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1-1. Oscillation system by stimuli-responsive polymer hydrogel 

Many oscillation systems with rhythm can be observed in organisms[1], such as 

heartbeat, peristaltic motion within the intestine, brainwaves, the 24-h physiological 

rhythms, and the annual reproductive cycle of animals and plants, etc. These oscillations 

are sustained during life activities by the spontaneous cyclic reaction in the body, and the 

oscillation rhythm can be regulated by external stimuli such as temperature and light from 

surrounding environments. 

The polymer hydrogels are cross-linked polymeric 3D-networks swollen in water 

up to thermodynamic equilibrium[2]. As their physical properties such as high water 

absorbent and soft elasticity are similar to living tissues, biomedical and pharmaceutical 

applications of hydrogels have been intensively investigated[3-4].  

Beyond these applications, the polymer hydrogels have been applied to 

representative materials which can mimic oscillation systems. Tanaka et al.[5] reported a 

phenomenon of volume phase transition in the polymer hydrogel composed of 

poly(acrylamide) (PAAm) by external stimuli such as water/acetone and temperature, as 

shown in Figure 1-1.  

 

Figure 1-1. The swelling ratio of the poly(acrylamide) gel immersed in water/acetone 

mixture as a function of (a) acetone concentration and (b) temperature, respectively[5].   
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Since the first discovery of volume phase transition by Tanaka et al., the polymer 

hydrogels, which is responded by various stimuli, have been reported and widely 

investigated[6-7]: these polymeric materials including polymers and hydrogels are called 

stimuli-responsive polymeric materials. Stimuli-responsive hydrogels undergo the 

dynamic oscillation by responding to surroundings[8], such as temperature, pH, light, 

solvent composition, magnetic and electric field variation, etc. Due to dynamic oscillation 

by their responsiveness, stimuli-responsive hydrogels have been applied to a diverse 

range of applications, such as shape memory hydrogel[9-11], sensors and biosensors[12], 

controlled and triggered drug delivery systems[13-16], environmental remediation[17-18], 

chemo-mechanical soft actuators[19-24], as shown in Figure 1-2. 

 

 

Figure 1-2. Applications of stimuli-responsive hydrogels. (a) Shape memory hydrogel 

using the dual stimuli-responsive hydrogel[11] and (b) micro-conveyer system using the 

photo-responsive hydrogel[24], respectively. 
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When compared with nature oscillation systems, stimuli-responsive hydrogels 

require a spontaneous periodic rhythm of stimuli, i.e., on/ off switching of stimuli, to 

mimic the nature oscillation system driven by a spontaneous cyclic reaction.  

 

1-2. Self-oscillating hydrogel as biomimetic materials 

As mentioned in the first paragraph of the previous section, the nature oscillation 

systems are based on the spontaneous cyclic reaction for the autonomous oscillation, such 

as heart contraction and breathing. Inspired by nature oscillation system driven by a cyclic 

reaction, Yoshida et al. developed a self-oscillating hydrogel that shows autonomous 

swelling/deswelling without the on/off switching of external stimuli by employing the 

Belousov-Zhabotinsky (BZ) reaction[25-29].	The BZ reaction[30], which is a representative 

model of the nonlinear chemical oscillator, generates a periodic oscillation of chemical 

species by feedback of different reaction intermediates based on the Field-Körös-Neyes 

(FKN) mechanism. In 1972, the first FKN mechanism represents temporal oscillations of 

the BZ reaction. The mechanism consists of 10 elementary reactions, and they can be 

classified into three groups such as following chemical equations[31-32].	

 

(a) 2Br- + BrO3 + 3CH2(COOH)2 + 3H+ → 3BrCH(COOH)2 + 3H2O 

(b) BrO3
- + HBrO2 + 2MRed → 2HBrO2 + 2MOxi + H2O 

(c) 2 MOxi + CH2(COOH)2 + BrCH(COOH)2 → 2 MRed + fBr- + other products 

 

Where MRed and MOxi represent the reduced/oxidized state of metal catalyst 

participated in the BZ reaction, respectively. However, these chemical equations just 

represent the total chemical reaction during the BZ reaction, it is difficult to suggest 

differential equations for understanding the essence of the original process. In 1974, the 
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FKN mechanism was modified a simple version that generates periodic oscillations: the 

Oregonator[32]. The Oregonator model represents following 5 reactions that lead to a 

system of 3 nonlinear differential equations.  

