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overcome these limitations, researchers have developed surfactants with the vinyl group (surfmer) 

[20]. These surfactants act as not only a surface-active material but also a monomer, and they are 

incorporated into the chain during polymerization to suppress desorption from the particle surface.  

  

Fig. 1-3. Schematic diagram of the emulsion polymerization process. Objects here are not drawn 

to scale. 
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1.3.2 Surfactant-Free Emulsion Polymerization 

The surfactant-free emulsion polymerization (SFEP) technique does not involve micelles created 

by surfactants. Rather, particle nucleation occurs at sites created by oligomeric radicals [19, 21, 

22]. Latex synthesized by SFEP is stabilized either sterically or by electrostatic repulsive force 

from moieties of the radical initiator (Fig. 1-4). 

 

Fig. 1-4. Schematic diagram of particle growth steps in SFEP. 
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Fig. 1-5. Schematic diagram of nucleation mechanism in miniemulsion polymerization. 
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1.3.4 Water-Soluble Azo Radical Initiators 

Several types of radical initiators have been developed [33]. The water-soluble ones consist of 

peroxides and azo compounds. An azo radical initiator generates nitrogen-containing free radicals 

during decomposition of the azo group (Fig. 1-6), and this system has some attractive features 

compared to peroxides. For instance, azo radical initiators suppress side reactions such as 

hydrogen atom abstraction, and functional groups are more easily introduced into azo radical 

initiators compared to peroxides. Focusing on ionic functionalized azo radical initiators, anionic, 

cationic, and zwitterionic structures have been developed. In 1979, Goodwin et al. prepared 

cationic PS latex particles using a cationic azo radical initiator [34]. This initiator was used with 

HCl, because its secondary or tertiary amine needs to be protonated by Brønsted-Lowry acids 

such as HCl. 

 

Fig. 1-6. Functional groups of various azo radical initiators. 
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cationic azo radical initiators have chloride as the counterion, which has a low aggregation effect 

based on the Hofmeister series. In particular, the influence of triflate (counterion of ADIP) on the 

colloidal interfacial activity of cationic polymeric particle dispersions has not been reported. 

In the case of ADIP, only PS particles have been successfully prepared without any problem in 

dispersion stability. To expand the usage of ADIP in biological fields, I prepared PMMA particles 

using ADIP for the first time via SFEP. However, the stability of the resultant PMMA dispersion 

was quite low during storage. This phenomenon provides a motivation to investigate dispersion 

control of cationic polymer particles in the presence of the counterion of ADIP and 

functionalization of cationic polymer particles. 

A second motivation of my research concerns PVA, whose utilization as a polymeric surfactant 

is still limited, as mentioned in Section 1.3.4. In fact, PVA comes in many types depending on 

the degrees of polymerization and saponification, but only a few types have been considered as 

polymeric surfactants. Moreover, there is little discussion on using PVA as a surface modifier to 

create particle stabilizers for PEs, i.e., which types of PVA are suitable for preparing PEs with 

good stability. 

The rest of the Dissertation consists of four Chapters. Chapter 2 describes the synthesis of 

PMMA particles via SFEP, using MMA monomer and ADIP as a radical initiator. The dispersion 

stability of synthesized cationic PMMA particles was evaluated. Fast sedimentation of dispersion 

during storage was only observed when ADIP was used in particle synthesis. Further investigation 

revealed that cationic PMMA particles aggregate significantly in the presence of triflate anion 

compared to halides or polyatomic anions. To overcome this problem, I developed ADIP-Cl, an 

ADIP derivative with the triflate counter anion replaced with chloride. When using ADIP-Cl, 

cationic PMMA particles were successfully prepared without any sedimentation. 

Chapter 3 discusses the reason why triflate causes the aggregation of cationic PMMA latex 

particles. The surface charge of these particles was significantly reduced in the presence of triflate 

at a lower concentration compared to the other anions. This is because triflate more strongly 

absorbs onto the hydrophobic surface. The mechanism of aggregation induced by triflate would 

mainly be the vdW force between particles because the cationic surface is neutralized by adsorbed 

triflate anions, resulting in a weaker electrostatic repulsive force. Accordingly, the transition 

between dispersion and aggregation in the presence of electrolyte was kinetically evaluated. 

