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1. Introductory Remarks 

1.1 Background 

 In nature, various spontaneous rhythmic phenomena, e.g., occurrences with 

temporal periodicity and spatio-temporal patterns, are observed.1,2 In biological systems, 

one example of temporal periodicity is the heartbeat. Cardiomyocytes achieve 

contraction and relaxation movements via oscillatory behavior, such as the 

association/dissociation of the actin–myosin protein interaction3-5 using the 

decomposition energy of adenosine triphosphate (ATP). At the macroscopic scale, the 

heart, which is composed of cardiomyocytes, is responsible for pumping blood and 

contributing to the maintenance of vital activity. As another example, the 

spatio-temporal patterns of proteins in cells also play an important role in biological 

functions. The ability of a cell to move is regulated by spatio-temporal patterns; cell 

migration occurs via the patterns of actin-binding proteins and cell division via those of 

Min proteins.6-8 As illustrated by these phenomena, the autonomous motions of 

biological systems are sustained by rhythmic phenomena in the chemical reactions of 

the biomolecules. The important mechanisms of self-regulation, environmental 

adaptability, and self-repair in biological systems can be studied to provide insight for 

the design of artificial materials. In recent years, research toward the construction of 

artificial cells9 or biomolecular robots10-13 using biomolecules as components has been 

developed. However, since living systems are complicated phenomena, it is not easy to 

clarify the mechanisms that occur within these. Therefore, research in the field of 

synthetic molecular chemistry is conducted to provide general insights via artificial 

models and to create biomimetic autonomous materials. 

 This research has involved synthetic compounds including metal catalysts,14-16 

supramolecules,14,15,17,18 polymers,14-17 and particles.14,15,19-22 It focuses on synthesizing 

and organizing molecular building blocks at the microscale to create molecular systems 

that autonomously convert energy with high efficiency. This could lead to the 

development of artificial molecular robots and autonomous materials via synthetic 

chemistry.14,15 Biological phenomena provide inspiration for the development of new 

autonomous materials, but the synthesis of these artificial systems must be achieved in a 

controlled and predictable way. In this regard, it is challenging to mimic living systems, 

where organized behavior is controlled by spatio-temporal structures on various size 

scales. 

 In the field of colloids, synthetic nanometer-to-micrometer-sized particles are 

studied.14,15,19-22 Groups of these particles can form macroscopic spatio-temporal 
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patterns via responsiveness to stimuli driven by external energy such as light and 

magnetic and/or electric fields, as well as spontaneous functionalization through 

chemical reactions.19-22 The use of synthetic particles makes it possible to obtain 

regularity in collective motions by designing single particles with energy-conversion 

mechanisms.19-22 Therefore, it should be possible to artificially create models of the 

collective motions that occur in nature and autonomous materials that exhibit 

movements like those of living systems. In particular, colloidal systems with particles 

that exhibit periodic behavior have been studied using chemical reactions (Table 1).23-45 

The particles are designed so that the interaction between them is changed via the 

stimulus-responsiveness of the surfaces of the particles.23-34 Here, programmed 

chemical reaction networks are designed with a feedback mechanism that works to 

return the system to its normal internal state.23-45 For example, modifying the surface of 

the particles with azobenzene, which undergoes a photoisomerization reaction, allows 

the dispersion/aggregation states of the particles to be controlled by light 

stimulation.24-34 In other systems, the oscillatory motion of the particles is regulated by a 

cycle of reversible reactions that depend on the pH in a buffer, using the hydrolysis of 

an ester or carbodiimide-based substrates.35-42 However, in these systems it is necessary 

to supply an external stimulus or substrate, and thus the lack of sustainability of the 

periodic control is a problem.23-42 Therefore, an autonomously pulsating pH system 

controlled by external equipment, i.e., a continuous stirred-tank reactor, using 

pH-responsive particles that response to the concentration of hydrogen ions was 

invented.43 Without external input, the construction of autonomous cycles in a chemical 

reaction network would not be easy unless it was based on the use of biomolecules such 

as enzymes and ATP.44,45 Thus, the main focus of the studies using artificial colloids has 

been to control time-periodic motion using the chemical reaction network. Colloidal 

materials that mimic biological functions such as autonomy and environmental 

adaptability are still under development. 

 One class of synthetic particles is hydrogel microspheres (microgels), which 

are soft and deformable.46-50 Microgels that are composed of temperature-responsive 

polymers such as poly N-isopropylacrylamide (pNIPAm)51,52 exhibit a lower critical 

solution temperature (LCST), and their physicochemical properties can be changed 

reversibly by changing the external environment, such as the temperature or pH.53,54 

Unlike hard inorganic particles, microgels are open systems swollen by water, which 

allows chemical substrates to diffuse into their interior or exterior. Microgel systems 

that exhibit periodic motion, i.e., microgels that convert chemical energy into 

mechanical motion, have been reported.55-64 One design strategy for such systems 
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involves the immobilization of transition-metal-based catalysts such as 

[ruthenium(II)tris(2,2′-bipyridine)][PF6]2 ([1][PF6]2) in pNIPAm microgels. The 

microgels are dispersed in a reaction solution, and the periodic oxidation/reduction 

reaction of the metal complex site is allowed to proceed. Since the change in the 

oxidation/reduction state is converted into a change of the 

hydrophilicity/hydrophobicity of the gels, the microgels can spontaneously generate 

volume oscillation. It is thus possible to control this autonomous oscillation behavior 

continuously at regular intervals without external stimuli (Table 1; 

p(NIPAm-co-[1][PF6]2)). Here, the Belousov–Zhabotinsky (BZ) reaction,65-71 an 

oscillating chemical reaction that imitates the metabolic reaction of a living system,72 is 

used to control the time periodicity. Furthermore, these systems show rhythms and 

patterns similar to biological phenomena such as the heartbeat.69,70 Therefore, the 

oscillating behavior of microgels generated by the BZ reaction can be used for 

understanding and imitating biological phenomena. 

 The application of the BZ reaction to polymeric materials has been investigated 

on various scales. On the scale of linear polymers, Ishiwatari et al. applied this reaction 

to an electrolyte polymer in 1984.73 The polymer was part of the substrate for the BZ 

reaction and was thus involved in oscillating behavior. In bulk gels larger than a 

millimeter, Yamaguchi et al. applied the BZ reaction to a polyacrylamide bulk hydrogel 

in 1991.74 This represented the first report of the study of the BZ reaction using a 

water-swollen three-dimensional polymer network as a medium. The effects of substrate 

diffusion in an environment where the catalyst is immobilized in a polymer network, as 

well as spatio-temporal patterns due to the size and shape of the gel, on the oscillatory 

behavior of the BZ reaction were discussed. Subsequently, Yoshida et al. used a polymer 

with an LCST, pNIPAm, in 1996.75 In the BZ reaction solution, it was revealed that the 

pNIPAm gel showed a change in volume phase transition temperature (VPTT) in 

synchronization with the BZ reaction. A gel that beats autonomously under certain 

conditions, like a heart, using the chemical energy of the BZ reaction was proposed for 

the first time. 

 In addition to their gel properties, microgels also have colloidal properties. By 

adapting microgels using the BZ reaction, Suzuki et al. first achieved the characteristic 

oscillating behavior of a colloidal dispersion system in 2008.55 Oscillation waveforms 

were observed via the time-dependent change in the transmittance caused by the 

difference in light-scattering intensity between the swollen and deswollen states. Under 

conditions in which the microgels are in the dispersed state, the amplitude of the 

oscillation waveform varies due to the difference in the size of the microgels in the 
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oxidized/reduced states. On the other hand, under certain conditions, where microgels 

aggregate, a dramatic change in turbidity occurs due to the decrease in colloidal stability 

caused by the deswelling of the microgels. Thus, the dispersing/flocculating oscillation 

of the microgels was found to be synchronized with the time-periodic changes in the 

colloidal stability of the particles in addition to the swelling/deswelling oscillation of 

the gels. The microgels also show unusual functionality at the macroscopic level, where 

they produce a collective motion. Focusing on living systems, for example, the heart 

can be regarded as an assembly of cardiomyocytes, and the micro-movement of actin 

and myosin in the individual cardiomyocytes causes periodic beats.2-5 Inspired by this 

phenomenon, it was found that a macrogel assembled from the microgels exhibited a 

large volume amplitude analogous to a heartbeat.61 The macrogel was created by 

centrifugal concentration of the microgel dispersion and chemical bonding of the 

microgels. When the dispersing/flocculating oscillation of the microgels occurred, the 

volume amplitude of the macrogel increased. By constructing a higher structure from 

the microgels, macroscopic motion that cannot be achieved with conventional gels was 

realized. In addition to this oscillatory behavior, the effects on the cross-linking density of 

the microgels,56
 initial substrate concentration in the BZ reaction,57 periodic viscosity 

changes of the microgel dispersion,58,59
 and introduction of a core–shell structure to the 

oscillating microgels60
 have been investigated. Microgels can be regarded as the smallest 

unit with a three-dimensional polymer network structure, i.e., volume. From the viewpoint 

of microgel design, the author speculated that it might be possible to control the volumetric 

oscillation behavior driven by the BZ reaction. 

 As described above, oscillating microgels exhibit periodic behavior that 

changes their volume (swelling/deswelling oscillation) and colloidal stability 

(dispersing/flocculating oscillation). These phenomena occur via mechanisms in which 

the reaction substrate diffuses into the gels and chemical reactions are transformed into 

oscillatory motion. In biological phenomena, there are important rhythms that maintain 

activities such as the heartbeat and brain waves. In cell tissues such as cardiomyocytes, 

reaction networks are formed via biomolecules and the interaction of proteins.2 

Therefore, if the microgels can be used as components to control substrate diffusion 

inside the three-dimensional structure of the particles, it could be possible to control the 

oscillatory behavior of the system via a precise chemical network, like in biological 

tissue. Furthermore, there should be sufficient room for improvement in these systems 

to achieve superior functionalization similar to that of living organisms in terms of 

designing the microgel component. If such imitation becomes possible using microgels, 

they could be used to create models of rhythmic phenomena in nature and applied in 
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advanced bioinspired materials. 

 

Table 1. Colloidal oscillation systems controlled by chemical reaction. 

a PEG-b-pSt: poly(ethylene glycol)-b-poly(styrene), b pMMA: poly(methyl methacrylate),  
c p(OEGMA-co-DEAEMA): oligo(ethylene glycol) methyl ether methacrylate-co-diethylaminoethyl methacrylate,  
d PEO-b-PCD: poly(ethylene oxide)-b-functional block appended with biguanidine-cyclodextrin side units, 
e AAc: acrylic acid, f EDC: 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide, g DMS: dimethyl sulfate,  
h CSTR: continuous stirred-tank reactor. 

 

1.2 Outline 

 The author has investigated the control of the BZ reaction through the design of 

the microgels and thus developed new functionalities based on oscillation control. The 

oscillation behavior of the microgels can be controlled via the BZ reaction, which 

depends on the temperature and the substrate concentration.55,57 On the other hand, the 

Particles 
Diameter 

(nm) 
Chemical reaction 

Stimulus/ 

Substrate 

Sustainability of 

periodic control 

Oscillation 

period 
Ref. 

PEG-b-pSta vesicles  300–700 
Catalytic 

decomposition of 

hydrogen peroxide 

Temperature 

Need to supply 

external stimuli 

~16 min 23 

TiO2 200–2,500 

Light 

~50–~100 s 24,25  

AgCl 
1,000– 

2,300 
Dissolution of AgCl ~17 s 26 

gold, silver, Fe3O4, silica, pSt  5–5,000 
Azobenzene 

isomerization 
100 s 27–30 

gold, silica, pMMAb 6–920 
Spiropyran 

isomerization 
~70 s 31–34 

gold, Fe3O4,  

silicon nanocrystals  
4–15 

Esterification of 

carboxylic acids 

EDCf 

Need to supply 

substrates 

~4–~26 h 35,36 

p(NIPAm-b-MMA) 750 DMSg ~ 80 min 37 

gold 4 
Hydrolysis 

Esters ~24–~36 h  38 

p(OEGMA-co-DEAEMA)c 400–800 Urea ~10 min–~10 h 39–41 

pSt, PEO-b-PCDd micelles 20–70 
Complexation of 

ATP and polymers 
ATP ~20–~60 min 42 

p(NIPAm-co-AAce) 150–700 
Acidity of 

carboxylic acids 
H+ 

Controlled with 

CSTRh 
~100 min 43 

PEG-b-pSt polymersomes  200 Enzymatic reaction 
ATP, 

glucose 
Autonomous 

cyclic reaction 

network 

~70–~130 min 44,45 

p(NIPAm-co-[1][PF6]2) 40–4,300 
Redox of metal 

complex catalyst 

The BZ 

reaction  
~7–500 s 55–64 
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oscillation behavior of the BZ reaction such as oscillation period, oscillation amplitude, 

and oscillation duration are affected by the physicochemical properties of the 

microgels.56,60,61,64 Therefore, it is important to design the microgels and optimize the 

BZ reaction in order to control the oscillation behavior. The physicochemical properties 

of the microgels, such as gel size, swelling degree, and colloidal stability, can be 

designed by changing the chemical composition or synthetic method.46-50,76,77 

Furthermore, the introduction of a core–shell structure enables sophisticated structural 

design of the microgel properties, including the particle morphology, microgel 

interactions, multi-stimulus responsiveness, and the uptake and release of substrates.78-85 

In this thesis, the effects of chemical composition and microgel structure on the BZ 

reaction were investigated. Finally, precise control of the oscillation behavior was 

achieved via the development of functionalized microgels. 

 In chapter 1, the author reports the development of microgels that exhibit 

high-frequency oscillation similar to that of the heartbeat. Biological phenomena exhibit 

various oscillation periods, such as the ~1 s period of the heartbeat and the ~24 h 

circadian rhythm. Control of the oscillation period of microgels is important for 

imitating and understanding biological phenomena. When the BZ reaction is carried out 

under high-temperature or high-substrate-concentration conditions, the chemical 

reaction rate increases, and thus, a shortened oscillation period would be expected. 

