular weight of co-monomer) + ([DMDL]0/[CTA]0)(DMDL 

monomer conversion)(molecular weight of DMDL monomer). dFDMDL value determined by the 1H NMR analysis 

of the purified polymer. In the parenthesis, FDMDL value calculated from the monomer conversions of DMDL and 

co-monomer determined using 1H NMR is given. 

 

 
Figure 5.5. Plots of (a) monomer conversion vs. time (t) and (b) Mn and Mw/Mn vs. overall 

monomer conversion for the VAc/DMDL/ECP/AIBN system (70 °C). The reaction condition 

is given in Table 5.2, entry 1. The symbols are indicated in the figure. In Figure 5.5b, the overall 

monomer conversion is (conversion of DMDL)0.5 + (conversion of co-monomer)0.5. 

   

The copolymerization with VAc yielded a PVAc-r-PDMDL (Mn = 7700, Ð = 1.16, and 

FDMDL = 47 %) (Table 5.2, entry 1) for 4 h, where PVAc is poly(vinyl acetate) and FDMDL is 

the fraction of DMDL in the copolymer. Figure 5.5a shows the plots of monomer conversion 

Entry 

Co-

monomer 

(M) 

CTA 

[M]0/[DM

DL]0/[CTA

]0/[AIBN]0 

(equiv.) 

T  

(oC) 

t  

(h) 

Conv. 

(M/DM

DL) 

(%/%)a 

Mn
b 

(Mn,theo
c) 

Ðb 
FDMDL 

(%)d 

1 VAc ECP 50/50/1/0.2 70 4 85/68 
7700 

(8000) 
1.16 

47 

(44) 

2 DMA CDPA 50/50/1/0.2 70 2 100/43 
9900 

(7700) 
1.16 

24 

(30) 

3 BA CDPA 50/50/1/0.2 70 5 97/59 
13000 

(10000) 
1.23 

37 

(38) 

4 MEA CDPA 50/50/1/0.2 70 2.5 93/40 
11000 

(8600) 
1.17 

28 

(30) 
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vs. time for each of DMDL (red circle) and VAc (blue square). In chapter 4, the monomer 

reactivity ratios of DMDL and VAc were determined to be rVAc = 1.65 and rDMDL = 0.29 which 

means that VAc is more reactive than DMDL in the monomer consumption. Thus, VAc was 

consumed faster than DMDL (Figure 5.5a). Conventional radical polymerization (in chapter 4) 

can yield a mixture of VAc-rich polymer chains (that can be generated at an early stage of 

polymerization) and DMDL-rich polymer chains (that can be generated at later stage of 

polymerization). In contrast, controlled radical polymerization (chapter 5) can yield gradient 

copolymer chains, because living polymer chains grow over a history of the monomer 

consumption and record the history in the copolymer sequence. Thus, in the present system 

(chapter 5), the polymer chain would contain more VAc units at an early stage of 

polymerization and more DMDL units at a later stage of polymerization, forming a gradient 

copolymer. Figure 5.5b shows the plots of Mn and Ð vs. the overall monomer conversion, where 

the overall monomer conversion of the two monomers is (conversion of DMDL)(initial 

fraction of DMDL (0.5)) + (conversion of co-monomer)(initial fraction of co-monomer (0.5)). 

The Mn value increased with an increase in the overall monomer conversion. The Ð value was 

low (1.15-1.21) throughout the polymerization up to 77 % overall monomer conversion. Thus, 

we obtained low-dispersity PVAc-r-PDMDL copolymers. 
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Figure 5.6. Plots of (a) monomer conversion vs. time (t) and (b) Mn and Mw/Mn vs. overall 

monomer conversion for the DMA/DMDL/CDPA/AIBN system (70 °C). The reaction 

condition is given in Table 5.2, entry 2. The symbols are indicated in the figure, the overall 

monomer conversion is (conversion of DMDL)0.5 + (conversion of co-monomer)0.5. 

 

The use of DMA as a co-monomer yielded a PDMA-r-PDMDL (Mn = 9900, Ð = 1.16, 

and FDMDL = 24 %) (Table 5.2, entry 2) for 2 h, where PDMA is poly(N,N-dimethylacrylamide). 