Chapter 4 describes the functionalization of cationic PMMA particles prepared using ADIP-Cl, 

in order to create PEs with possible industrial applications. Cationic particles are expected to be 

more suitable for PEs, because the oil-water interface carries negative charge [66] and therefore 
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Fig. 2-4. 1H NMR spectrum of ADIP. 
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Fig. 2-5. 1H NMR spectrum of ADIP-Cl. 
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Fig. 2-6. 19F NMR spectra of ADIP (black) and ADIP-Cl (red). 
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Fig. 3-3. Langmuir plots for TNS adsorption assay: (a) amidine-, (b) imidazoline-, and (c) 

imidazolium-PMMA latex particles. 
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Chapter 4  Functionalization of Cationic PMMA Particles 

 

4.1 Introduction 

This chapter focuses on functionalization of cationic PMMA particles prepared using ADIP-Cl. 

Considering the many industrial uses of PEs, cationic particles are expected to be more suitable 

for PE formation because the oil-water interface carries negative charge and tends to attract 

positively charged particles for adsorption through electrostatic force. However, phase separation 

occurs soon after agitating a mixture of oil and aqueous dispersion of cationic PMMA particles, 

resulting in emulsion failure. One way to suppress this is to modify the surface of particles to 

enhance their adsorption onto the droplet interface, as described in Section 1.4.3. Here, I focused 

on particle modification using PVA, which is a water-soluble polymer with excellent 

biocompatibility and chemical properties and has been used in a wide variety of industries. In 

previous studies, poly(lactic-co-glycolic acid) (PLGA) nanoparticles prepared from PVA via 

emulsion-evaporation methods were used in O/W PE [1, 2], and the PVA layer on the particle 

surface was able to change the wettability with amphiphilicity. As a result, water-dispersed 

PLGA-PVA particles adsorbed at the oil-water interface to form an O/W PE. However, it remains 

unclear why water-soluble PVA forms an adsorbed layer on polymeric particles in the continuous 

water phase, or how such a layer changes the wettability of the particle surface. Thus, I prepared 

PVA-modified cationic PMMA particles (denoted as PMMA-PVA) using PVA at three levels of 

hydrolysis for successful PE preparation. Furthermore, the behavior of PVA adsorbed onto the 

PMMA surface in water was investigated using coarse-grained simulations at the molecular level. 

 

4.2 Materials & Methods 

4.2.1 Reagents 

Water treated by reverse osmosis and electrodeionization was used in all the experiments. 

Chloroform (purity 99.0%), methyl methacrylate (MMA, purity 98.0%), poly(vinyl alcohol) 

(PVA, catalog no. 165-16315; degree of polymerization 500; degree of saponification > 96 mol%; 

values as specified by the manufacturer), sodium chloride (NaCl, purity 99.5%), and 1,1,1,3,3,3-

hexafluoroisopropanol (HFIP, purity 99.5%) were obtained from Fujifilm Wako Pure Chemical 

Corporation (Japan). Decamethylcyclopentasiloxane (DMCPS, purity 100%) was procured from 

Shin-Etsu Chemical Co., Ltd. (Japan). An inhibitor remover (catalog no. 311340) and 3-(2-

benzothiazolyl)-N,N-diethylumbelliferylamine (coumarin-6, purity 98%) were obtained from 

Sigma-Aldrich Corporation (USA). N,N-Dimethylacetamide (purity > 99.0%) and sodium 
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Extraction of insoluble fractions 

Soxhlet extraction was conducted to confirm the adsorption of PVA onto the PMMA particles. 

Chloroform was used as the extractant because of its efficiency in dissolving PMMA but not PVA. 

According to the results (Fig. 4-8), no residue was obtained from the freeze-dried PMMA particles, 

but a chloroform-insoluble fraction of 5.3% was obtained for the freeze-dried PMMA-PVA (88 

mol%) particles. 

 

Fig. 4-8. Chloroform-insoluble fractions of PMMA and PMMA-PVA (88 mol%) particles, as 

obtained by Soxhlet extraction. n = 3. N.D.: not detected. 
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Interfacial tension 

The kinetics of particle adsorption at the oil surface was studied using pendant drop tensiometry. 