However, under these conditions, conventional microgels tend to aggregate irreversibly. 

Therefore, by investigating the chemical composition of the microgels to obtain 

microgels that show high colloidal stability, short-period oscillation was successfully 

achieved. 

 In chapter 2, the author reports the development of microgels for which the 

oscillation can be switched on or off by changing the temperature. One of the important 

functions of biological systems is recognizing and adapting to changes in the external 

environment. The ability of a cell to move is regulated by spatio-temporal patterns 

induced in cell tissues. Similarly, control of the rhythm and pattern of the BZ reaction is 

important because it is directly linked to the oscillation behavior of the microgels. 

However, since the reaction substrate continuously diffuses into the gels, the oscillation 

itself cannot be stopped or restarted. Therefore, by developing microgels with a 

temperature-responsive hydrogel shell that can regulate the substrate diffusion into the 

core, on–off switching of the oscillation in response to changing temperature was 

realized. 
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2. Chapter 1 
 

“High-Frequency Swelling/Deswelling Oscillation of Poly(Oligoethylene Glycol) 
Methacrylate Based Hydrogel Microspheres with a Tris(2,2’-bipyridyl)ruthenium 

Catalyst” 
 
*Part of this work was published in Inui, K.; Saito, I.; Yoshida, R.; Minato, H.; Suzuki, 
D. ACS Applied Polymer Materials, 2021, 3, 3298–3306.  
Reprinted with permission from Copyright (2021) American Chemistry Society. 

 

2.1 Introduction 

In biological systems, spatio-temporal phenomena, e.g., the pulsation of 

cardiac muscle cells and signal transduction via the activity of nerve cells, involving 

biomolecular colloids such as proteins are achieved autonomously.1 At the microscale, 

the association–dissociation reactions of molecular motors, i.e., actin and myosin 

filaments that use the decomposition energy of adenosine triphosphate, enable the 

continuous beating of the human heart with a period of ~1 s.2-4 

The prospect of creating biomimetic and autonomous materials using natural 

molecular motors, which convert chemical fuel into mechanical movement to achieve 

complex and advanced functions is a fascinating research topic.5-7 Imitating the 

autonomous system of living organisms, self-driven particles that move by consuming 

energy and show similarities to biological phenomena related to collective motion have 

been studied.8-13 For instance, the chemical reactions of metal-complex catalysts and 

external stimuli such as light and pH have been used as energy sources, and the 

resulting collective motions in the system have been investigated (e.g., 

dispersion/flocculation and propelled motion).8-13 Such systems can be expected to 

discover applications as models to develop a universal law of collective motion in 

biological systems,5,8,9 and as advanced bioinspired materials for chemical 

reactions,10-12 artificial muscles,6 and self-healing.5,13 

Microgels are a class of artificial colloids. These soft and deformable particles 

are composed of cross-linked three-dimensional networks swollen by water, and their 

typical size ranges from several tens of nanometers to several micrometers.14-17 One of 

the most fascinating properties of microgels is their stimulus-responsiveness, i.e., the 

physicochemical properties such as hydrophilicity/hydrophobicity, surface-charge 

density and volume change in response to external stimuli such as temperature, pH, or 

light.18,19 Suzuki et al. have already developed autonomously oscillating microgels that 

periodically swell/deswell or disperse/flocculate in the absence of an external 
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stimulus.20-29 In these microgels, [ruthenium(II)tris(2,2′-bipyridine)][PF6]2 ([1][PF6]2), 

which is a catalyst for the BZ reaction,30-36 is covalently bound to a thermo-responsive 

polymer backbone such as pNIPAm.37,38 The BZ reaction can be considered as 

analogous to metabolic reactions such as the tricarboxylic acid cycle in cellular 

organisms.39 By dispersing the microgels in the reaction solution, the catalyst 

periodically alternates between the reduced ([1]2+) and oxidized states ([1]3+) in a cyclic 

reaction network. Thus, the microgels show oscillatory swelling/deswelling and 

assembly/disassembly behavior20-22 as they spontaneously convert chemical into 

mechanical energy. The oscillations of these microgels are useful in, e.g., rheology 

modifiers,23,24 self-oscillating micropumps,26,28 and high-performance catalytic 

carriers.29 

The activity of living systems is controlled precisely and at high speed, as 

exemplified by the human heartbeat and brain waves.1-4 In terms of energy conversion, 

the response of microgels to external stimuli is expected to be rapid due to their 

colloidal dimensions (cf. the Tanaka–Fillmore equation).40 However, the induction of 

responses to external stimuli such as temperature or pH requires external equipment or 

the addition of a large amount of energy to change the environment of the dispersion 

medium.41,42 Therefore, establishing precise and rapid control over the stimulus 

response of microgels remains challenging. During the development of oscillating 

microgels, various methods of controlling the oscillation period have been investigated. 

For instance, in order to increase their VPTT and ensure colloidal stability, the 

hydrophilic acrylamide monomer has been copolymerized with pNIPAm-based 

microgels. When they were dispersed at high temperature (~50 °C), a short oscillation 

period (~7 s) was acieved.28 On the other hand, the oscillation period of the BZ reaction 

can be shortened to ~0.1 s by optimizing the reaction conditions (e.g., temperature and 

the substrate concentration).43 In the context of microgels, pH-responsive microgels 

with rapid switching (within ~2 s) have been reported, and the enhanced response speed 

has been discussed in terms of their chemical composition and reaction kinetics.44 Based 

on the above facts, the oscillation period of the microgels could likely be shortened to 

~1 s, which is the length of the human heartbeat cycle. If such a fast stimuli-response 

potential of the microgels could be realized, it can be expected that microgels find 

applications in actuators with motion similar to the human heartbeat. 

In the present study, the author created new autonomously oscillating 

microgels with poly(oligoethylene glycol) methacrylate (pOEGMA) as the 

thermo-responsive microgel backbone. The author hypothesized that the BZ reaction 

conditions could be adapted to take advantage of the lower critical solution temperature 
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(LCST) of pOEGMA (~64 °C), which is much higher than that of conventional 

pNIPAm (~32 °C), to achieve a short period comparable to that of the human heartbeat 

(~1 s). The author focused on the effect of the molecular weight of the poly(ethylene 

glycol) cross-linker on the progress of the BZ reaction and the swelling/deswelling 

oscillation behavior of the microgels. Finally, the microgels were organized to create a 

macrogel that acted as an autonomously oscillating actuator with a period comparable to 

that of the human heartbeat. 

 

2.2 Experimental Section 

Materials 

Oligoethylene glycol methacrylate (OEGMA, Mn = 300 g/mol, 98%), ethylene 

glycol dimethacrylate (EGDMA, Mn = 200 g/mol, 98%), poly(ethylene glycol) 

dimethacrylate (pEGDMA550, Mn = 550 g/mol, 98%), poly(ethylene glycol) 

dimethacrylate (pEGDMA750, Mn = 750 g/mol, 98%), glutaraldehyde solution (GA, 50 

wt.% in H2O), and poly(vinyl alcohol) (PVA, Mw = 9,000–10,000, 80% hydrolyzed) 

were purchased from Sigma Aldrich and used as received. 

2,2′-Azobis(2-methylpropinamidine)dihydrochloride (V-50, 95%), sodium chloride 

(NaCl, 99.5%), malonic acid (MA, 98%), sodium bromate (NaBrO3, 99.5%), nitric acid 

(HNO3, 16 M), cerium(III) sulfate n-hydrate (Ce(SO4)·nH2O, 78–88%), and cerium(IV) 

sulfate tetrahydrate (Ce(SO4)2·4H2O) were purchased from Wako Pure Chemical 

Industries and used as received. [Ruthenium(II)tris(2,2′-bipyridine)][PF6]2 ([1][PF6]2) 

monomer and 

[ruthenium(II)(4-vinylinyl-4′-methyl-2,2′-bipyridine)bis(2,2-bipyridine)][PF6]2 were 

synthesized according to a previously reported procedure.45 Distilled and ion-exchanged 

(EYELA, SA-2100E1) water was used in all experiments. 

 

Synthesis of the Oscillating Microgels 

According to previously reported procedure,20 the oscillating pOEGMA 

microgels were synthesized by a surfactant-free aqueous free radical precipitation 

polymerization. The polymerization was performed in a three-necked round-bottom 

flask (50 mL) equipped with a condenser, a mechanical stirrer, and a nitrogen gas inlet. 

The OEGMA monomer (0.6480 g; 96 mol%), [1][PF6]2 monomer, as well as the 

EGDMA (0.0090 g, 2 mol%), pEGDMA550 (0.0248 g, 2 mol%), or pEGDMA750 

(0.0338 g, 2 mol%, 2 mol%) cross-linker were dissolved in deionized water (28 mL). 

The monomer solution (75 mM) was heated to 90 °C under constant stirring (250 rpm) 

and a stream of nitrogen. After sparging with nitrogen for 30 min to remove any 
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dissolved oxygen, the polymerization was initiated by adding V-50 (0.0163 g, 2 mM) 

dissolved in deionized water (2 mL). After 4 h, the microgel dispersion was cooled in an 

ice bath to stop the polymerization. In order to remove any impurities, the following 

purification process was conducted twice: The microgels obtained were purified by 

centrifugation (15 °C, 10 min, 415,000 g; HITACHI, himac CS 100 GX), decantation, 

and redispersion in water. Subsequently, the dispersion was dialyzed for 5 days with 

daily water replacements. The obtained microgels are denoted as ORu(E), ORu(pE550), 

and ORu(pE750). Here, O, Ru, E, pE550, and pE750 represent OEGMA, [1][PF6]2, 

EGDMA, pEGDMA550, and pEGDMA750, respectively.  

 

Observation of the Synthesized Microgels 

In order to confirm the formation of microgels and to evaluate their size, the 

microgel images were observed using transmission electron microscopy (TEM, 

JEOL2010, operated at 200 kV). Samples were prepared by dropping microgel 

dispersions (1 µL, ~0.001 wt%) on a carbon-coated copper grid (Okenshoji Co., Ltd.), 

and dried at room temperature. Using the software package Image J (version 1.51, 

National Institutes of Health, USA), the diameter of the microgels was calculated (N = 

50). 

 

Measurement of the Amount of [1][PF6]2 in the Microgels 

The amount of [1][PF6]2 in the microgels was examined to confirm the 

incorporation of [1][PF6]2 in the microgels. According to previously reported procedure, 

the amount of [1][PF6]2 that remains in the supernatant after centrifugation of the 

dispersion was measured using UV-vis spectroscopy (JASCO, V-630 iRM).20 The 

measurement wavelength was set to 460 nm, which corresponds to the absorbance 

maximum of [1]2+.20 After 10 min of thermal equilibration, the measurement was carried 

out at 25 °C. 

 

Measurement of the Critical Flocculation Temperature of the Microgels 

The critical flocculation temperature (CFT) was examined as a function of the 

NaCl concentration in order to evaluate the tolerance of the microgels toward ionic 

strength. The temperature dependence of the optical transmittance of the microgel 

dispersions was monitored using UV-vis spectroscopy at various NaCl concentrations 

between 0 and 2500 mM. The measurements were conducted at 25–70 °C (heating rate: 

0.5 °C/min) under constant stirring (800 rpm). The [1][PF6]2 concentration in the 

microgels was adjusted to 100 μM in all systems. The measurement wavelength was set 
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at 570 nm, which corresponds to the isosbestic point of [1]2+ and [1]3+, to eliminate any 

effects of the absorption of the Ru complex on the transmittance.20 

 

Measurements of the Hydrodynamic Diameter (Dh) of the Microgels  

The temperature dependence of the hydrodynamic diameters (Dh) of the 

microgels was measured using dynamic light scattering (DLS, Malvern instruments Ltd., 

Zetasizer Nano S). The Dh values between 25 and 70 °C were calculated based on the 

obtained diffusion coefficient using the Stokes–Einstein equation (Zetasizer software v 

6.12). The microgel concentration was 0.005 wt%, and microgels were dispersed in 

solutions of either 910 mM HNO3/10 mM Ce4+ or 880 mM HNO3/10 mM Ce3+ to fix 

the microgels in the reduced [1]2+ and oxidized [1]3+ states, respectively. An average 

value of 3 sets of 15 measurements with a 30 s acquisition time was used for the 

intensity autocorrelation. 

 

Measurements of the Oscillation Waveforms of the Microgels  

The oscillation of the microgels was monitored by UV-vis spectroscopy of the 

turbidity changes of the microgels that are synchronized with the BZ reaction. For that 

purpose, a mixture of the microgel dispersion ([[1][PF6]2] = 100 μM), HNO3 (500–2500 

mM), and NaBrO3 (50–250 mM) was poured into a sample holder. After 10 min of 

thermal equilibration, the BZ reaction was initiated by adding the MA solution 

(25–1000 mM; final liquid volume: 2.5 mL). The measurement wavelength was set to 

570 nm and the measurements were carried out under constant stirring (800 rpm) 

between 25 °C and 65 °C. From the obtained waveforms, the oscillation period and 

amplitude were calculated based on the average value of the second and sixth 

oscillations. 

 

Preparation of a Macrogel Composed of the Microgels 

The assembled microgels are trapped by the physical entanglement of PVA and 

retain the shape of the macrogel.46 A mixture (500 µL) of the microgel dispersion (1.0 

wt%) and an aqueous PVA solution (1 wt%) was poured into a centrifuge tube, shaken 

at 300 rpm and 15 °C for 5 minutes, and then centrifuged at 10,000 g for 5 minutes at 

15 °C. After removing 480 µL of the supernatant, 1 µL of GA (50 wt%) was added to 

the remaining sediment, and the mixture was shaken at 300 rpm and 15 °C for 5 minutes 

to cause the formation of an acetal bond between PVA and GA and thus induce 

gelation.47 The mixture was then poured into a silicone mold (1 mm × 1 mm × 0.1 mm) 

to assemble the microgels and thus form the macrogel. 
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Observation of the Swelling/deswelling Oscillation of the Macrogel 

The swelling/deswelling oscillation of the macrogel was examined using an 

optical microscope (LZ-LEDT, Kenis) equipped with a digital camera (ImageX Earth 

Type S2.0M, Kikuchi-Optical Co., Ltd.). The macrogel was immersed in an aqueous 

solution (2 mL) that contained HNO3 (1000 mM) and NaBrO3 (200 mM). After 30 min 

of thermal equilibration at 37 °C, an MA solution (100 mM) was injected to initiate the 

BZ reaction. Images of the oscillation behavior of the macrogel was collected in 

increments of 0.25 s using the software package ImageX Earth Type S-2.0 M, Version 

3.0.5 and evaluated by a spatiotemporal analysis. 