The gradient was more pronounced in the DMA/DMDL system (Figure 5.6a) than in the 

VAc/DMDL system (Figure 5.5a). The DMA conversion was 81% at the DMDL monomer 

conversion of 26% (for 0.75 h in Figure 5.6a), while the conversion of VAc was 45% at the 

similar DMDL conversion of 26% (for 1 h in Figure 5.5a), meaning that DMA is more reactive 

than VAc in the copolymerizations of DMDL. Thus, the gradient in the DMA and DMDL units 

in the copolymer would be larger than that in the VAc and DMDL units in the copolymer. The 

Mn value increased with an increase in the overall monomer conversion, and the Ð value was 

low (1.10–1.16) throughout the polymerization up to 72 % overall monomer conversion 

(Figure 5.6b). 
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Figure 5.7. Plots of (a) monomer conversion vs. time (t) and (b) Mn and Mw/Mn vs. overall 

monomer conversion for the BA/DMDL/CDPA/AIBN system (70 °C). The reaction condition 

is given in Table 5.2, entry 3. The symbols are indicated in the figure, the overall monomer 

conversion is (conversion of DMDL)0.5 + (conversion of co-monomer)0.5. 

 

The use of acrylate co-monomers (BA and MEA) yielded a PBA-r-PDMDL (Mn = 

13000, Ð = 1.23, and FDMDL = 37 %) (Table 5.2, entry 3) for 5 h and a PMEA-r-PDMDL (Mn 

= 11000, Ð = 1.17, and FDMDL = 28 %) (Table 5.2, entry 4) for 2.5 h, where PBA is poly(butyl 

acrylate) and PMEA is poly(2-methoxyethyl acrylate). In chapter 4, the monomer reactivity 

ratios of DMDL and BA were determined to be rBA = 0.83 and rDMDL = 0.03, meaning that BA 

is much more reactive than DMDL. Therefore, like the DMA/DMDL system (Figure 5.6a), the 

BA/DMDL system (Figure 5.7a) gave a large gradient in the BA and DMDL units in the 

copolymer.  The Mn value increased with an increase in the overall monomer conversion, and 

the Ð value was low (1.06–1.23) throughout the polymerization up to 78 % overall monomer 

conversion (Figure 5.7b). Thus, we obtained low-dispersity radon (gradient) copolymers of 

DMDL using the four different co-monomers.  
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Block Copolymerization of DMDL Using RAFT Polymerization. 

 We prepared a PDMDL macroinitiator using ECP as a CTA. We heated a mixture of 

DMDL (100 equiv.), ECP (1 equiv.), and AIBN (0.2 equiv.) at 70 ℃ for 2 h (Table 5.3). The 

reaction condition was the same as shown in Table 5.1 (entry 1) and Figure 5.3. We stopped 

the polymerization at the relatively short time (2 h) (monomer conversion = 37 %) to retain a 

high fraction of the xanthate moiety at the chain end. After the purification by reprecipitation 

in hexane/diethyl ether mixture (1/1 (v/v)) (non-solvent)), we obtained a PDMDL with Mn = 

5100 and Ð = 1.27 (Table 5.3). The Đ value (1.27) of the purified polymer was smaller than 

those of the unpurified polymers (approximately 1.4 (Table 5.1, entry 1, and Figure 5.3)), 

suggesting that a part of oligomers (as well as monomers and other small molecules) was 

removed during the purification (reprecipitation). 

 

Table 5.3. Synthesis of PDMDL Macroinitiator Using RAFT Polymerization. 

aMonomer conversion determined with 1H NMR. bPMMA-calibrated GPC values (THF eluent) of PDMDL after 

purification (reprecipitation). cTheoretical Mn calculated according to ([DMDL]0/[ECP]0)(monomer 

conversion)(molecular weight of monomer). 

 

 The purified PDMDL was used as a macroinitiator in the polymerization of VAc. We 

heated a mixture of VAc (150 equiv.), PDMDL macroinitiator (1 equiv.), and AIBN (0.2 equiv.) 

in toluene (25 wt%) at 70 ℃ for 22 h. The Mn value increased from 5100 to 7100 with a VAc 

conversion of 49 % (Table 5.4). The GPC chromatograms before (dashed line) and after (solid 

line) the block polymerization (Figure 5.8) showed that a large fraction of the macroinitiator 

(PDMDL) extended to the block copolymer (PDMDL-b-PVAc). 