The IT value between water and DMCPS showed no significant decrease over time (33.4 ± 0.2 

mN/m at 1,200 s, Fig. 4-10a). The dynamic IT of 0.1 wt% aqueous PVA solution decreased 

slightly over the course of 1200 s (Fig. 4-10a), whereas that of 1 wt% PMMA dispersion was 

almost constant, decreasing by only ~1 mN/m from 300 to 1,200 s (Fig. 4-10b). For PMMA-PVA 

(80, 88, and >96 mol%), their IT values decreased from 0 to 1,200 s by 15.0, 10.6, and 5.9 mN/m, 

respectively. This change is smaller for PVA with a lower degree of saponification, which is 

consistent with the behavior of aqueous PVA solutions. The IT values remained almost constant 

after 1,200 s for the samples with 1% PMMA-PVA (Fig. 4-10c). Moreover, IT decreased with 

increasing PMMA-PVA particle concentration. 
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Fig. 4-10. Dynamic interfacial tension (IT) of the water-DMCPS interface. (a) Water and 0.1 wt% 

aqueous PVA solutions, (b) 1 wt% PMMA and PMMA-PVA dispersions, and (c) concentration-

dependent IT of the PMMA-PVA (88 mol%) particle dispersion. All measurements were 

performed using the aqueous solution or dispersion droplets suspended in DMCPS. 

Measurements were conducted in triplicate, and the average value was plotted. 
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Overall, these factors including the number of particles, particle size, and inter-particle 

interactions should be considered in more detail when studying HIPPEs stabilized by PMMA-

PVA in the future. 

4.4.3 Properties of PMMA-PVA 

DLS measurements and ALT calculations revealed that the PVA specimens hydrolyzed at 80 

and 88 mol% formed a robust layer on the PMMA particle surface (Table 4-3). The presence of 

PVA on the surface led to a change in the zeta potential (approximately +30 and +20 mV for 

PMMA and PMMA-PVA particles, respectively), with the positive charges of the PMMA 

particles originating from the imidazolium group of ADIP-Cl [30]. This reduction in zeta potential 

was due to an outward shift of the slipping plane by the adsorbed layer of PVA. Notably, PLGA- 

PVA with a negative charge deriving from the carboxylic end group also showed an increase in 

its hydrodynamic diameter because of PVA adsorption and a reduction in the zeta potential [1, 2]. 

Moreover, analysis of the amount of chloroform-insoluble fraction of PMMA-PVA (Fig. 4-8) and 

the associated FTIR study (Fig. 4-9) confirmed the presence of ~5 wt% PVA on the PMMA 

surface. Furthermore, the PMMA particles aggregated in 0.1 mol/L aqueous NaCl solution, but 

PMMA-PVA (80 and 88 mol%) particles did not coalesce even in 1 mol/L NaCl (Fig. 4-7). In 

conclusion, the resistance of the PMMA-PVA system against aggregation in NaCl was attributed 

to PVA acting as a protective colloid. 

The chloroform-insoluble fraction of PMMA-PVA was comprised of PVA together with some 

PMMA residues (Fig. 4-9d). The hydroxy group of PVA forms intermolecular hydrogen bonds 

with C=O in the acetyl group of PMMA [31]. It was therefore assumed that the freeze-dried 

powder of PMMA-PVA partially maintained its hydrogen bonding during extraction. As a result, 

some PMMA was not extracted but remained in the residue. 

PVA hydrolyzed to >96 mol% did not form a sturdy layer on the PMMA particles (Table 4-3). 

In the electrolyte resistance test, PMMA-PVA (>96 mol%) exhibited suppressed and notable 

aggregation in 0.1 and 1 mol/L aqueous NaCl solutions, respectively (Fig. 4-7). Furthermore, the 

IT values of PMMA-PVA (>96 mol%) were slightly lower than those of the PMMA particles 

(Fig. 4-11b). Additionally, DPD simulations of the biphasic system showed that as the 

temperature increased, fully hydrolyzed PVA dissociated from the PMMA surface in water (f = 

1.0; Figs. 4-11d to 4-11f) compared to partially hydrolyzed PVA (f = 0.8; Figs. 4-11a to 4-11c). 