 

2.3 Results and discussion 

2.3.1 Microgel synthesis 

To shorten the oscillation period of the microgels, it is necessary to either 

elevate the temperature and/or increase the substrate concentration of the BZ reaction. 

However, irreversible aggregation of the microgels might occur at high temperatures 

near the VTT and under high-ionic-strength conditions.28 Under high-substrate 

concentrations, interparticle electrostatic repulsion of the microgels makes the microgels 

even more hydrophobic.20 Hence, microgels with higher VTTs are required not only to 

conduct the BZ reaction under colloidally stable conditions, but also to enable the 

swelling/deswelling oscillation of the microgels at higher temperature.28  

In the present study, the author chose poly(oligoethylene glycol) methacrylate 

(pOEGMA) as the microgel backbone (Figure 2-1(a)). Similar to pNIPAm, pOEGMA 

exhibits thermoresponsive properties with LCST-type behavior; its LCST values can be 

varied from 26 to 90 °C by adjusting the number of ethylene oxide units.48,49 

Furthermore, the hydrated pOEGMA microgel surface exhibits good colloidal stability 

due to the increase in steric hindrance.29,50,51  

Oscillating pOEGMA microgels that contain the catalyst [1][PF6]2 were 

synthesized via a surfactant-free aqueous radical precipitation polymerization. As the 

microgel backbone, the author chose pOEGMA with an LCST of 64 °C, as it is suitable 

for aqueous precipitation polymerization at 90 °C, i.e., below the boiling point of water. 

Additionally, the author investigated how cross-linkers that differ with respect to 

molecular weight of the poly(ethylene glycol) affect the progress of the BZ reaction and 

the swelling/deswelling oscillation behavior of the microgels. Microgels were 

synthesized using various molecular weights of the cross-linker poly(ethylene glycol) 

(E (Mw = 200) for EGDMA; pE550 (Mw = 550) for pEGDMA; pE750 (Mw = 750) for 

pEGDMA) (Table 2-1) in order to control the oscillation behavior (e.g., the amplitude 
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and oscillation period) of the microgels. As the deswelling ratio of microgels increases 
remarkably with increasing poly(ethylene glycol) chain length,51-53 the cross-linkers of 
the microgels would be expected to affect the size of the microgels and substrate 
diffusion into the microgels. TEM images of representative ORu(E), ORu(pE550), and 
ORu(pE750) microgels after drying at room temperature are shown in Figure 2-1(b). 
None of the three microgels exhibited secondary particles and uniform particles were 
obtained given the coefficient of variation of the microgel diameters (CV = ~10%). The 
amount of the catalyst [1][PF6]2 in all the microgels was almost identical (Table 2-1) 
and the color of the catalyst was visible in all the microgel dispersions (Figure 2-1(c)). 
To confirm that the oscillating pOEGMA microgels exhibit high ionic tolerance, the 
dependence of the CFT of the pOEGMA microgels (ORu(pE550)) on the NaCl 
concentration was evaluated between concentrations of 0 and 2500 mM (Figure 2-2). In 
a previous study, it was reported that oscillating pNIPAm microgels exhibit a CFT of 
32 °C in the presence of 100 mM NaCl,20 whereas the oscillating pOEGMA microgels 
in this study can tolerate up to 2500 mM NaCl at the same CFT. This series of tests 
demonstrated that the obtained microgels would enable the BZ reaction to be conducted 
at high temperature and high substrate concentration and should thus be able to exhibit a 
short oscillation period. 

 

Figure 2-1. (a) Chemical structure of the oscillating pOEGMA microgels used in this 
study. (b) TEM images of the dried microgels at room temperature ( 25 °C). (c) 
Photographs of dispersions of the microgels. 
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Table 2-1. Synthetic conditions, diameters (D),a and [1][PF6]2 content of the microgels. 

OEGMA 
(mol%) 

EGDMA
(mol%) 

pEGDMA550 
(mol%) 

pEGDMA750 
(mol%) 

[1][PF6]2 
(mol%) 

D (nm)a 
(CV/%) 

[1][PF6]2 
introduced 

(mol%) 

ORu(E) 96 2   2
181±18 
(10.1%) 0.97 

ORu(pE550) 96  2  2
254±23 
(8.8%) 0.90 

ORu(pE750) 96   2 2
272±25 
(9.2%) 0.86 

a Determined from TEM images of the dried microgels at room temperature ( 25 °C). 

 

Figure 2-2. (a) Temperature dependence of the optical transmittance of the pOEGMA 
oscillating microgels (ORu(pE550)) at various NaCl concentrations and (b) CFT 
dependence of the microgels on the NaCl concentration as measured using UV-vis 
spectroscopy. 
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Subsequently, the temperature dependence of the hydrodynamic diameter (Dh) 
of the microgels was measured using dynamic light scattering (DLS) to confirm that the 
variation of the microgel size was synchronized with the BZ reaction. The molecules of 
[1][PF6]2 in the microgels were fixed in either the reduced state ([1]2+) or the oxidized 
state ([1]3+) using a reducing or oxidizing agent,20 respectively. The ionic strength of 
each microgel dispersion was set to 1000 mM, which is the same as that in the BZ 
reaction. As can be seen in Figure 2-3, the size variation was confirmed for the 
microgels containing the reduced or the oxidized catalyst. It should also be noted here 
that all the microgels flocculated near the LCST of pOEGMA (~64 °C) in the reduced 
[1]2+ state, while the microgels in the oxidized [1]3+ state maintained their colloidal 
stability at higher temperature. These results indicate that the VTT behavior of 
pOEGMA is related to its redox state, which is comparable to conventional 
pNIPAm.20-22 In the reduced [1]2+ or oxidized [1]3+ states, the Dh values of the 
deswollen microgels near the LCST of pOEGMA (~64 °C) were almost identical. On 
the other hand, among the swollen microgels below the LCST, the Dh values increased 
with increasing molecular weight of the cross-linker. The hydrophilic side chains that 
consist of ethylene oxide units for cross-linker can be expected to be involved in the 
swelling behavior of the microgels.51-53 Based on these results, it can also be expected 
that the cross-linkers affect not only the density of the polymer network in the microgels, 
but also their oscillatory behavior during the BZ reaction. 
 

 
Figure 2-3. Temperature dependence of the hydrodynamic diameter (Dh) of the ORu(E), 

ORu(pE550), and ORu(pE750) microgels in the reduced [1]
2+

 (in 910 mM HNO3/10 
mM Ce3+ solution) and oxidized [1]

3+
 (in 880 mM HNO3/10 mM Ce4+ solution) states. 
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2.3.2 Investigation of the oscillatory behavior under the BZ reaction conditions  
Next, the BZ reaction was performed using the obtained microgels and the 

oscillatory behavior was examined by UV-vis spectroscopy of the optical transmittance. 
In the cases where oscillation behavior was observed, the oscillation began after an 
induction period. The oscillation period of the BZ reaction at different substrate 
concentrations and temperatures was evaluated based on the transmittance waveforms 
(Figure 2-4). 

 
Figure 2-4. Procedure for the BZ reaction and a typical oscillation waveform 
(ORu(pE550); [1][PF6]2 = 100 μM; [HNO3] = 850 mM; [NaBrO3] = 150 mM; [MA] = 
100 mM; 55 °C). 
 

First, the substrate concentration (HNO3, NaBrO3, and MA) dependence of the 
oscillation behavior of the pOEGMA microgels (ORu(pE550)) was evaluated. The 
temperature was fixed at 55 °C, where the dispersion stability of the microgels was 
maintained sufficiently. Oscillatory behavior occurred in the ranges of 500-2000 mM 
for [HNO3], 50-200 mM for [NaBrO3], and 25-150 mM for [MA] (Figures 2-5, 2–6, 
and 2-7). The oscillation periods determined from the waveforms showed linear 
relationships with the substrate concentrations, which were used to determine the 
chemical reaction rate equations (Figure 2-8).54 Furthermore, the oscillation period 
decreased with increasing substrate concentration. Surprisingly, a short oscillation 
period of ~4.0 s, which represents the shortest period reported to date, was observed 
under some high-substrate-concentration conditions. These results indicate that 
oscillation behavior with a short period can be precisely controlled by varying the 
substrate concentration.  
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Figure 2-5. Dependence of the oscillation waveforms of the ORu(pE550) microgels on 
the nitric acid concentration ([HNO3]). [1][PF6]2 = 100 μM; [NaBrO3] = 150 mM; [MA] 
= 100 mM; 55 °C. 
 

Figure 2-6. Dependence of the oscillation waveforms of the ORu(pE550) microgels on 
the NaBrO3 concentration ([NaBrO3]). [1][PF6]2 = 100 μM; [HNO3] = 850 mM; [MA] = 
100 mM; 55 °C. 
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Figure 2-7. Dependence of the oscillation waveforms of the ORu(pE550) microgels on 
the malonic acid concentration ([MA]). [1][PF6]2 = 100 μM; [HNO3] = 850 mM; 
[NaBrO3] = 150 mM; 55 °C. 
 

Figure 2-8. Linear relationship between the oscillation period and the concentration of 
the BZ reaction substrates: HNO3, NaBrO3, and MA, as well as the sum of all the 
substrate concentrations. The BZ reaction was conducted at standard reference 
conditions ([1][PF6]2 = 100 μM; [HNO3] = 850 mM; [NaBrO3] = 150 mM; [MA] = 100 
mM; 55 °C), and the concentration of the specified substrate was varied.  
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Subsequently, the temperature dependence of the oscillatory behavior of the 

microgels (ORu(E), ORu(pE550), and ORu(pE750)) was evaluated. The substrate 

concentrations were fixed at [HNO3] = 850 mM, [NaBrO3] = 150 mM, and [MA] = 100 

mM, where the dispersion stability of the microgels was maintained sufficiently. 

Oscillation was observed in the range from 25 °C to approximately the flocculation 

temperature of the microgels in the reduced [1]2+ state (Figures 2-9, 2-10, and 2-11). 

When the oscillation period obtained from the waveforms and temperature were plotted 

using the Arrhenius equation (1), a linear relationship was observed (Figure 

2-12).20,21,25,28,29,55  

ln Fosc = ln Aosc − Eosc/RT    (1) 

where Fosc is the frequency of the oscillation, Aosc is the collision factor, Eosc is the 

apparent activation energy, R is the gas constant (R = 8.314 J K−1 mol−1), and T is the 

temperature in Kelvin. Higher temperatures corresponded to shorter oscillation periods, 

with the shortest oscillation period being ~3.2 s. Thus, the rapid oscillation can be 

controlled not only by the substrate concentration, but also by the temperature. The 

values of Eosc and Aosc decrease with increasing molecular weight of the cross-linker 

(ORu(E): Eosc = 71.4 kJ mol−1, Aosc = 5.55×1010 s−1; ORu(pE550): Eosc = 62.1 kJ mol−1, 

Aosc = 1.40×109 s−1; ORu(pE750): Eosc = 57.4 kJ mol−1, Aosc = 2.39×108 s−1), which 

may suggest that the reaction efficiency also depends on the chemical composition of 

the microgels.56 Especailly, the values for ORu(pE750) were close to those for the 

catalyst alone, i.e., without the microgels. Hence, the microgel cross-linkers can be 

expected to affect the ease of substrate diffusion and the chemical reaction, as these 

values can be expected to correlate to the density of the polymer network in the 

microgels. Furthermore, the amplitude of the change in transmittance was evaluated and 

found to be higher for microgels with higher molecular weight of the cross-linker 

(Figure 2-13). This result is most likely due to the increased microgel size or colloidal 

stability of the microgels, as discussed for the redox state experiments (Figure 2-3). 

Based on these results, the author anticipated that a shorter oscillation period could be 

obtained by optimizing the BZ conditions and the chemical composition of the 

microgels. 
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Figure 2-9. Dependence of the oscillation waveforms of the ORu(E) microgels on the 
temperature. [1][PF6]2 = 100 μM; [HNO3] = 850 mM; [NaNO3] = 150 mM, [MA] = 100 
mM. 

 

Figure 2-10. Dependence of the oscillation waveforms of the ORu(pE550) microgels on 
the temperature. [1][PF6]2 = 100 μM; [HNO3] = 850 mM; [NaNO3] = 150 mM, [MA] = 
100 mM. 
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Figure 2-11. Dependence of the oscillation waveforms of the ORu(pE750) microgels on 
the temperature. [1][PF6]2 = 100 μM; [HNO3] = 850 mM; [NaNO3] = 150 mM, [MA] = 
100 mM. 

Figure 2-12. Linear relationship between the oscillation period and temperature in the 
BZ reactions of ORu(E), ORu(pE550), ORu(pE750), and [1][PF6]2 without microgels. 
The BZ reaction was conducted at standard reference conditions ([1][PF6]2 = 100 μM; 
[HNO3] = 850 mM; [NaBrO3] = 150 mM; [MA] = 100 mM) and the temperature was 
varied.  
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Figure 2-13. Dependence of the amplitude of the oscillation waveforms of the ORu(E), 
ORu(pE550), and ORu(pE750) microgels on the temperature. [1][PF6]2 = 100 μM; 
[HNO3] = 850 mM; [NaBrO3] = 150 mM; [MA] = 100 mM. 
 