 

  

[DMDL]0/[ECP]0/[AIBN]0 (equiv.) T (oC) t (h) Conv. (%)a Mn
b (Mn,theo

c) Ðb 

100/1/0.2 70 2 37 5100 (4700) 1.27 
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Table 5.4. Block polymerization of VAc using PDMDL macroinitiator (Mn = 5100, Đ = 1.27). 

aDilution with 25 wt% toluene. bMonomer conversion determined with 1H NMR. cPMMA-calibrated GPC values 

(THF eluent). dTheoretical Mn calculated according to (([VAc]0/[PDMDL]0)(monomer conversion)(molecular 

weight of monomer)) + (molecular weight of PDMDL). 

 

 

Figure 5.8. GPC chromatograms before (dashed line) and after (solid line) block 

polymerization of VAc using PDMDL macroinitiator. The reaction condition is given in Table 

5.4. 

 

Homopolymerization of DMDL Using RCMP. 

 We carried out RCMP of DMDL (homo-polymerization). We heated a mixture of 

DMDL (100 equiv.), 2-iodo-2-methylpropionitrile (CP-I) (alkyl iodide initiating dormant 

species (Figure 5.2), 1 equiv.), BNI (catalyst, 1 equiv.), and AIBN (1 equiv.) at 70 ℃(Table 

5.5 and Figure 5.9). AIBN was added to increase the polymerization rate. Without AIBN, the 

polymerization was very slow (conversion < 5% for 5h), generating only oligomers (Mn < 

1000). Azo initiators are used to decrease the deactivator concentration and hence effectively 

increase the polymerization rate in RCMP11 and other living radical polymerization systems.12 

After 5 h, the monomer (DMDL) conversion reached 88 %, yielding a PDMDL homopolymer 

with Mn = 15000 and Ð = 1.86 (Table 5.5) The Ð values (= 1.75–1.86) were relatively large 

during the course of polymerization (Figure 5.9b), suggesting a relatively slow activation of 

the carbon–iodide bond of the PDMDL–iodide using the BNI catalyst. However, as described 

[VAc]0/[PDMDL 

macroinitiator]0/[AIBN]0 (equiv.)a
 

T 

(oC) 

t 

(h) 

Conv. 

(%)b Mn
c (Mn,theo

d) Ðc 

150/1/0.2 70 22 49 7100 (11000) 1.35 
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below, the addition of co-monomers (random copolymerizations of DMDL with co-monomers) 

generated low-dispersity copolymers, probably because the terminal monomer unit was 

replaced by the co-monomers to some extents so that the polymer-iodide can be activated more 

frequently overall.   

 

 Table 5.5. RCMP of DMDL homopolymerization. 

[DMDL]0/[CP-

I]0/[BNI]0/[AIBN]0 (equiv.) 
T (oC) t (h) Conv. (%)a Mn

b (Mn,theo
c) Ðb 

100/1/1/1 70 5 88 15000 (11000) 1.86 
aMonomer conversion determined with 1H NMR. bPMMA-calibrated GPC values (THF eluent) cTheoretical Mn 

calculated according to ([DMDL]0/[CP-I]0)(monomer conversion)(molecular weight of monomer). 

 

 
Figure 5.9. Plots of (a) monomer conversion vs. polymerization time (t) and (b) Mn and Mw/Mn 

vs. monomer conversion for the DMDL/CP-I/BNI/AIBN system (70 oC). The reaction 

condition is given in Table 5.5. 
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Random Copolymerizations of DMDL Using RCMP. 

 We studied RCMPs (random copolymerizations) of DMDL with several co-monomers 

(Figure 5.2), i.e., four different methacrylates (methyl methacrylate (MMA), benzyl 

methacrylate (BzMA), 2-methoxyethyl methacrylate (MEMA), poly(ethylene glycol) methyl 

ether (PEGMA), acrylonitrile (AN), and an acrylate (MEA). We heated mixtures of DMDL 

(25 equiv.), co-monomer (75 equiv.), CP-I (1 equiv.), and BNI (1-4 equiv.) at 60–110 oC for 2-

24 h (Table 5.6). Using 50/50 molar ratio of DMDL and co-monomer, we obtained only 

oligomers with relatively low monomer conversions. Therefore, we increased the fraction of 

the co-monomer. We chose a 25/75 molar ratio of DMDL and co-monomer (DMDL/co-

monomer ratio), thereby yielding polymers.  