These results strongly suggest that surface coverage of the PMMA particles was insufficient when 

utilizing PVA without non-hydrolyzed acetyl group, because this group worked as an anchor for 

adsorption onto the PMMA surface. 
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4.4.4 Interfacial Adsorption Behavior of PMMA-PVA 

When the aqueous phase was a dispersion of PMMA particles in water, the IT value was slightly 

lower than that of the control (water) (Figs. 4-10a and 4-10b). This finding is consistent with 

several studies on the thermodynamically favorable adsorption and surface activity of PLGA 

nanoparticles [1, 2]. Notably, the IT values decreased non-uniformly with respect to time: 

decreasing from 0 to 300 s, remaining constant from 300 to 900 s, and then decreasing slightly 

again from 900 to 1,200 s (Fig. 4-10b). The PMMA particles adsorbed at the interface in a 

reversible manner owing to their Brownian motion in water and inter-particle interactions via 

electrostatic repulsion. 

The IT values of aqueous PVA solutions decreased with decreasing degree of PVA 

saponification, and this trend was reflected in the PMMA-PVA dispersions. Furthermore, the 0.1 

wt% aqueous PVA solution at 1,200 s and 1 wt% PMMA-PVA dispersion had almost identical 

IT values. Considering that the chloroform-insoluble fraction of PMMA-PVA, which mainly 

comprised PVA, was ~5 wt% (Fig. 4-8), 1 wt% PMMA-PVA dispersion should contain ~0.05 

wt% PVA. Therefore, the decrease in IT was driven by PVA. The IT curves of PMMA-PVA 

dispersions indicated that the adsorption kinetics was dominated by Brownian motion and 

irreversible particle adsorption at the interface. The concentration-dependent measurements (Fig. 

4-10c) showed that 0.01 wt% PMMA-PVA was insufficient for decreasing IT, indicating a lack 

of particles for interfacial coverage. The IT decrease driven by particle diffusion was more 

dominant in the 0.1 wt% dispersion than in the 1 wt% one. In particular, the sample at the 

maximum particle content (1 wt%) showed a sharp reduction in IT, because it had enough 

particles to achieve interfacial coverage in the initial state of dynamic IT analysis. 

The molecular-level DPD simulation results suggested that the number of partially hydrolyzed 

PVA molecules adsorbed at the PMMA surface increased with increasing number of PVA 

molecules, as demonstrated by the appearance of acetyl groups near the aqueous phase (Fig. 4-

12). Overall, the experimental findings indicated that PMMA-PVA efficiently reduced IT as the 

degree of saponification of PVA decreased. Moreover, the simulation and experimental results 

suggested that the acetyl group of PVA helped reinforce the O/W emulsion stabilized by PMMA-

PVA. 
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4.5 Summary 

In Chapter 4, it was demonstrated that the formation of particle-stabilized O/W emulsion is 

determined by the hydrolysis level of PVA molecule utilized to modify the surface of submicron 

cationic PMMA particles. Moreover, I found that hydrophobic interaction between the acetyl 

group of PVA molecule and PMMA surface is important for forming a PVA layer on the PMMA 

particle surface. 

In more detail, O/W emulsions including O/W HIPPEs were prepared using PMMA-PVA. The 

adsorption of PVA on the PMMA particle surface was confirmed via zeta potential analysis, 

aggregation tests against NaCl, and extraction experiments. I demonstrated that partially 

hydrolyzed PVA facilitated the formation of this PVA layer. Furthermore, coarse-grained 

molecular simulations strongly suggested that the PVA layer was formed via adsorption onto 

the PMMA surface, with the acetyl group acting as an anchor. In contrast, fully hydrolyzed PVA, 

which contained few acetyl group, could only adsorb through its main chain and hence failed to 

form a surface layer. These results suggest that successful adsorption of PVA in water can be 

attributed to the hydrophobic interactions between the acetyl group of PVA and PMMA. 