2.3.3. Controlling the short-period oscillation of the microgels 

The author then attempted to achieve an oscillation period of ~1 s, which is 
close to that of the human heartbeat, using the oscillating pOEGMA microgels by 
optimizing the BZ reaction conditions. With the aim of further reducing the oscillation 
period, the temperature and substrate concentrations were adjusted. In particular, the 
ORu(pE750) microgels showed high potential for rapid oscillation, as their activation 
energy was low and the BZ reaction could be conducted at high temperature (Figure 
2-12). In the chemical reaction rate equations obtained from the substrate concentration 
experiments, the absolute value of the exponent for each substrate indicates the 
magnitude of its influence on shortening the oscillation period (Figure 2-8; HNO3: 0.34, 
NaBrO3: 0.66, MA: 0.42). Therefore, the author assumed that higher concentrations of 
the substrates with smaller exponents would be required. Initially, a temperature of 
65 °C, which is below the flocculation temperature of the microgels, and substrate 
concentrations of [HNO3] = 2500 mM, [NaBrO3] = 80 mM, and [MA] = 500 mM were 
used. In the resulting system, oscillation continued for more than 100 s without 
aggregation with a period of ~1.4 s (Figures 2-14(a) and 2-15). The stable oscillation 
behavior at high temperature was attributed to the high colloidal stability of the 
pOEGMA microgels. As hypothesized, a rapid stimulus-response potential of the 
microgels was realized. However, the need for high-temperature conditions is 
disadvantageous from a material-handling perspective. Subsequently, the oscillation 
conditions at human body temperature (37 °C) were optimized. In order to shorten the 
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oscillation period while keeping the temperature low, it was necessary to increase the 

substrate concentrations. The results described above confirmed that the microgels are 

tolerant of high ionic strength (Figure 2-2) and exhibit oscillatory behavior at human 

body temperature (Figure 2-13). The substrate concentrations were set to [HNO3] = 

2500 mM, [NaBrO3] = 300 mM, and [MA] = 1000 mM at 37 °C. In the resulting 

reaction, the oscillation continued for more than 500 s with a period of ~1.5 s. This 

period was almost the same as that under the high-temperature conditions, although the 

amplitude of the change in the transmittance decreased from ~2.0 % to ~1.5 % (Figures 

2-14(b) and 2-16). To provide further evidence of the short-period oscillation, a video 

of the turbidity changes in real time was recorded (Movie S1). The oscillation 

waveform of the turbidity change was estimated from the gray value and showed a 

period of ~1.3 s (Figure 2-14(c)). Based on the above results, it is feasible to expect that 

oscillating microgels will find promising applications as heartbeat-like autonomous 

actuators. 
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Figure 2-14. Oscillation waveforms at (a) 65 °C ([1][PF6]2 = 100 μM; [HNO3] = 2500 
mM; [NaBrO3] = 80 mM; [MA] = 500 mM) and (b) 37 °C ([1][PF6]2 = 100 μM; 
[HNO3] = 2500 mM; [NaBrO3] = 300 mM; [MA] = 1000 mM). (c) Photographs of the 
short-period oscillation behavior (above) and spatiotemporal analysis graph of the 
turbidity change (below). The gray value was measured along the black line. [1][PF6]2 = 
100 μM; [HNO3] = 2500 mM; [NaBrO3] = 80 mM; [MA] = 500 mM; 65 C.
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Figure 2-15. Oscillation waveform showing the short oscillation period of ORu(pE750) 
at 65 °C; [1][PF6]2 = 100 μM; [HNO3] = 2500 mM; [NaBrO3] = 80 mM; [MA] = 500 
mM).
 

Figure 2-16. Oscillation waveform showing the short oscillation period of 
(ORu(pE750) at 37 °C; [1][PF6]2 = 100 μM; [HNO3] = 2500 mM; [NaBrO3] = 300 mM; 
[MA] = 1000 mM).
 

Finally, the oscillating microgels were applied to assemble a macrogel that 
acted as a heartbeat-like autonomous actuator. Compared to microgel dispersion 
systems, macrogels more readily present irreversible aggregation, as the microgels are 
adjacent to each other and are not stirred.28 Therefore, achieving a short oscillation 
period in an assembled state should be particularly difficult. A microscopy image of the 
mm-scale macrogel produced by chemical cross-linking of the microgels is shown in 
Figure 2-18(a). The macrogel, which was loosely but sufficiently physically 
cross-linked to show its volume amplitude, was too brittle to hold with tweezers 
(Figure 2-17). Observation of the macrogel under the conditions used for the dispersion 
system was complicated by the fact that large quantities of carbon dioxide bubbles, were 
generated during the BZ reaction.29 Additionally, the change in the dimensions of the 



37 
 

macrogel, which depends on the oscillation period, was much smaller than the macrogel 

size.35 Therefore, the swelling/deswelling measurements were performed at 37 °C under 

relatively mild conditions ([HNO3] = 1000 mM; [NaBrO3] = 200 mM; [MA] = 100 

mM), and an oscillation period of ~6.2 s with an amplitude of ~50 µm was observed in 

~1 mm macrogel (Figure 2-18(b)). Thus, for the first time, the swelling/deswelling 

oscillation with a period on the order of single seconds was accomplished in the 

assembled state. The oscillation period of the macrogel was short for its size from the 

viewpoint of the Tanaka-Fillmore equation (time is proportional to size to the power of 

2)40. It has previously been reported that the microgel assembly has voids and that the 

individual microgels synchronously show swelling/deswelling oscillation, which allows 

the macrogel to oscillate with a high amplitude and a short period.26 Therefore, the 

assembled structure of the microgels can be expected to contribute to the short-period 

oscillation of the macrogel in addition to the design of the oscillating pOEGMA 

microgels. Since the size of the macrogel is larger than the wavelength of the 

spatiotemporal pattern of the BZ reaction, which affects the oscillation behaviors,57 it 

was expected that it would not be easy to control. Nevertheless, a short-period 

oscillation of ~11.7 s with an amplitude of ~0.1 mm was observed at a size as large as 

~10 mm (Figure 2-19). Although their oscillation behavior in the assembled state is 

affected by the issues mentioned above, these oscillating pOEGMA microgels can be 

expected to play an important role as a component of autonomous actuators similar to 

the cardiac muscle cells in the heart.  
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Figure 2-17. (a) Optimization of gelling conditions as a function of the PVA 
concentration (1 μL of 50 wt% GA is added to 1 mL PVA solution). (b) Preparation of 
formed macrogels (left: without microgels; center: assembled from pOEGMA microgels 
without [1][PF6]2; right: assembled from ORu(pE750) microgels). When the PVA 
concentration was 1 wt%, it was sufficient for gelation, and the shape of the macrogel 
was retained in the microgel assembly. 
 

 
Figure 2-18. (a) Optical microscopy image of the macrogel (gel size was measured 
along the white line). (b) Spatiotemporal analysis of the gel size and waveform of the 
macrogel size ([HNO3] = 1000 mM; [NaBrO3] = 200 mM; [MA] = 100 mM; 37 °C). 
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Figure 2-19. (a) Optical microscopy image of the ~10 mm macrogel (the gel size was 
measured along the white line). (b) Spatiotemporal analysis of the gel size and (c) 
oscillation waveform of the macrogel size ([HNO3] = 1000 mM, [NaBrO3] = 200 mM, 
and [MA] = 100 mM at 37 °C). 
 
2.4. Conclusions 

The author designed novel oscillating pOEGMA microgels that contain the 
catalyst [1][PF6]2. Aided by the high colloidal stability of pOEGMA, the BZ reaction 
could be carried out at high temperature (up to ~65 °C) and high substrate concentration 
(up to [I] = ~2500 mM). By optimizing the BZ reaction conditions, the author was able 
to achieve oscillation period as short as ~1.3 s, which is close to the frequency of the 
human heartbeat, and, to the best of the author’s knowledge the shortest hitherto 
reported oscillation period for such microgels. In particular, increasing the molecular 
weight of the poly(ethylene glycol) cross-linker lowered the activation energy. This 
result suggests that the density of the polymer network in the microgels decreased, and 
thus did not inhibit the progress of the BZ reaction. Moreover, a mm-scale macrogel 
assembled from the microgels exhibited oscillatory swelling/deswelling with a period 
on the order of single seconds (~6.2 s) at the temperature of the human body (37 °C). It 
should thus be possible to use these microgels as advanced biomimetic materials in, e.g., 
self-oscillating micropumps that exhibit energy-efficient conversions at frequencies 
similar to the human heartbeat. 
 
 



40 
 

2.5. Reference 

1. Alberts, B.; Johnson, A. D.; Lewis, J.; Morgan, D.; Raff, M.; Roberts, K.; 

Walter, P. Molecular Biology of the Cell, W. W. Norton & Company: New 

York, 2014. 

2. Pringle, J. W. S. The Croonian Lecture, 1977 - Stretch Activation of Muscle: 

Function and Mechanism. Proc. R. Soc. London, Ser. B 1978, 201, 107–130. 

3. Warshaw, D. M. Throttling Back the Heart's Molecular Motor. Science 2016, 

351, 556–557. 

4. Robison, P.; Caporizzo, M. A.; Ahmadzadeh, H.; Bogush, A. I.; Chen, C. Y.; 

Margulies, K. B.; Shenoy, V. B.; Prosser, B. L. Detyrosinated Microtubules 

Buckle and Bear Load in Contracting Cardiomyocytes. Science 2016, 352, 

aaf0659. 

5. Needleman, D.; Dogic, Z. Active Matter at the Interface Between Materials 

Science and Cell Biology. Nat. Rev. Mater. 2017, 2, 17048. 

6. Ricotti, L.; Trimmer, B.; Feinberg, A. W.; Raman, R.; Parker, K. K.; Bashir, R.; 

Sitti, M.; Martel, S.; Dario, P.; Menciassi, A. Biohybrid Actuators for Robotics: 

A Review of Devices Actuated by Living Cells. Sci. Robot. 2017, 2, eaaq0495. 

7. Keya, J. J.; Suzuki, R.; Kabir, A. M. R.; Inoue, D.; Asanuma, H.; Sada, K.; 

Hess, H.; Kuzuya, A.; Kakugo, A. DNA-Assisted Swarm Control in a 

Biomolecular Motor System. Nat. Commun. 2018, 9, 453.  

8. Singh, D. P.; Choudhury, U.; Fischer, P.; Mark, A. G. Non-Equilibrium 

Assembly of Light-Activated Colloidal Mixtures. Adv. Mater. 2017, 29, 

1701328. 

9. Katuri, J.; Ma, X.; Stanton, M. M.; Sánchez, S. Designing Micro- and 

Nanoswimmers for Specific Applications. Acc. Chem. Res. 2017, 50, 2–11. 

10. Lin, Z.; Gao, C.; Chen, M.; Lin, X.; He, Q. Collective Motion and Dynamic 

Self-Assembly of Colloid Motors. Curr. Opin. Colloid Interface Sci. 2018, 35, 

51–58. 

11. Zhang, X.; Chen, L.; Lim, K. H.; Gonuguntla, S.; Lim, K. W.; Pranantyo, D.; 

Yong, W. P.; Yam, W. J. T.; Low, Z.; Teo, W. J.; Nien, H. P.; Loh, Q. W.; Soh, S. 



41 
 

The Pathway to Intelligence: Using Stimuli-Responsive Materials as Building 

Blocks for Constructing Smart and Functional Systems. Adv. Mater. 2019, 31, 

1804540. 

12. Fernández-Medina, F.; Ramos-Docampo, M. A.; Hovorka, O.; Salgueiriño, V.; 

Städler, B. Recent Advances in Nano‐ and Micromotors. Adv. Funct. Mater. 

2020, 30, 1908283. 

13. van Ravensteijn, B. G. P.; Voets, I. K.; Kegel, W. K.; Eelkema, R. 

Out-of-Equilibrium Colloidal Assembly Driven by Chemical Reaction 

Networks. Langmuir 2020, 36, 10639–10656. 

14. Pelton, R. Temperature-sensitive Aqueous Microgels. Adv. Colloid Interface 

Sci. 2000, 85, 1–33. 

15. Plamper, F. A.; Richtering, W. Functional Microgels and Microgel Systems. 

Acc. Chem. Res. 2017, 50, 131–140. 

16. Suzuki, D.; Horigome, K.; Kureha, T.; Matsui, S.; Watanabe, T. Polymeric 

Hydrogel Microspheres: Design, Synthesis, Characterization, Assembly and 

Applications. Polym. J. 2017, 49, 695–702. 

17. Karg, M.; Pich, A.; Hellweg, T.; Hoare, T.; Lyon, L. A.; Crassous, J. J.; Suzuki, 

D.; Gumerov, R. A.; Schneider, S.; Potemkin, I. I.; Richtering, W. Nanogels and 

Microgels: From Model Colloids to Applications, Recent Developments, and 

Future Trends. Langmuir 2019, 35, 6231–6255. 

18. Umeda, Y.; Kobayashi, T.; Hirai, T.; Suzuki, D. Effects of pH and Temperature 

on Assembly of Multiresponsive Janus Microgels. Colloid. Polym. Sci. 2011, 

289, 729–737. 

19. Kureha, T.; Aoki, D.; Hiroshige, S.; Iijima, K.; Aoki, D.; Takata, T.; Suzuki, D. 

Decoupled Thermo- and pH-responsive Hydrogel Microspheres Cross-linked by 

Rotaxane Networks. Angew. Chem., Int. Ed. 2017, 57, 15393–15396. 

20. Suzuki, D.; Sakai, T.; Yoshida, R. Self-Flocculating/Self-Dispersing Oscillation 

of Microgels. Angew. Chem., Int. Ed. 2008, 47, 917–920. 

21. Suzuki, D.; Yoshida, R. Temporal Control of Self-Oscillation for Microgels by 

Cross-Linking Network Structure. Macromolecules 2008, 41, 5830–5838. 



42 
 

22. Suzuki, D.; Yoshida, R. Effect of Initial Substrate Concentration of the 

Belousov−Zhabotinsky Reaction on Self-Oscillation for Microgel System. J. 

Phys. Chem. B 2008, 112, 12618–12624. 