The random copolymerizations with the four methacrylates yielded random copolymers 

with Mn = 5600–16000, Ð = 1.27–1.32, and FDMDL = 4–7% (Table 5.6, entries 1–4). Thus, we 

obtained low-dispersity degradable hydrophobic and amphiphilic random copolymers with 

methyl (MMA), benzyl (BzMA), poly(ethylene glycol) (PEGMA), and 2-methoxyethyl (MEA) 

groups. In chapter 4, we determined the monomer reactivity ratios of DMDL and MMA to be 

rMMA = 4.60 and rDMDL  0, suggesting that methacrylates are almost exclusively consumed 

over DMDL in methacylate/DMDL random copolymerizations. Therefore, the FDMDL was low 

(4–7%) in the studied random copolymerizations (Table 5.6, entries 1–4). The random 

copolymerizations with AN and MEA (acrylate) yielded random copolymers with Mn = 6700–

8400, Ð = 1.14–1.25, FDMDL = 11% (Table 5.6, entries 5 and 6). The FDMDL values (11%) for 

AN and the acrylate were slightly larger than those (4-7%) for methacrylates, which is because 

of the slightly more alternating tendency in the AN (rAN = 0.28 and rDMDL  0.04) and acrylate 

(rBA = 0.83 and rDMDL  0.03) systems. Thus, we obtained low-dispersity degradable random 

copolymers using methacrylates, AN, and an acrylate.  
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Table 5.6. Random copolymerizations of DMDL with several co-monomers using RCMP. 

aBulk polymerizations for entries 1-4 and 6 and solution polymerization (in 50 wt% ethylene carbonate) for entry 

5. bThe co-monomer conversions were determined from the decay in the co-monomer peaks using 1H NMR. The 

DMDL monomer conversions were too low to be accurately determined in the same way. Therefore, the DMDL 

monomer conversions were calculated from the co-monomer conversion and the FDMDL value (DMDL unit 

fraction determined in the purified copolymer), because the co-monomer conversion and the FDMDL value were 

relatively large and relatively accurately determined. cPMMA-calibrated GPC values (THF eluent) for entries 1-

3 and 6. PMMA-calibrated GPC values (DMF eluent) for entries 4 and 5. dTheoretical Mn calculated according to 

([M]0/[CP-I]0)(co-monomer conversion)(molecular weight of co-monomer) + ([DMDL0/[CP-I]0)(DMDL 

monomer conversion)(molecular weight of DMDL monomer). eFDMDL value determined by the 1H NMR analysis 

of the purified polymer.  

 

 

Degradation of PDMA-r-PDMDL. 

 We tested the degradation of the PDMA-r-PDMDL random copolymer (Mn = 8800, Đ 

= 1.16, and FDMDL = 20 %) synthesized in the RAFT polymerization (Table 5.2, entry 2). This 

random copolymer is hydrophilic and soluble in water. We dissolved the polymer (0.06 g, 6 

wt%, 1 equiv. of the DMDL monomer unit) in a 1M NaOH aqueous solution (1 g, 94 wt%, 11 

equiv. of NaOH) and monitored the degradation at room temperature. Figure 5.10a and b show 

the GPC chromatograms and the plot of Mn vs. degradation time. The peak-top molecular 

weight (Mp) decreased from 12000 (original polymer) to 7900 and 3600 for 2 h and further 

decreased to 6000 and 3000 for 15 h. Apparent two peaks were observed for 2, 6, 9, and 15 h.  

The two peaks would be apparent and would not be ascribed to two distinct species. According 

to the proposed mechanism of degradation in Chapter 4 (Scheme 4.4), shorter polymer chains 

(Mn smaller than 8800) and small molecule HIBA were generated after the degradation of the 

Entry 

Co-

monomer 

(M) 

[M]0/[DMDL]0

/[CP-I]0/[BNI]0 

(equiv.)a 

T 

(oC) 

t 

(h) 

Conv. 