Furthermore, PMMA particles with a robust PVA layer were efficient in reducing IT when the 

PVA had a lower degree of saponification. At the molecular level, when a robust and sufficient 

layer was created by partially hydrolyzed PVA, the acetyl groups adsorbed on PMMA and were 

located near the aqueous phase. Therefore, I predict that the total particle wettability would be 

change by the acetyl group near the aqueous phase. These O/W emulsions including O/W 

HIPPEs stabilized by PMMA-PVA are promising for applications in cosmetics, healthcare, 

emulsion-templated scaffolds, and biomedicine such as tissue engineering. 
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5.3 Results 

5.3.1 Optimal Type of PVA for Miniemulsion Polymerization of Styrene 

Different types of PVA were tested to generate small emulsion droplets while maintaining 

emulsion stability during deoxygenation prior to polymerization. Figure 5-4 shows the time-

dependent size distribution of emulsion droplets formulated with two types of PVA, namely JP-

05 and JMR-3H. The PVA content in the emulsion was fixed at 2 wt%, because preliminary tests 

indicated that droplet size is inversely correlated with the concentration of JMR-3H (Fig. 5-5). A 

unimodal droplet size distribution was observed in both cases. JP-05 reduced the droplet size from 

5000 to 1000 nm, and the size further declined upon extending the duration of homogenization. 

However, during the deoxygenation stage preceding polymerization, emulsions employing JP-05 

exhibited considerable bubble formation, which impeded polymerization (data not presented). In 

contrast, the droplet size in emulsions formulated with JMR-3H remained small and stable during 

homogenization, chiefly from 20 to 100 nm. Moreover, the JMR-3H-based emulsions showed no 

bubble formation during the deoxygenation phase. Thus, JMR-3H is more favorable for 

miniemulsion polymerization compared to JP-05, owing to its capacity for producing smaller 

droplets and maintaining emulsion stability throughout deoxygenation. 
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Fig. 5-4. Droplet size distribution (number %) for two types of PVA: (a) JMR-3H and (b) JP-05. 

Both emulsions contained 2 wt% PVA. Red curve: 2 min post-homogenization, green curve: 30 

min post-homogenization. 
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Fig. 5-5. Droplet size distribution (number %) for (a) JMR-3H and (b) JP-05. Indigo (circle), 

cyan (triangle), and teal (square) correspond to 2, 1, and 0.5 wt% PVA, respectively. The indigo 

line is not shown in (b) because the drop size exceeded the upper limit (6000 nm). 
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5.3.4 DHHB Leaching from PS-DHHB in Aqueous Alcohol  

Figure 5-9 illustrates the relative DHHB content in aqueous alcohol extracted from PS-DHHB, 

based on three independent measurements. The relative DHHB concentration was calculated as 

described in Section 5.2.5. Alcohols are frequently utilized in cosmetic formulations to inhibit 

microbial growth [26]. The alcohols and their contents were: 10 wt% ethanol (E_10), 20 wt% 1,3-

butanediol (B_20), 10 wt% 1,2-pentanediol (P_10), and 2.5 wt% 1,2-hexanediol (H_2.5). No 

traces of DHHB were found in any of the solutions, confirming that DHHB remained 

encapsulated within PS-DHHB. 

 

Fig. 5-9. Relative amount of DHHB in aqueous alcohols based on three independent 

measurements: PC, 10 wt% ethanol (E_10), 20 wt% 1,3-butanediol (B_20), 10 wt% 1,2- 

pentanediol (P_10), and 2.5 wt% 1,2-hexanediol (H_2.5). N.D.: not detected. 
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Chapter 6  Conclusion 

 

6.1 Summary 

This Dissertation describes the following interconnected research. First, the dispersion of 

cationic PMMA particles was controlled by choosing a suitable counterion for the cationic azo 

radical initiator with a quaternary ammonium structure. Second, triflate with the -CF3 group 

caused aggregation of cationic PMMA latex particles at a lower concentration. To the best of my 

knowledge, these two findings are novel in improving the dispersion/aggregation of cationic 

polymer particles prepared with cationic azo radical initiators. Third, cationic PMMA particles 

with PVA-modified surface were prepared and used as a particle stabilizer for O/W emulsions. 