23. Suzuki, D.; Taniguchi, H.; Yoshida, R. Autonomously Oscillating Viscosity in 

Microgel Dispersions. J. Am. Chem. Soc. 2009, 131, 12058–12059. 

24. Taniguchi, H.; Suzuki, D.; Yoshida, R. Characterization of Autonomously 

Oscillating Viscosity Induced by Swelling/Deswelling Oscillation of the 

Microgels. J. Phys. Chem. B 2010, 114, 2405–2410. 

25. Suzuki, D.; Yoshida, R. Self-Oscillating Core/Shell Microgels: Effect of a 

Crosslinked Nanoshell on Autonomous Oscillation of the Core. Polym. J. 2010, 

42, 501–508. 

26. Suzuki, D.; Kobayashi, T.; Yoshida, R.; Hirai, T. Soft Actuators of Organized 

Self-Oscillating Microgels. Soft Matter 2012, 8, 11447–11449. 

27. Matsui, S.; Kureha, T.; Nagase, Y.; Okeyoshi, K.; Yoshida, R.; Sato, T.; Suzuki, 

D. Small-Angle X-ray Scattering Study on Internal Microscopic Structures of 

Poly(N-isopropylacrylamide-co-tris(2,2′-bipyridyl))ruthenium(II) Complex 

Microgels. Langmuir 2015, 31, 7228–7237. 

28. Matsui, S.; Inui, K.; Kumai, Y.; Yoshida, R.; Suzuki, D. Autonomously 

Oscillating Hydrogel Microspheres with High-Frequency Swelling/Deswelling 

and Dispersing/Flocculating Oscillations. ACS Biomater. Sci. Eng. 2019, 5, 

5615–5622. 

29. Inui, K.; Watanabe, T.; Minato, H.; Matsui, S.; Ishikawa, K.; Yoshida, R.; 

Suzuki, D., The Belousov–Zhabotinsky Reaction in Thermoresponsive 

Core–Shell Hydrogel Microspheres with a Tris(2,2′-bipyridyl)ruthenium 

Catalyst in the Core. J. Phys. Chem. B 2020, 124, 3828–3835. 

30. Zaikin, A. N.; Zhabotinsky, A. M. Concentration Wave Propagation in 

Two-Dimensional Liquid-Phase Self-Oscillating System. Nature 1970, 225, 

535–537. 

31. Field, R. J.; Koros. E.; Noyes R. M. Oscillations in Chemical Systems. II. 

Thorough Analysis of Temporal Oscillation in the Bromate-Cerium-Malonic 

Acid System. J. Am. Chem. Soc. 1972, 94, 8649–8664. 



43 
 

32. Zhabotinsky, A. M.; Zaikin, A. N. Autowave Processes in a Distributed 

Chemical System. J. Theor. Biol. 1973, 40, 45–61. 

33. Field, R. J.; Burger, M. Oscillations and Travelling Waves in Chemical 

Systems; John Wiley & Sons, Inc.: New York, 1985. 

34. Toth, R.; Taylor, A. F. The Tris(2,2′-bipyridyl)ruthenium-Catalysed 

Belousov–Zhabotinsky Reaction. Prog. React. Kinet. Mech. 2006, 31, 59–115. 

35. Yoshida, R.; Sakai, T.; Hara, Y.; Maeda, S.; Hashimoto, S.; Suzuki, D.; Murase, 

Y. Self-Oscillating Gel as Novel Biomimetic Materials. J. Controlled Release 

2009, 140, 186–193. 

36. Epstein, I. R.; Xu, B. Reaction-Diffusion Processes at the Nano- and 

Microscales. Nat. Nanotechnol. 2016, 11, 312–319. 

37. Heskins, M.; Guillet, J. E. Solution Properties of Poly(N-isopropylacylamide) J. 

Macromol. Sci. Chem. A. 1968, 2, 1441–1455. 

38. Schild, H. G. Poly(N-isopropylacrylamide): Experiment, Theory and 

Application. Prog. Polym. Sci. 1992, 17,163–249. 

39. Bertram, R.; Budu-Grajdeanu, P.; Jafri, M. S. Using Phase Relations to Identify 

Potential Mechanisms for Metabolic Oscillations in Isolated β-cell 

Mitochondria. Islets 2009, 1, 87–94. 

40. Tanaka, T.; Fillmore, D. J. Kinetics of Swelling of Gels. J. Chem. Phys. 1979, 

70, 1214–1218. 

41. Varga, I.; Szalai, I.; Mészaros, R.; Gilányi, T. Pulsating pH-Responsive 

Nanogels. J. Phys. Chem. B 2006, 110, 20297–20301. 

42. Wrede, O.; Reimann, Y.; Lülsdorf, S.; Emmrich, D.; Schneider, K.; Schmid, A. 

J.; Zauser, D.; Hannappel, Y.; Beyer, A.; Schweins, R.; Gölzhäuser, A.; Hellweg, 

T.; Sottmann, T. Volume Phase Transition Kinetics of Smart 

N-n-propylacrylamide Microgels Studied by Time-Resolved Pressure Jump 

Small Angle Neutron Scattering. Sci. Rep. 2018, 8, 13781. 

43. Bánsági Jr., T.; Leda, M.; Toiya, M.; Zhabotinsky, A. M.; Epstein, I. R. 

High-Frequency Oscillations in the Belousov–Zhabotinsky Reaction. J. Phys. 

Chem. A 2009, 113, 5644–5648. 



44 
 

44. Ahiabu, A.; Serpe, M., J. Rapidly Responding pH- and 

Temperature-Responsive Poly(N‑Isopropylacrylamide)-Based Microgels and 

Assemblies. ACS Omega 2017, 2, 1769–1777. 

45. Ghosh, P. K.; Spiro, T. G. Photoelectrochemistry of 

Tris(bipyridyl)ruthenium(II) Covalently Attached to n-Type SnO2. J. Am. Chem. 

Soc. 1980, 102, 5543–5549. 

46. Ma, X.; Li, Y.; Wang, W.; Ji, Q.; Xia, Y.; Mu, H. Dually responsive 

multinetworked hydrogels with improved performances by covalently bonding 

poly(N-isopropylacrylamide)-based microgels and poly(vinyl alcohol) skeleton. 

Polym. Compos. 2013, 34, 141–148. 

47. Figueiredo, K. C. S.; Alves, T. L. M.; Borges, C. P. Poly(vinyl alcohol) Films 

Crosslinked by Glutaraldehyde under Mild Conditions. J. Appl. Polym. Sci. 

2009, 111, 3074–3080. 

48. N. Badi. Non-Linear PEG-Based Thermoresponsive Polymer Systems. Prog. 

Polym. Sci. 2017, 66, 54–79. 

49. Sun, S.; Wu, P. On the Thermally Reversible Dynamic Hydration Behavior of 

Oligo(ethylene glycol) Methacrylate-Based Polymers in Water. 

Macromolecules 2013, 46, 236–246. 

50. Kureha, T.; Suzuki, D. Nanocomposite Microgels for the Selective Separation 

of Halogen Compounds from Aqueous Solution. Langmuir 2018, 34, 837–846. 

51. Agnihotri, P.; Raj, R.; Kumar, D.; Dan, A. Short Oligo(ethylene glycol) Chain 

Incorporated Thermoresponsive Microgels: From Structural Analysis to 

Modulation of Solution Properties. Soft Matter 2020, 16, 7845–7859. 

52. Ma, X.; Cui, Y.; Zhao, X.; Zheng, S.; Tang, X. Different deswelling behavior of 

temperature-sensitive microgels of poly(N-isopropylacrylamide) crosslinked by 

polyethyleneglycol dimethacrylates. J. Colloid Interface Sci. 2004, 276, 53–59. 

53. Kureha, T.; Hayashi, K.; Ohira, M.; Li, X.; Shibayama, M. Dynamic 

Fluctuations of Thermoresponsive Poly(oligo-ethylene glycol methyl ether 

methacrylate)-Based Hydrogels Investigated by Dynamic Light Scattering. 

Macromolecules 2018, 51, 8932–8939. 



45 
 

54. Yoshida, R.; Onodera, S.; Yamaguchi, T.; Kokufuta, E. Aspects of the 

Belousov–Zhabotinsky Reaction in Polymer Gels. J. Phys. Chem. A 1999, 103, 

8573–8578. 

55. Pullela, S. R.; Shen, J.; Marquez, M.; Cheng, Z. A Comparative Study of 

Temperature Dependence of Induction Time and Oscillatory Frequency in 

Polymer-Immobilized and Free Catalyst Belousov–Zhabotinsky Reactions. J. 

Polym. Sci., Part B: Polym. Phys. 2009, 47, 847−854. 

56. Xiao, C.; Wu, Q.; Chang, A.; Peng, Y.; Xu, W.; Wu, W. Responsive 

Au@polymer hybrid microgels for the simultaneous modulation and 

monitoring of Au-catalyzed chemical reaction. J. Mater. Chem. A 2014, 2, 

9514–9523. 

57. Teng, R.; Ren, L.; Yuan, L.; Wang, L.; Gao, Q.; Epstein, I. R. Effect of 

Reaction Parameters on the Wavelength of Pulse Waves in the 

Belousov–Zhabotinsky Reaction–Diffusion System. J. Phys. Chem. A 2019, 

123, 9292–9297. 



46 
 

3. Chapter 2 
 

“The Belousov−Zhabotinsky Reaction in Thermoresponsive Core−Shell Hydrogel 
Microspheres with a Tris(2,2’-bipyridyl)ruthenium Catalyst in the Core” 

 
*Part of this work was published in Inui, K.; Watanabe, T.; Minato, H.; Matsui, S.; 
Ishikawa, K.; Yoshida, R.; Suzuki, D. The Journal of Physical Chemistry B 2020, 124, 
3828−3835.  
Reprinted with permission from Copyright (2020) American Chemistry Society. 

 
3.1 Introduction 

The BZ reaction is a periodic oxidation/reduction reaction that uses a metal 

complex as a catalyst.1-5 Overall, the BZ reaction involves the oxidation of an organic 

substrate, such as malonic acid, by an oxidizing agent under acidic conditions in the 

presence of a catalyst such as [1][PF6]2.5 During the BZ reaction, the catalyst 

periodically changes between the reduced state ([1]2+) and the oxidized state ([1]3+), 

which creates a cyclic reaction network of intermediates (e.g., Br2, HBrO2, and BrMA). 

This is analogous to metabolic reactions such as the tricarboxylic acid cycle in cellular 

organisms.6 The BZ reaction shows a typical oscillation behavior defined by the 

reaction-diffusion system. It shows spatiotemporal rhythms or patterns in a petri dish, 

which is similar to cellular organisms in the micro-space field (e.g., the pulsation of 

cardiac muscle cells7 and signal transduction by the activity of nerve cells8). Thus, the 

BZ reaction is often compared to biological oscillation phenomena and is 

recognized as a model for understanding other reaction-diffusion systems.9-12 

 From the point of view of materials science, Suzuki’s group has been 

investigating autonomously oscillating microgels, which are hybrids between a 

reaction-diffusion system and soft colloidal particles.13-21 Microgels are soft and 

deformable particles composed of cross-linked three-dimensional networks swollen by 

water.22-25 Due to their open structures, chemical species can diffuse into the interior or 

exterior of the microgels. In the case of oscillating microgels, the catalyst for the 

BZ reaction, [1][PF6]2 is covalently bound to a thermo-responsive polymeric main 

chain such as pNIPAm26,27 (Figure 3-1(a)). Conventional stimuli-responsive 

microgels change their physicochemical properties in response to external stimuli 

such as changes in temperature or pH value.28,29 In contrast, oscillating microgels 

show swelling/deswelling and assembling/disassembling oscillatory motions13-15 

as the microgels spontaneously convert the chemical energy of the BZ reaction into 

mechanical energy. Thus, oscillating microgels are useful in e.g. rheology 
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modifiers,16,17 micropumps without an external device energy source,19 and soft 

actuators similar to the human heartbeat.21 

 To develop oscillating microgels further, different structures and 

chemical species that improve the properties of the microgels have been 

investigated. For instance, a hydrogel shell has been added to prevent irreversible 

flocculation during oscillation.18 Hydrophilic monomers (i.e., acrylamide) have 

been copolymerized with the microgels in order to increase the VPTT and thus to 

ensure the stability of the microgels when they are dispersed at high 

temperature,21 which led to short microgel oscillation period (~7 s) at high 

temperature (~50 °C).21 However, some problems related to oscillating microgels 

still remain. One impracticality is the on-off control of the oscillatory behavior. 

The swelling/deswelling and assembling/disassembling oscillatory motions 

continue until the chemical substrates for the BZ reaction have been consumed.  

In the present study, the author created, on pre-existing oscillating 

microgels, new double-shell hydrogel structures. The first layer of the double-shell 

structure is a thermo-responsive hydrogel shell, while the second layer is a 

colloidally stable hydrogel shell. The author hypothesized that the double-shell 

structure would enable us to switch the BZ reaction, and therefore the microgel 

oscillations, from an "on" active state to an "off" inactive state. Through a series 

of investigations on the effects of shell thickness, the author selected the target 

microgels and, using these microgels and changing the temperature, the author 

also attempted to control the on-off switching behavior of the spatiotemporal pattern of 

the BZ reaction. 

 

3.2 Experimental section 

Materials 

N-isopropyl acrylamide (NIPAm, purity 98%), N,N'-methylenebis(acrylamide) (BIS, 

97%), 2,2’-azobis(2-methylpropinamidine)dihydrochloride (V-50, 95%), sodium 

chloride (NaCl, 99.5%), malonic acid (MA, 98%), sodium bromate (NaBrO3, 99.5%), 

nitric acid (HNO3, 16 M), cerium(III) sulfate n-hydrate (Ce(SO4)·nH2O, 78–88%), and 

cerium(IV) sulfate tetrahydrate (Ce(SO4)2·4H2O), were purchased from Wako Pure 

Chemical Industries and used as received. Poly(ethylene glycol) methyl ether 

methacrylate (OEGMA; Mn = 300 g/mol), and ethylene glycol dimethacrylate (EGDMA, 

98%) were purchased from Sigma Aldrich and used as received. 