(M/DMDL) 

(%/%)b 

Mn
c 

(Mn,theo
d) 

Ðc 
FDMDL 

(%)e 

1 MMA 75/25/1/1 70 2 61/8 5600 

(5300) 
1.27 4 

2 BzMA 75/25/1/1 70 6 54/12 
8300 

(7500) 
1.30 7 

3 MEMA 75/25/1/1 70 8 57/7 
8800 

(6400) 
1.31 4 

4 PEGMA 75/25/1/1 60 22 60/9 
16000 

(14000) 
1.32 5 

5 AN 75/25/1/1 75 15 33/12 
6700 

(1700) 
1.14 11 

6 MEA 75/25/1/4 110 24 71/26 
8400 

(7800) 
1.25 11 
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PDMA-r-PDMDL random copolymer. The peaks were broad and appeared probably because 

the PDMA-r-PDMDL is a gradient copolymer and degraded to a mixture of longer and shorter 

polymer chains. The relative intensity (peak height) of the two apparent peaks also changed 

over time. The higher molecular-weight peak became smaller over time, while the lower-

molecular weight peak became larger. Thus, the PDMA-r-PDMDL random copolymer 

degraded in the basic condition.  

 

 

Figure 5.10. Degradation of PDMA-r-PDMDL (Mn = 8800, Ð = 1.16, and FDMDL = 20 %) (6 

wt%) using 11 equiv. of NaOH in water (94 wt%) at room temperature: (a) GPC 

chromatograms and (b) plot of Mn vs. degradation time (red circles represent Mp of the first 

peak eluted and blue squares represent Mp of the second peak eluted).   

. 
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5.3. Conclusions 

 We successfully prepared homopolymers, random copolymers, and a block copolymer 

of DMDL with controlled molecular weights and low dispersities using RAFT polymerization 

and RCMP. For the RAFT polymerizations, ECP (xanthate) was the most effective CTA of the 

three studied CTA and was useful for a homopolymerization, random copolymerizations and a 

block copolymerization with VAc. CDPA (trithiocarbonate) was more suitable for random 

copolymerizations with an acrylamide and acrylates. RCMP was effective for random (gradient) 

copolymerizations with several (functional) methacrylates, acrylonitrile, and an acrylate. The 

PDMA-r-PDMDL prepared via RAFT polymerization successfully degraded in basic condition 

(1M NaOH). Low-dispersity and controlled molecular weight of DMDL homopolymer and 

random (gradient) copolymers may be useful in applications for specific physical properties. 

Also, gradient copolymers and a block copolymer of DMDL generate either shorter oligomers 

or longer polymer chains may be practical for biomedical applications. 
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5.4. Experimental Section 

Materials. 

 Anhydrous dichloromethane (DCM) (˃99.0%, TCI), 2-hydroxyisobutyric acid (˃98%, 

TCI), 2,2′-azobis(2-methylpropionitrile) (AIBN) (95%, Wako Pure Chemical, Japan), acetyl 

chloride (≥99.0%, Sigma-Aldrich, USA), oxalyl chloride (≥99.0%, Sigma-Aldrich), 

triethylamine (˃99.0%, TCI), hexane (>99%, International Scientific, Singapore), diethyl ether 

(ACS reagent grade, VWR International, USA), chloroform (>99.2%, VWR Chemicals, USA), 

tetrahydrofuran (THF) (>99.5%, Kanto Chemical, Japan), N,N-dimethylformamide (DMF) 

(>99.5%, Kanto), ethylene carbonate (EC) (˃99%, TCI), toluene (ACS reagent grade, VWR 

International), methanol (ACS reagent grade, VWR International), methyl methacrylate (MMA) 

(˃99.8%, TCI), poly(ethylene glycol) methyl ether methacrylate (PEGMA) (average molecular 

weight = 300) (98%, Sigma-Aldrich), butyl acrylate (BA) (˃99%, TCI), acrylonitrile (AN) 

(˃99%, TCI), 2-methoxyethyl acrylate (MEA) (˃98%, TCI), N,N-dimethylacrylamide (DMA) 

(˃99.0%, TCI), vinyl acetate (VAc) (>99.0%, TCI), 1-vinyl-2-pyrrolidinone (NVP) (>99.0%, 

TCI), benzyl methacrylate (BzMA) (>98.0%, TCI), ethyl 2-

[(ethoxycarbonothioyl)thio]propionate (ECP) (>95.0%, TCI), 4-cyano-4-

[[(dodecylthio)carbonothioyl]thio]pentanoic acid (CDPA) (>97.0%, TCI), (2-iodo-2-

methylpropionitrile (CP–I) (˃95%, TCI), 2-acetoxyisobutyryl chloride (˃97%, Tokyo 

Chemical Industry (TCI)), tetrabutylammonium iodide (BNI) (˃98%, TCI), sodium hydroxide 

(1 mol/L in water) (NaOH) (0.95 to 1.05 mol/L, TCI)  were used as received. 