Here, the hydrolysis degree of PVA was shown to be crucial for creating robust O/W PEs 

including HIPPEs. Finally, using low-molecular-weight PVA as an emulsifier, an organic UV 

absorber was successfully encapsulated into cationic PS particles via miniemulsion 

polymerization. The results demonstrated that low-molecular-weight PVA is a suitable polymeric 

surfactant in miniemulsion polymerization. 

In more detail, Chapter 2 describes the synthesis of PMMA particles using cationic radical 

initiator via SFEP. The dispersion stability of synthesized cationic particles was evaluated. Fast 

sedimentation within 7 days of storage only occurred when the particles were prepared using 

ADIP. Further investigation revealed that cationic PMMA particles aggregate significantly in the 

presence of triflate anion compared to other halides or polyatomic anions. To overcome these 

disadvantages, I synthesized ADIP-Cl, an ADIP derivative with the triflate counter anion replaced 

by chloride. ADIP was successfully used as an initiator to prepare cationic PMMA particles that 

displayed no sedimentation. 

Chapter 3 discusses the aggregation mechanism of cationic PMMA latex particles in the 

presence of triflate. The zeta potential of these particles was significantly lowered in the presence 

of triflate at a lower concentration compared to other monovalent anions. This is because triflate 

adsorbs strongly onto the hydrophobic surface and changed the surface charge. Hence, 

aggregation in the presence of triflate mainly occurs through the vdW attractive force between 

particles, due to the weaker electrostatic repulsive force. Moreover, the dispersion and 

aggregation kinetics was investigated in the presence of various electrolytes. The critical 

coagulation concentration of cationic PMMA latex particles was far lower in the presence of 

triflate compared to other monovalent anions. 
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In Chapter 4, cationic PMMA particles prepared using ADIP-Cl were functionalized for PE 

applications. However, phase separation occurred soon after agitating a mixture of oil, water, and 

cationic PMMA particles. To prevent emulsion collapse, the PMMA particle surface was 

modified with PVA. Notably, partially hydrolyzed PVA was found effective for forming an 

adsorbed layer on the particle surface, resulting in homogeneous PEs without phase separation. 

The experimental and simulation results indicated that the acetyl group of PVA functioned as an 

anchor for adsorption onto not only the PMMA particle surface but also the oil-water interface. 

In Chapter 5, a UVA absorber (DHHB) was encapsulated in cationic PS particles and dispersed 

in water using miniemulsion polymerization. Low-molecular-weight PVA was employed as an 

emulsifier to facilitate both the formation of monomer droplets and the subsequent polymerization 

process. Importantly, inclusion of PS in the monomer droplet increased the solid content and 

stabilized the system, thereby enhancing the encapsulation efficiency of DHHB. The synthesized 

PS-DHHB particles exhibited UV absorption properties very similar to those of DHHB. These 

water-dispersible PS-DHHB particles carrying positive charge have significant applications in 

polymer science and cosmetics, owing to their efficient UV absorption and strong adsorption on 

human hair. 

 

6.2 Future Prospects 

Compounds containing fluorine, such as triflate, display hydrophobicity and lipophobicity at the 

same time (the fluorous effect). Hence, they are usually immiscible with organic solvent and water 

[1], a feature that is useful in coatings. I predict that linear polymers synthesized using ADIP 

would also display the fluorous effect. Jitsuhiro et al. prepared composite sheets consisting of 

general purpose PS (GPPS) and linear PS prepared using ADIP (ADIP-PS), and the sheets showed 

good antimicrobial effects [2]. Those authors thought that during the heat press to prepare the 

sheets, the fraction of ADIP-PS with high antimicrobial activity (due to the imidazolium structure 

of ADIP) would localize to the sheet surface. Based on the results described in this dissertation, 

the localization of ADIP-PS fraction in Ref. [2] may be caused by triflate, the counterion of ADIP. 

The reason is that triflate gathers and becomes enriched at the air-solid interface through the 

fluorous effect, and the imidazolium terminus will be pulled up to the surface at the same time. 

ADIP derivatives with a counterion containing fluorine are expected to be effective for preparing 

self-assembled polymer structures such as micelles and nanocapsules [3]. Moreover, the 
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combination of the imidazolium structure of ADIP and a suitable counterion can lead to new ionic 

liquid-based polymers for energy devices, environmentally responsive materials, and catalysts [4]. 
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