[Ruthenium(II)tris(2,2’-bipyridine)][PF6]2 ([1][PF6]2) monomer, 

[ruthenium(II)(4-vinylinyl-4’-methyl-2,2’-bipyridine)bis(2,2’-bipyridine)][PF6]2 was 
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synthesized according to a previously reported procedure.30 Distilled and ion-exchanged 

(EYELA, SA-2100E1) water was used in all experiments. 

 

Synthesis of core (NRu) microgels 

The oscillating microgels were synthesized by surfactant-free aqueous free 

radical precipitation polymerization according to previously reported procedure.13 

Briefly, the polymerization was performed in a three-necked round-bottom flask (300 

mL) equipped with a mechanical stirrer, a condenser, and a nitrogen gas inlet. The 

NIPAm monomer (95 mol%), [1][PF6]2 (3 mol%), cross-linker BIS (2 mol%), and NaCl 

(30 mM) were dissolved in deionized water (245 mL). The monomer solution was 

heated to 70 °C under a stream of nitrogen and constant stirring (250 rpm). The solution 

was sparged with nitrogen for a period of at least 30 min to remove any dissolved 

oxygen. Subsequently, the polymerization was initiated with V-50 (2 mM) dissolved in 

deionized water (5 mL). After 4 h, the microgel dispersion obtained in the flask was 

cooled in an ice bath to stop the polymerization. The microgels were purified by 

centrifugation (15 °C, 30 min, 415,000 g) (HITACHI, himac CS 100 GX), decantation, 

and redispersion of the precipitate in water. This purification process was conducted 

twice in order to remove any impurities. The dispersion was then dialyzed for 5 days 

with daily water replacements. The obtained core microgels are denoted as NRu. Here, 

N and Ru represent NIPAm and [1][PF6]2, respectively.  

 

Synthesis of core-shell (NRu-NX) microgels  

Subsequently, the thermo-responsive shells were added onto the pre-existing 

cores (NRu). The core-shell microgels were synthesized by aqueous free radical seeded 

precipitation polymerization following to previous report.18 The polymerization was 

performed in a three-necked round-bottom flask (200 mL) equipped with a mechanical 

stirrer, a condenser, and a nitrogen gas inlet. NaCl (final concentration: 10 mM) was 

dissolved in deionized water, and the solution was sparged with N2 gas for 30 min. Then, 

the core (NRu) microgel dispersion (final concentration: 0.4 wt%) was added to the 

flask (85 mL) and heated to 70 °C in an oil bath. Thereafter, the free-radical 

polymerization was initiated by adding V-50 (2 mM) dissolved in deionized water (5 

mL). Subsequently, the monomer solution (10 mL) was immediately added to the flask. 

The monomer solution was prepared in advance by dissolving the NIPAm monomer (20, 

40, or 60 mM; 98 mol%) and the cross-linker BIS (20, 40, or 60 mM; 2 mol%) in 

deionized water, followed by sparging with N2 gas for 30 min. After 4 h, the microgel 

dispersion was cooled in an ice bath to stop the polymerization. The microgels were 



49 
 

purified by centrifugation (15 °C, 30 min, 415,000 g), decantation, and redispersion of 

the precipitate in water. This process was conducted twice to remove any impurities in 

the flask. The dispersion was then dialyzed for 5 days with daily water replacements. 

The obtained core-shell microgels are denoted as NRu-NX. Here, N and Ru represent 

NIPAm and [1][PF6]2, respectively. X indicates the pNIPAm monomer concentration 

used during the polymerization.  

 

Synthesis of double-shell (NRu-NX-O) microgels  

All the double-shell microgels were synthesized by aqueous seeded 

precipitation polymerization using the same procedure as that for the core-shell 

microgels. For seeds, a series of core-shell microgels synthesized in the previous section 

were used. The polymerization was performed in a three-necked round-bottom flask (50 

mL) equipped with a mechanical stirrer, a condenser, and a nitrogen gas inlet. The 

core-shell (NRu-NX) microgel dispersion (final concentration: 0.4 wt%) was added to 

the flask (15 mL) and heated to 90 °C in an oil bath. Thereafter, the free-radical 

polymerization was initiated by adding V-50 (2 mM) dissolved in deionized water (5 

mL). Subsequently, an OEGMA monomer solution (10 mL) was immediately added. 

This monomer solution was prepared in advance by dissolving OEGMA (98 mol%) and 

the cross-linker EGDMA (2 mol%) in deionized water (10 mL), followed by sparging 

with N2 for 30 min. After 4 h, the obtained microgel dispersion was collected in an ice 

bath to stop the polymerization. The obtained microgels were purified by centrifugation 

(15 °C, 30 min, 415,000 g), decantation, and redispersion of the precipitate in water. 

This process was conducted twice to remove any impurities in the flask. The dispersion 

was then dialyzed for 5 days with daily water replacements. The obtained double-shell 

microgels are denoted as NRu-NX-O. Here, N, Ru, and O represent NIPAm, [1][PF6]2, 

and OEGMA, respectively. X indicates the monomer concentration of the pNIPAm 

shell. 

 

TEM observations of the microgels  

In order to confirm the formation of microgels and to evaluate the microgel 

size, the microgels were examined by transmission electron microscopy (TEM, 

JEOL2010, operated at 200 kV). Samples were prepared by deposition of microgel 

dispersions (1 µL, ~0.001 wt%) on to a carbon-coated copper grid (Okenshoji Co., Ltd.), 

followed by drying at room temperature. The diameter of the microgels was calculated 

based on the observed images by using Image J software (version 1.51, National 

Institutes of Health, USA) (N = 50). 
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DLS measurements of the hydrodynamic diameter (Dh) of the microgels  

In order to confirm that the shells were successfully added, the 

temperature dependence of the hydrodynamic diameters (Dh) was measured by 

DLS (Malvern instruments Ltd., Zetasizer Nano S). The Dh values were calculated from 

the diffusion coefficient obtained using the Stokes-Einstein equation (Zetasizer software 

v 6.12). The microgel concentration was set to 0.01 wt%. The average value of 3 sets of 

15 measurements with a 30 s acquisition time for the intensity autocorrelation was used. 

To fix the microgels for the oxidized [1]3+ and the reduced [1]2+ states, the microgels 

were dispersed in a solution of either 300 mM of HNO3 and 1 mM of Ce4+ or 300 mM 

of HNO3 and 1 mM of Ce3+, respectively. The Dh of the microgels in the oxidized [1]3+ 

(Dh, Oxidized) and the reduced [1]2+ (Dh, Reduced) states were measured between 15 and 

40 °C. 

 

UV-vis spectroscopy measurements of the oscillation waveforms of the BZ reaction 

In order to evaluate the effect of each microgel structure on the BZ reaction, 

the color changes of the [1][PF6]2 redox reaction were observed by UV-vis spectroscopy 

(JASCO, V-630 iRM). A mixture of HNO3 (300 mM), NaBrO3 (84 mM) and microgel 

dispersion ([[1][PF6]2] = 50 μM) was poured into a sample holder and after thermal 

equilibration for 10 minutes, the BZ reaction was started by adding MA (62.5 mM) 

(final liquid volume: 2.5 mL). The measurement was carried out while constantly 

stirring at 800 rpm between 20±0.5 °C and 35±0.5 °C at a measurement wavelength of 

460 nm. At this wavelength, the difference in absorbance between the reduced [1]2+ 

state and the oxidized [1]3+ state is at a maximum,13 which facilitates the detection of the 

progress of the BZ reaction. The induction period and the oscillation period were 

investigated from the obtained waveforms. The induction period was calculated as the 

time from the start of the observation to the start of the oscillation. The oscillation 

period is the average time of the period between the second and the sixth oscillation. 

 

Direct observation of the spatiotemporal pattern of the BZ reaction with a video 

camera 

In order to observe the spatiotemporal pattern of the BZ reaction, it was 

recorded using a video camera (JVC KENWOOD, GZ-RX500-B) with the microgel 

dispersion spread in two dimensions. A 1 mm thick silicone rubber mold with a 5 cm 

diameter circle cut out of the center (AS ONE Corporation., Silicon rubber sheet) was 

produced and placed between two glass substrates (Matsunami Glass Ind., Ltd., Neo 
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Micro Cover Glass). Then, the reaction solution (1000 µL), in which the oscillation 

reaction was started by adding MA (62.5 mM) to a mixed solution of HNO3 (300 mM), 

NaBrO3 (84 mM), and the microgel dispersion (0.2 wt%), was poured into the container 

and observed. The reaction vessel was placed in a chamber that contained flowing 

temperature-controlled water and the observation was performed while switching the 

reaction temperature between 25±1 °C and 35±1 °C. The spatiotemporal analysis19,21 

was performed by placing one-line images of the BZ reaction pattern in time order using 

the image processing software Image J. Time-dependent gray values were obtained 

from these sequential images and the on-off switching of the spatiotemporal pattern was 

evaluated. 

 

3.3 Results and discussion 

3.3.1 Microgel synthesis 

To realize an on-off switch for the BZ reaction within a core-shell 

microgel,31-38 a thermo-responsive shell, which can selectively allow diffusion of 

the chemical substrates for the BZ reaction, was added to an oscillating-microgel 

core that contains the catalyst, [1][PF6]2 (Figure 3-1(b)). In addition, since the BZ 

reaction occurs only at high ionic strengths (> 300 mM),21 another shell was 

necessary to achieve colloidal stability under strenuous conditions (Figure 

3-1(c)). Using an oscillating microgel as the core, a two-stage seeded 

precipitation polymerization of polymers with different lower critical solution 

temperature (LCST) was performed to form the double-shell structured 

microgel.39-41 A thermo-responsive pNIPAm hydrogel with an LCST of 

~32 °C26,27 was selected to form the first shell. The author hypothesized that due 

to changes in hydrophilicity and hydrophobicity in response to temperature, 

changes in substrate diffusivity42-44 could be expected, which could potentially 

lead to on-off switch for the BZ reaction. In addition, poly(oligoethylene glycol 

methacrylate) (pOEGMA; LCST ~64 °C)45-47 was chosen as the second shell in 

order to form a colloidally stable double-shell-structured microgel that prevents 

the flocculation of the core-shell microgels at high ionic strengths.  
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Figure 3-1. Chemical structures and schematic illustration of the (a) core, (b) core-shell, 
and (c) double-shell microgels used in this study. 
 

In this study, core-shell microgels and double-shell microgels with 
pNIPAm shells of different thicknesses were synthesized in order to optimize the 
thickness of the pNIPAm shell and thus change the diffusivity of the substrates 
for the BZ reaction (Table 3-1). To confirm that the shells were added correctly, 
the temperature dependence of the hydrodynamic diameters (Dh) was measured 
using DLS. The catalyst [1][PF6]2 was immobilized in the microgels fixed either in 
the reduced state ([1]2+) or the oxidized state ([1]3+) using a reducing agent or an 
oxidizing agent,13 respectively. The ionic strength of each microgel dispersion 
was set to that of the BZ reaction (> 300 mM). As can be seen in Figure 3-2(a), 
both for the reduced and oxidized catalyst, the Dh of the core-shell microgels 
increases with increasing amount of monomer used during the seeded 
precipitation polymerization, which is consistent with previous reports on other 
systems.35-38 It should be noted here that all the core-shell microgels flocculated 
above the LCST of pNIPAm (~32 °C), even though the core microgels 
maintained their colloidal stability under these conditions. This is additional 
evidence that supports the notion that a pNIPAm shell was added to the 
pre-existing core microgels; the dehydrated pNIPAm microgel surface would 
usually lose colloidal stability at high ionic strength due to a loss of steric 
hindrance.13,18 As shown in Figure 3-2(b), following the addition of the second 
pOEGMA shell, the Dh of the double-shell microgels, both in the reduced and 
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oxidized state, increased further still. It should be noted here that all of 

double-shell microgels did not flocculate above the LCST of pNIPAm (~32 °C). 

This is further evidence that the pOEGMA shell was added to the pre-existing 

core-shell microgels; in contrast to the pNIPAm shell of the core-shell microgels, 

the hydrated pOEGMA microgel surface retains colloidal stability due to a gain of 

steric hindrance.47 TEM images of representative core (NRu), core-shell 

(NRu-N40), and double-shell (NRu-N40-O) microgels following drying at room 

temperature are shown in Figure 3-2(c). Each microgel appeared deformed due 

to its softness. However, secondary particles were not confirmed and particulate 

matter was obtained, given the coefficient of variation obtained by evaluation for 

the diameters of the microgels (CV=~10%; Figure 3-3). Following a series of 

tests, double-shell microgels were synthesized for the use as an on-off switch for 

the BZ reaction. 

Subsequently, the author determined the difference in Dh (ΔDh) between 

the microgels with the reduced ([1]2+) and the oxidized ([1]3+) catalyst. As shown 

in Figure 3-4, the ΔDh decreases upon adding shells. During the seeded 

precipitation polymerization, the hydrogel shell is adsorbed onto the hydrophobic 

or deswollen core microgels as the polymer precipitates.35 During this synthetic 

process, the shell structure suppresses the swelling of the core microgels,32-34 i.e., 

the decrease in ΔDh is derived from the synthetic method. Due to the lack of 

oscillatory motions, the ΔDh of the microgels with additional shells is smaller 

than that of the individual core. Therefore, the double-shell structure can provide 

stability and stop the oscillatory function of the microgels, albeit that this benefit 

comes together with a trade-off in the form of a decrease in ΔDh. Further 

discussion of this point would be beyond the focus of this study, even though it 

will be an issue to improve in future research. 
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Table 3-1. The synthetic conditions, the diameter (D) determined from TEM images, 

and the critical flocculation temperatures (CFTs) of the core, core-shell, and 

double-shell microgels.  