 

Measurement. 

A Shimadzu i-Series Plus liquid chromatograph LC-2030c Plus (Kyoto, Japan) 

equipped with a Shodex (Japan) KF-804L mixed gel column (300 × 8.0 mm; bead size = 7 m; 

pore size = 1500 Å) and a Shodex LF-804 mixed gel column (300 × 8.0 mm; bead size = 6 m; 
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pore size = 3000 Å) was used with THF eluent for the GPC analysis. The flow rate was 0.7 

mL/min (40 oC). A Shimadzu LC-2030c Plus equipped with two Shodex LF-804 mixed gel 

columns (300 × 8.0 mm; bead size = 6 m; pore size = 3000 Å) and a Shodex KD-802 (300 × 

8.0 mm; bead size = 6 m; pore size = 150 Å) was used with DMF eluent for the GPC analysis. 

The flow rate was 0.34 mL/min (40 °C). The DMF eluent contained LiBr (10 mM). A refractive 

index detector (RID-20A) was used for sample detection for THF-GPC and for DMF-GPC. 

For both THF-GPC and DMF-GPC systems, standard poly(methyl methacrylate)s (PMMAs) 

was used to calibrate the column system.   

The NMR spectra were recorded on Bruker (Germany) BBFO400 spectrometer (400 

MHz) at ambient temperature. CDCl3 and CD3CN (Cambridge Isotope Laboratories, USA) 

were used as the solvents for the NMR analysis, and the chemical shift was calibrated using 

residual undeuterated solvents or tetramethylsilane (TMS) as the internal standard. The 

monomer conversions and the monomer compositions in the obtained polymers were 

determined with 1H NMR.  

 

General Procedure for Polymerization.  

In a typical run, a mixture (1.2–2.5 mL, typically) of a DMDL monomer, a co-monomer, 

RAFT CTAs or alkyl iodide initiator (CP-I), AIBN (radical initiator), and solvent was heated 

in a Schlenk flask at 60-110 °C under argon atmosphere with magnetic stirring. After a 

prescribed time t, an aliquot (0.1 mL) of the solution was taken out by a syringe, cooled to 

room temperature, and analyzed with GPC and 1H NMR. At the last date point of the reaction, 

the polymer solution was diluted with chloroform (DMSO for AN), and the polymer was 

reprecipitated in a mixture of hexane/diethyl ether (1/1 (v/v)) twice (methanol for BA) for 

purification. The collected polymer was dried in vacuo and analyzed with 1H NMR.  
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Synthesis of PDMDL Macroinitiator.  

 DMDL (5 g, 39 mmol), ECP (87 mg, 0.39 mmol), and AIBN (13 mg, 0.078 mmol) was 

added to a Schlenk flask and heated at 70 ℃ under argon atmosphere with magnetic stirring. 

After 2 h, the polymerization mixture was dissolved in chloroform (10 mL) and subsequently 

reprecipitated into hexane in a mixture of hexane/diethyl ether (1/1 (v/v)) twice for purification. 

The polymer was stored under vacuum to dry and give PDMDL macroinitiator (monomer 

conversion = 37 %, Mn = 5100 and Đ = 1.31 after purification) as a pale-yellow powder.  

 

Block Copolymerization. 

In a typical run, a mixture of VAc (0.5 g), a PDMDL macroinitiator, and AIBN was 

heated in a Schlenk flask at 70 °C under argon atmosphere with magnetic stirring. After cooling 

to room temperature, an aliquot (0.1 mL) of the solution was analyzed with 1H NMR for 

monomer conversion and GPC for Mn and Đ.  

 

Degradation of PDMA-r-PDMDL.  

A mixture of PDMA-r-PDMDL (Mn = 8800, Đ = 1.16, and FDMDL = 20 %) (0.06 g, 6 

wt%, 1 equiv. of the DMDL monomer unit) and 1M NaOH aqueous solution (1 g, 94 wt%, 

11equiv. of NaOH) was stirred at room temperature. After a prescribed time t, an aliquot (0.1 

mL) of the solution was taken out by a syringe and analyzed with DMF-GPC. 
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Chapter 6. Conclusions 

 

 The objective of this doctoral thesis was to prepare functional polymers in a sustainable 

way. Self-catalyzed RCMP, recycled use of RCMP heterogeneous catalyst, dual catalysts nano-

capsule, and degradable vinyl polymers with chemical recyclability were reported in this thesis.  

In chapter 2, QAI containing monomers were used for self-catalyzed RCMP. Synthesis 

of C6MAI (a QAI containing monomer) is simple and attainable in a large scale (i.e., 100-gram 

scale). This self-catalyzed RCMP does not need an extra catalyst to catalyze the polymerization 

of functional monomers (i.e., methacrylates and acrylates). It is amenable to various monomers 

and highly versatile. The purification process is simple therefore fewer chemical wastes are 

generated.  

Further exploration of self-catalyzed RCMP was conducted in chapter 3, where 

heterogeneous RCMP catalyst and dual catalysts nano-capsule were synthesized. Recycle of 

the heterogeneous RCMP catalyst is simple (i.e., precipitation from a toluene mixture). The 

recovered heterogeneous RCMP catalyst is applicable for an MMA polymerization up to ten 

cycles to achieve consistently high monomer conversion and relatively low-dispersity 

polymers. Furthermore, dual catalysts nano-capsule was explored with MMA polymerization 

taking place on both outer surface and inner core. This novel nano-capsule (i.e., polymerization 

occur in the inner core) may be useful as a functional nano reactor for different interesting 

applications (i.e., block copolymerization in micro-phase separation nanoparticles or selective 

hydrophilic and hydrophobic monomers polymerization).  

In chapter 4, degradable and chemically recyclable polymers were synthesized with 

CKHE monomers (i.e., DMDL and PhDL). The degradable polymers are attractive for use in 

preparing degradable materials. Also, chemical recycling of monomer precursor after 

degradation of DMDL homopolymer confidently shows the sustainability to the environment. 
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The precursor can be recovered in a simple way (i.e., extraction) and reused for DMDL 

monomer synthesis.  

Chapter 5 further studied the CRP (i.e., RAFT polymerization and RCMP) of CKHE 

monomer (i.e., DMDL) where CKHE monomers were studied in conventional radical 

polymerization in chapter 4. CRP is useful in synthesizing low-dispersity polymers with 

controlled molecular weights. The DMDL homopolymers, random (gradient) copolymers, and 

a block copolymer obtained via CRP are controllable in molecular weights with low dispersity. 

Physical properties are displayed differently with different dispersities. Therefore, DMDL 

polymers with controllable molecular weight and low dispersity are attractive for design of 

polymeric materials with different physical properties (i.e., durability and thermal property). 

Synthesis of functional polymers in a sustainable way was demonstrated in this thesis. 

In Chapter 2 and 3, we used the catalytic monomers to catalyze polymerizations without 

additional catalyst. In Chapter 3, we prepared a heterogeneous catalyst with the catalytic 

monomer for recycle use in polymerizations. A sustainable self-catalyzed process is useful for 

industrial applications that can avoid the use of an external catalyst. A heterogeneous catalyst 

with recycle use preparing by self-catalyzed RCMP may capture more interest because this 

combination substantially reduces the waste and cost. Following work of this project will 

involve the use of the catalytic nano-capsule as nano-reactor to synthesize solvophilic polymer 

nano-particles in their soluble media.   In Chapter 4 and 5, we synthesized degradable polymers 

and recovered the degradation product for monomer synthesis. Degradable polymers are useful 

for many applications such as drug delivery and tissue scaffold. In addition, recycle of product 

generated after polymer degradation leads to lesser waste imposed to the environment. Future 

work of this project will involve the use of suitable RAFT agent to prepare random copolymers 

of DMDL and methacrylates. We demonstrated the sustainability concept with the self-
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catalyzed process without additional catalyst, the recycle use of a heterogeneous catalyst, and 

the synthesis of degradable polymers with its recycled use of degradation product. 