Core  Monomer 

conc. [mM] 

NIPAm 

[mol%] 

[1][PF
6
]

2
 

[mol%] 

BIS 

[mol%] 

D [nm] 

(CV / %) 

CFT [°C] 

[1]
2+

 [1]
3+

 

NRu  75 95 3 2 
91±12 

(13.0 %) 
27 > 40 

 

Core-shell 
Seed 

[wt%] 

Monomer 
conc. 
[mM] 

NIPAm 
[mol%] 

 BIS 
[mol%] 

D [nm] 
(CV / %) 

CFT [°C] 

[1]
2+

 [1]
3+

 

NRu-N20 
0.4 

(NRu) 
20 98  2 

106±8.9 
(8.4 %) 

28 31 

NRu-N40 
0.4 

(NRu) 
40 98  2 

110±14 
(13.1 %) 

29 31 

NRu-N60 
0.4 

(NRu) 
60 98  2 

157±16 
(9.9 %) 

30 32 

 

Double-shell 
Seed 

[wt%] 

Monomer 
conc. 
[mM] 

OEGMA 
[mol%] 

 EGDMA 
[mol%] 

D [nm] 
(CV / %) 

CFT [°C] 

[1]
2+

 [1]
3+

 

NRu-N20-O 
0.4 

(NRu-N20) 
40 98  2 

113±15 
(13.1 %) 

> 40 > 40 

NRu-N40-O 
0.4 

(NRu-N40) 
40 98  2 

129±15 
(11.7 %) 

> 40 > 40 

NRu-N60-O 
0.4 

(NRu-N60) 
40 98  2 

174±34 
(19.7 %) 

> 40 > 40 
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Figure 3-2. Temperature dependence of the hydrodynamic diameter (Dh) of (a) the core 
microgel (NRu), the core-shell microgels (NRu-N20, NRu-N40, and NRu-N60), and (b) 
the double-shell microgels (NRu-N20-O, NRu-N40-O, and NRu-N60-O) for reduced 

[1]
2+

 (1 mM Ce
3+

 and 300 mM HNO3) and oxidized [1]
3+

 (1 mM Ce
4+

 and 300 mM 

HNO3). (c) TEM images of the core microgel (NRu), a core-shell microgel (NRu-N40), 
and a double-shell microgel (NRu-N40-O). 
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Figure 3-3. TEM images of the core microgels (NRu), the core-shell microgels 
(NRu-N20, NRu-N40 and NRu-N60), and the double-shell microgels (NRu-N20-O, 
NRu-N40-O and NRu-N60-O) dried on a carbon-coated copper grid at room 
temperature. From the images, the diameter (D) of the microgels was measured using 
the Image J software. The coefficients of variation (CV) were determined from the 
D values (N = 50). 
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Figure 3-4. Temperature dependence of ΔDh for the core, the core-shell, and the 
double-shell microgels, which shows that ΔDh decreases upon applying the shells. 
ΔDh is the difference in Dh between the microgels with the reduced [1]2+ state 
catalyst and those with the oxidized [1]3+ state catalyst. ΔDh values were 
calculated from Figures 2(a) and 2(b). 
 
3.3.2. Oscillation study using various microgels 
 Next, the BZ reaction was performed using the obtained microgels. In 
order to confirm if these microgels can stop the BZ reaction upon changing the 
temperature, the temperature dependence of their oscillatory behavior under 
constant substrate concentration and stirring was measured via optical 
transmittance using UV-vis spectroscopy. The oscillation waveforms of the core, the 
core-shell, and the double-shell microgels showed different behavior depending on the 
temperature (Figures 3-5, 3-6, 3-7). When the core microgels were exposed to low 
temperatures, for example 20 °C and 25 °C (Figure 3-5(a)), the transmittance changed 
periodically within a certain range. This indicates a change in the redox state of 
[1]2+/[1]3+ immobilized in the microgels where the change of color of [1][PF6]2

 

synchronized with the progress of the BZ reaction. However, upon increasing the 
temperature to 30 °C, the oscillation waveform became disordered and the value of 
transmittance continued to increase as the BZ reaction proceeded (Figure 3-5(a)). This 
result indicates that the microgel formed aggregates due to a decrease in colloidal 
stability caused by the rising temperature (Figure 3-8(a)). Similar oscillation behavior 
(Figure 3-5(b)) and irreversible aggregation (Figure 3-8(b)) was also observed for the 
core-shell microgel at high temperature (30 °C). In contrast, as confirmed by both 
optical transmittance measurements (Figure 3-5(c)) and visual inspections (Figure 3-9), 
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the double-shell microgels successfully completed the BZ reaction without aggregation 
even at 35 °C. This result confirms that the pOEGMA outer shell effectively maintains 
the colloidal stability at high ionic strength and at high temperature.  
 

 
Figure 3-5. Temperature-dependent oscillation waveforms of the BZ reaction for (a) the 
core (NRu), (b) the core-shell (NRu-N40), and (c) the double-shell (NRu-N40-O) 
microgels detected by UV-vis spectroscopy (λ = 460 nm; [1][PF6]2 = 50 μM; [HNO3] = 
300 mM; [NaBrO3] = 84 mM; [MA] = 62.5 mM). (d) Summary of the 
temperature-dependent oscillation behavior for all microgels. Each symbol indicates the 



59 
 

oscillation behavior upon increasing the temperature from 25 °C to 35 °C during the 
UV-vis measurements (  = oscillating; ● = almost no change in transmittance; × = 
microgel aggregated). 

 

Figure 3-6. Typical oscillation waveforms for (a) NRu, (b) NRu-N20, (c) NRu-N40, 
and (d) NRu-N60 microgels ([1][PF6]2 = 50 μM; [HNO3] = 300 mM; [NaBrO3] = 84 
mM; [MA] = 62.5 mM). Addition of a pNIPAm shell showed irreversible aggregation at 
the LCST of pNIPAm. 
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Figure 3-7. Typical oscillation waveforms for (a) NRu-N20-O, (b) NRu-N40-O, and (c) 
NRu-N60-O microgels ([1][PF6]2 = 50 μM; [HNO3] = 300 mM; [NaBrO3] = 84 mM; 
[MA] = 62.5 mM). The double-shell microgels NRu-N40-O and NRu-N60-O are able to 
stop the BZ reaction at the LCST of pNIPAm, but this is not possible when the pNIPAm 
shell is thinner (c.f. NRu-N20-O microgels). This indicates that stable on-off switches 
require a specific pNIPAm shell thickness.  
 

Figure 3-8. Visual appearance of the (a) core (NRu), (b) core-shell (NRu-N40), and (c) 
double-shell (NRu-N40-O) microgels in the cell following UV-vis measurements at 
30 °C. The core and the core-shell microgels aggregated, while the double-shell 
microgels maintained colloidal stability. 
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Figure 3-9. Time-lapse video images of the double-shell (NRu-N40-O) microgels in the 
cell taken during the BZ reaction (0 s refers to the time when the observation of the BZ 
reaction was started). The sample preparation procedure is the same as that used for the 
UV−vis spectroscopy oscillation study, which is described in the experimental section 
([1][PF6]2 = 50 μM; [HNO3] = 300 mM; [NaBrO3] = 84 mM; [MA] = 62.5 mM at 25 °C 
or 35 °C under constant stirring at 800 rpm). The BZ reaction proceeded at 25 °C and 
stopped at 35 °C.  
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The author also found that the thickness of the pNIPAm shell is an important 

factor to control the on-off switching of the BZ reaction. When the microgels have a 

thin pNIPAm shell (NRu-N20-O), the BZ reaction could not be stopped above the 

LCST of pNIPAm (32 °C) (Figure 3-5(d)). On the other hand, it was possible to stop 

the BZ reaction by increasing the temperature when the NRu-N40-O and NRu-N60-O 

core-shell microgels were used (Figure 3-5(d)). In addition, the presence of the 

pNIPAm shell affected the oscillation period, the induction period, and the oscillation 

mechanism of the BZ reaction, which provides more evidence that substrate diffusion is 

inhibited (Figures 3-10, 3-11, 3-12, 3-13, and 3-15; Tables 3-2, 3-2, and 3-3). Based on 

these tests, it can thus be concluded that double-shell oscillating microgels with a 

suitably thick shell can control the on-off switching behavior of the BZ reaction 

without aggregation of the microgels. 

 

 

Figure 3-10. Temperature dependence of (a) the oscillating frequency (Fosc is the 

reciprocal of the oscillation period) and (b) the induction period for the core-shell 

(NRu-NX) microgels. X indicates the monomer concentration of NIPAm used in the 

synthesis of the core-shell microgels. Fosc almost linearly correlates with the operating 

temperature, which means the oscillatory motions of any oscillating microgels are 

synchronized with the BZ reaction (i.e., an Arrhenius plot).1 The thicker the pNIPAm 

shell, the longer the induction period and the shorter the oscillation period. Therefore, 

the addition of the pNIPAm shell affects the substrate diffusion. 
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Figure 3-11. Temperature dependence of (a) the oscillating frequency (Fosc is the 
reciprocal of the oscillation period) and (b) the induction period for the double-shell 
(NRu-NX-O) microgels. X indicates the concentration of NIPAm used in the synthesis 
of the double-shell microgels. Like the core-shell microgels, Fosc almost linearly 
correlates with the operating temperature, which means that the oscillatory motions of 
any oscillating microgels are synchronized with the BZ reaction (i.e. an Arrhenius plot). 
Furthermore, the thicker the pNIPAm shell, the longer the induction period and the 
shorter the oscillation period. Therefore, the addition of the pNIPAm shell affects the 
substrate diffusion in the double-shell microgels. 
 

In order to consider the influence of the double-shell structure in more detail, we 

examine here the cycle of the BZ reaction. The mechanism of the BZ reaction can be 

understood using the Field-Körös-Noyes (FKN) mechanism,2,14 and be subdivided into 

three main reaction processes: the Br- consumption reaction (A); the autocatalytic 

reaction of HBrO2 (B); and the Br- generation reaction (C). 
 
A: BrO3

- + 2 Br- + 3 H+  3 HOBr 
B: BrO3

- + HBrO2 + 2 [1]2+ + 3 H+  2 HBrO2 + 2 [1]3+ + H2O 
C: 2 [1]3+ + BrMA → fBr- + 2 [1]2+ + other products 
 
Following the FKN mechanism, the waveforms can be divided into processes A, B, and 

C. Here, each process is defined as follows: the region where transmittance settles (A); 

the region where transmittance increases (B); and the region where transmittance 

decreases (C). Between 20 °C and 28 °C (values > 28 °C were neglected for discussion 

because changes in the values were too small), the time each reaction process takes per 

reaction cycle was investigated. Processes B and C were focused on as these reactions 

involve the [1][PF6]2 catalyst. For the double-shell microgels (Figure 3-12 and Table 
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3-2), there were relatively few changes in the amount of time process B took in the 

reaction cycle (B/Posc), which, when the temperature was increased from 20 °C to 28 °C, 

only increased by 10%. This might originate from the autocatalytic reaction. Thus, it 

was concluded that the substrate involved in the oxidization reaction (process B) did not 

contribute much to stopping the oscillation. However, the amount of time taken by 

process C in the reaction cycle (C/Posc), upon increasing the temperature from 20 °C to 

28 °C, dramatically increased by 24%. In contrast, for the core and core-shell microgels 

large changes in the C/Posc value were not observed. As the temperature was increased 

from 20 °C to 28 °C, C/Posc changed by 10% and 7% for the core and core-shell 

microgels, respectively (Figures 3-13 and 3-14; Tables 3-3 and 3-4). Process C 

involves the consumption of BrMA and previous reports have suggested that the 

polymer network might prevent the diffusion of BrMA.1 In this case, it was assumed 

that the deswollen pNIPAm shell inhibits the diffusion of BrMA or other reaction 

intermediates during the progress of the BZ reaction as observed during the induction 

period in previous studies.14 When the temperature was raised above 28 °C the pNIPAm 

shell possibly becomes more hydrophobic, which would severely hamper the supply of 

substrates such as BrMA and thus stop the BZ reaction. 
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Figure 3-12 Typical oscillation waveforms in double-shell microgels at various 
temperatures ([1][PF6]2 = 50 μM; [HNO3] = 300 mM; [NaBrO3] = 84 mM; and [MA] = 
62.5 mM). Based on the FKN mechanism, the waveforms are divided into processes A, 
B, and C. The plot at the bottom right shows the values of A/Posc, B/Posc, and C/Posc as a 
function of temperature.  

Table 3-2. A/Posc, B/Posc, and C/Posc values as a function of temperature for the 
double-shell microgels. The oscillation periods Posc, the durations of processes A-C, and 
the values of A/Posc, B/Posc and C/Posc are summarized.  

Temp, °C P osc, s A , s B , s C , s A /P osc B /P osc C /P osc

20 109.0 42.0 30.0 37.0 0.38 0.28 0.34
22 88.7 28.7 30.3 29.7 0.33 0.34 0.33
23 81.3 29.3 25.0 27.0 0.34 0.32 0.34
24 77.0 20.3 26.7 30.0 0.28 0.34 0.38
25 76.6 19.3 25.3 32.0 0.25 0.33 0.42
26 66.4 12.0 22.7 31.7 0.18 0.34 0.48
27 62.0 3.7 22.3 36.0 0.06 0.36 0.58
28 58.0 3.0 20.7 34.3 0.05 0.38 0.57
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Figure 3-13. Typical oscillation waveforms in core microgels at various temperatures 
([1][PF6]2 = 50 μM; [HNO3] = 300 mM; [NaBrO3] = 84 mM; [MA] = 62.5 mM). Based 
on the FKN mechanism, the waveforms are divided into processes A, B, and C. The plot 
at the bottom right shows the values of A/Posc, B/Posc, and C/Posc as a function of 
temperature. 

Table 3-3. A/Posc, B/Posc, and C/Posc values as a function of temperature for the core 
microgels. The oscillation periods Posc, the durations of processes A-C, and the values 
of A/Posc, B/Posc and C/Posc are summarized. 

 

Temp, °C P osc, s A , s B , s C , s A /P osc B /P osc C /P osc

20 185.0 122.3 17.3 45.7 0.66 0.09 0.25
22 152.0 93.3 17.0 41.7 0.62 0.11 0.27
23 136.0 73.3 19.3 43.0 0.54 0.14 0.32
24 135.0 75.3 21.0 38.7 0.56 0.15 0.29
25 116.2 59.0 16.3 41.0 0.51 0.14 0.35
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Figure 3-14. Typical oscillation waveforms in core-shell microgels at various 
temperatures ([1][PF6]2 = 50 μM; [HNO3] = 300 mM; [NaBrO3] = 84 mM; [MA] = 62.5 
mM). Based on the FKN mechanism, the waveforms are divided into processes A, B, 
and C. The plot at the bottom right shows the values of A/Posc, B/Posc, and C/Posc as a 
function of temperature. 

Table 3-4. A/Posc, B/Posc, and C/Posc values as a function of temperature for the 
core-shell microgels. The oscillation periods Posc, the durations of processes A-C, and 
the values of A/Posc, B/Posc and C/Posc are summarized. 

 

 

Temp, °C P osc, s A , s B , s C , s A /P osc B /P osc C /P osc

20 119.0 42.7 33.0 43.3 0.36 0.28 0.36
22 105.0 38.3 29.3 37.3 0.36 0.28 0.36
23 90.0 29.0 22.3 35.7 0.35 0.25 0.40
24 81.0 26.0 19.7 35.0 0.33 0.24 0.43
25 76.3 17.7 24.0 34.3 0.24 0.31 0.45
26 74.3 14.3 25.3 30.7 0.19 0.34 0.47
27 58.7 11.7 21.7 25.3 0.20 0.37 0.43
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3.3.3. Temperature-controlled On-Off switching behavior of the BZ reaction in 

microgels 

Next, the temperature dependence of the BZ reaction in each microgel was 

investigated (Figure 3-15). When the core (NRu) or the core-shell (NRu-N40) 

microgels were used as the reactor for the BZ reaction, the oscillation waveform 

appeared disordered and the transmittance increased with increasing the temperature 

from 25 °C to 35 °C (Figure 3-15(a, b) and Figure 3-16), indicating that the microgels 

had aggregated (Figure 3-5(a, b)). Conversely, when double-shell (NRu-N40-O) 

microgels were used as the reactor, the oscillation behavior immediately stopped upon 

raising of the temperature. Moreover, the oscillation behavior quickly restarted upon 

cooling the solution, i.e., the microgels returned to their swollen state (Figure 3-15(c) 

and Figure 3-16). Conversely, the oscillation did not stop when a [1][PF6]2 monomer 

solution was heated and then cooled (Figure 3-15(d)), which confirms that the observed 

on-off switching behavior is due to the properties of the double-shell microgels. 

Furthermore, the BZ reaction could be switched on and off repeatedly (Figure 3-15(c)).  

However, the amplitude of the BZ reaction (Aave: average oscillation amplitude) 

gradually decreased over several oscillation cycles, given that the substrate for the BZ 

reaction was consumed (Figure 3-15(c)). To overcome this problem, the author 

investigated the effect of the addition of more substrate on the on-off switching behavior 

of the BZ reaction. After switching the BZ reaction on and off twice under the same 

reaction conditions as those used in Figure 3-15(c), additional substrate (0.5 mL; 

[HNO3] = 1.5 M) was injected into the reaction system in one step using a pipette. 

Subsequently, the transmittance increased immediately, followed by restoration of the 

oscillation of the reaction and the cycles of on-off switching were extended (Figure 

3-15(e) and Figure 3-17). These results indicate that the double-shell microgels could 

potentially find applications as a high-performance catalyst for the BZ reaction that can 

stop the oscillation behavior on demand.   
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Figure 3-15. Oscillation waveforms for (a) the core (NRu), (b) the core-shell 
(NRu-N40), and (c) the double-shell (NRu-N40-O) microgels, as well as (d) the 
[1][PF6]2 monomer when the temperature was changed for ~300 s ([1][PF6]2 = 50 μM; 
[HNO3] = 300 mM; [NaBrO3] = 84 mM; [MA] = 62.5 mM). The reaction was heated to 
35 °C and cooled to 25 °C. (e) Oscillation waveform obtained using the double-shell 
microgels when substrate was added after the BZ reaction was switched on and off 
twice (reaction conditions identical to those above). 0.5 mL of the substrate solution 
([HNO3] = 1.5 M) was added to 2.5 mL of the BZ reaction solution.  
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Figure 3-16. (a) The oscillation waveforms obtained following time-dependent heating 
of the core (NRu), core-shell (NRu-N40), and double-shell (NRu-N40-O) microgels 
([1][PF6]2] = 50 μM; [HNO3] = 300 mM; [NaBrO3] = 84 mM; [MA] = 62.5 mM. The 
reaction was heated to 35 °C and cooled to 25 °C). The time allowed for heating and 
cooling of the reaction was either 30 s, 60 s, 120 s, 180 s, 300 s, 600 s, 900 s, or 1200 s. 
(b) Summary of the oscillation behavior of the microgels following heating of the 
reaction to 35 °C and cooling to 25 °C over various time periods. Even though the core 
(NRu) and core-shell (NRu-N40) microgels showed irreversible aggregation at heating 
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times  120 s, it was possible to restart the BZ reaction when using the double-shell 

(NRu-N40-O) microgels due to their high colloidal stability. Above 1200 s, restarting 

the reaction was not possible due to substrate consumption. 

 

The BZ reaction in this experiment was performed in a closed system, which 

means that the substrate would eventually be consumed as the BZ reaction proceeded. 

Therefore, to extend the oscillations of the BZ reaction, addition of more substrate is 

required. This was attempted with conventional oscillating microgels, although that the 

ionic strength increased upon adding the substrate, which lowered the colloidal stability. 

Therefore, it was difficult to restart the oscillation by addition of more substrate (Figure 

3-17(a)). However, the double-shell microgels are designed to have not only the 

desirable ability to be able to control the substrate diffusion into the gel fixed with the 

catalyst, but also high colloidal stability. In contrast, when the double-shell microgels 

were used the colloidal stability was maintained and the oscillation of the reaction 

continued even after two additions of further substrate (0.5 mL; [HNO3] = 1.5 M) 

(Figure 3-17(b)). The amplitude of the transmittance decreased from ~19% initially to 

12% following each addition of the substrate, which was tentatively attributed to the 

dilution of the [1][PF6]2 concentration. The BZ reaction was extended by addition of 

more substrate due to the colloidal stability imparted by the pOEGMA shell, which is a 

characteristic of the double-shell microgels. Therefore, the addition of more substrate 

was adopted as a solution to the problem that the number of times the reaction could be 

switched on and off were limited. 
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Figure 3-17. Oscillation waveforms of (a) the core (NRu) microgels and (b) the 
double-shell (NRu-N40-O) microgels when substrate was added after the oscillation had 
decayed ([1][PF6]2] = 50 μM; [HNO3] = 300 mM; [NaBrO3] = 84 mM; [MA] = 62.5 
mM). 0.5 mL of the substrate solution ([HNO3] = 1.5 M) was added to 2.0 mL of the BZ 
reaction solution.  
 

In order to obtain further evidence for the on-off switching behavior of the 
double-shell microgels, the author investigated the thermal responsivity of the 
double-shell microgels by observing how the spatiotemporal pattern synchronized with 
the redox reactions of the [1][PF6]2 catalyst,1-5 (Figure 3-18). A 0.2 wt% dispersion of 
the double-shell (NRu-N40-O) microgel was poured into a silicone rubber mold, placed 
between glass substrates, and then observed with a video camera. At room temperature 
(25 °C), a traveling pattern occurred spontaneously (Figure 3-18(a); ~0 s to ~12 s) and 
the average oscillation period was determined to be ~150 s (Figure 3-18(b)). Upon 
increasing the temperature to 35 °C, the spatiotemporal pattern disappeared (Figure 
3-18(b); ~12 s to ~18 s). The spatiotemporal pattern was not observed for 300 s at 
35 °C. However, the BZ reaction, i.e., the spatiotemporal pattern was reactivated by 
cooling the microgel dispersion to 25 °C and the oscillation period was determined to be 
~100 s, which is similar to the oscillation observed initially (Figure 3-18 (b); ~18 s to 
~25 s). Therefore, these results clearly indicate that the double-shell microgels can be 
used to stop the BZ reaction regardless of the stirring conditions. Typically, in catalysis 
studies using nanocomposite microgels, including metal nanoparticles, the diffusion 
kinetics of low molecules are affected by the properties of the microenvironment, such 
as the hydrophilicity/hydrophobicity and polymer density.41-44 Suzuki’s group has 
already demonstrated that the cross-linking density and the chemical composition of 
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microgels affect the induction period of the BZ reaction.14,18,21 However, it still remains 
unclear whether the swelling state of pNIPAm affects the diffusion of the key substrates 
(e.g., Br2, HBrO2, and BrMA) for the BZ reaction. In this context, the results obtained 
in the present study constitute the first report of the effect of the thermal responsivity of 
pNIPAm microgels on a chemical oscillation reaction, which is important for the 
understanding and design of complex chemical reactions, such as the BZ reaction, in the 
presence of microgels. 
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Figure 3-18. (a) Representative frames taken from movie showing the oscillating wave 

pattern of the BZ reaction at different time points. The bubbles observed in this case are 

carbon dioxide generated during the BZ reaction. (b) Gray value image of the 

spatiotemporal analysis (top), the oscillation waveform corresponding to the same 

analysis (middle), and temperature of the reaction vessel (bottom) ([microgel] = 0.2 

wt%; [HNO3] = 300 mM; [NaBrO3] = 84 mM; [MA] = 62.5 mM. The reaction was 

heated to 35 °C and cooled to 25 °C). 

 

3.4. Conclusions 

The author has demonstrated the effect of the thermal responsivity of 

autonomously oscillating hydrogel microspheres, which contain the catalyst 

[ruthenium(II)tris(2,2’-bipyridine)][PF6]2 ([1][PF6]2), on the BZ reaction. To 

realize both molecular selectivity in response to temperature, and high colloidal 

stability of the microgel catalyst, microgels with a double-shell structure were 

prepared by seeded precipitation polymerization in the presence of the oscillating 

core microgels. The first shell is a thermo-responsive pNIPAm hydrogel, while 

the second shell consists of a more hydrophilic pOEGMA hydrogel. Due to the 

change in molecular interactions between the pNIPAm shell layer and the 

substrates of the BZ reaction, the BZ reaction that occurs in the microgel 

dispersion can be stopped or initiated on demand by changing the temperature. 

Moreover, the hydrated pOEGMA layer ensures that the double-shell microgels 

maintain their colloidal stability under high ionic concentrations (> 300 mM) and 

at high temperatures, i.e., above the VPTT of pNIPAm, which leads to reversible 

oscillation switching. The on-off switching behavior of the BZ reaction was 

confirmed by optical transmittance analysis of the microgel dispersion (Figure 

3-15(e)) and by observation of the spatiotemporal pattern of the BZ reaction 

(Figure 3-18). Although the amplitude of the swelling and deswelling of the 

microgel catalyst was decreased by construction of the double-shell structure, the 

thermally responsive hydrogel shell can change the molecular selectivity and 

permeability of the microgels toward to the components of the complex chemical 

reaction system of the BZ reaction. The author believes that the core result of this 

study, i.e., a method to switch the BZ reaction on and off, will be beneficial for 

the development of advanced bioinspired materials with potential applications in 

e.g. self-oscillating micropumps,19,21 high-performance catalytic carriers,41-44,48 

and reaction-diffusion models of biological oscillation phenomena10-12 
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4. Summary 

 In this thesis, the author aimed to create new functional particles that exhibit 

bio-inspired oscillatory motion by synthesizing the particles and controlling their 

behavior via chemical reactions. For this purpose, microgels swollen by water, which 

are soft and deformable, were used. Immobilizing a transition-metal-based catalyst 

inside the gel endowed it with an energy-conversion mechanism by which it 

spontaneously exhibited swelling/deswelling oscillations in synchronization with the 

BZ reaction. The diffusion of the substrate into the microgels is important, as it controls 

the oscillation behavior of the microgels. The effects of physicochemical properties of 

the microgels, such as the chemical composition and microgel structure, on the BZ 

reaction were investigated. 

 First, the author developed new microgels that oscillate with a short period 

similar to that of the heartbeat. By synthesizing microgels with high colloidal stability 

and optimizing the BZ reaction conditions, a short period of ~1.3 s was achieved. As a 

further application, assembly of the microgels enabled short-period (~6.2 s) volume 

oscillations at near-biological temperature (37 °C). Such microgels with short 

oscillation periods are expected to find applications in autonomous materials such as 

artificial hearts or micropumps. 

 Second, the author developed new microgels in which the oscillation can be 

switched on and off as desired in response to temperature changes. This was achieved 

by synthesizing microgels with a temperature-responsive hydrogel shell that can 

regulate substrate diffusion into the gels. The author thus developed a guideline for the 

design of high-performance catalysts and autonomous materials that can be controlled 

by changes in the external environment. 

 The author succeeded in precisely controlling the oscillation behavior of the 

microgels, thus endowing them with higher functionality approaching that of living 

systems. The control of the oscillation behavior should find applications in biomimetic 

polymer materials, particles for catalytic reactions, and the control of spatio-temporal 

patterns for the BZ reaction. Thus, the results of this study are expected to contribute to 

the development of the fields of polymer, colloid, and interface chemistry. For further 

developments, the author believes that it is important to understand the oscillation 

behavior of microgels at the single-particle level and to control the assembly structure. 

In recent years, techniques for the synthesis, evaluation, and self-assembly of microgels 

have been developed. In addition, since microgels act as the catalyst of the BZ reaction, 
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understanding the BZ reaction is also important for their control. The BZ reaction has 

been examined from the perspectives of physical chemistry and nonlinear science, and 

appropriate mathematical models of chemical reactions have been reported. The author 

expects that the development of basic research into microgels and the fusion of different 

fields will lead to better control over the collective motion of microgel systems 

comparable to that of living organisms. 
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