 

BrO3
- + Br- +2H+ 

				"#				 HBrO2 + HOBr    (1)  

HBrO2 + Br- + H +  
			"$				  2HOBr     (2) 

BrO3- + HBrO2 + H + 
		"%			 2HBrO2 + 2MOxi

    (3) 

2HBrO2 
			"&				  BrO3

- +HOBr + H +      (4) 

CH2(COOH)2 + MOxi 
			"'			  fBr- + other products   (5) 

 

Where f is a stoichiometric factor; its value has to be in certain rate and is 

dependent on the concentration of bromate, among other factors. Reactants and product 

species BrO3
-, CH2(COOH)2, and HOBr are generally present in much higher 

concentrations than the dynamic intermediates Br-, HBrO2, and oxidized metal-catalyst 

are assumed to be constant on a time scale of several oscillations. Therefore, the dynamic 

intermediates can be described by following differential equations. 

 

d HBrO2

dt
= k1 BrO3

 -] Br- H+ 2
-	k2 HBrO2 Br- H+ 	+	k3 BrO3

 – HBrO2 H+ 	-	2k4 HBrO2
2 

d Br-

dt
= k1 BrO3

 – Br- H+ 2
	-	k2 HBrO2 Br- H+ 	+ fk5 CH2 COOH 2 MOxi

  

d[ MOxi
 ]

dt
=k3 BrO3

 - HBrO2 H+ 	-	fk5[CH2(COOH)2][ MOxi
 ] 
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Based on these differential equations, it is able to understand the relationship 

between intermediates and to predict oscillation behaviors, as shown in Figure 1-3. In 

particular, the reaction catalyst such as metal ions or metal complexes participate in the 

cyclic reaction, and they undergo a spontaneous redox oscillation; therefore, the BZ 

reaction visualizes as color and potential variations. 

 

 

Figure 1-3. (a) The relationship between intermediates during the BZ reaction and (b) 

chemical oscillation behaviors of each intermediate, respectively. The oscillation 

behaviors were simulated by MATLAB. 

 

The self-oscillating hydrogel, which employs the localized BZ reaction within a 

hydrogel phase, is composed of thermoresponsive polymer, poly(N-isoprolacrylamide) 

(NIPAAm), and ruthenium tris (2,2’-bipyridine) (abbreviated as Ru(bpy)3) covalently 

bonded to the PNIPAAm network, as shown in Figure 1-4. During the course of the BZ 

reaction, Ru(bpy)3, which is copolymerized with the hydrogel networks and acts as a 

reaction catalyst, cycles between oxidized and reduced states periodically. Consequently, 

the self-oscillating hydrogel shows autonomous swelling and deswelling due to increased 

and decreased hydrohpilicity, respectively[25, 33]. 
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Figure 1-4. the schematic images of the self-oscillating hydrogel driven by the BZ 

reaction and the chemical structure of the self-oscillating hydrogel. 

 

Furthermore, self-oscillation, which is driven by the BZ reaction, is observed at 

various scale, from microscopic to macroscopic scale, as shown in Figure 1-5. In the case 

of the linear polymer containing Ru(bpy)3 segments, the polymer solution exhibits self-

oscillations of optical transmittance and viscosity due to spontaneous cyclic solubility 

oscillation of polymers. In case of the self-oscillating hydrogel, it shows autonomous 

dynamic oscillation driven by the localized BZ reaction; however, the dynamic 

oscillations represent different aspects depending on the size of hydrogels. The self-

oscillating hydrogel with micro-meter size generates entirely synchronized swelling and 

deswelling like a cardiac muscle cell[34]. However, when the self-oscillating hydrogel is 

larger than the wavelength of the chemical wave over sub-centimeter length scales, 

chemical wave propagation with peristaltic motion appears within the hydrogel by 

coupling with the diffusion of intermediates[35-36].  
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Figure 1-5. Self-oscillation at various scale, from microscopic to macroscopic scale. 
 

 

1-3. Regulation of dynamic behaviors of self-oscillating hydrogel 

The self-oscillating hydrogels have been applied to biomimetic/bioinspired or 

smart materials by their dynamic behaviors in the two form depending on the size of the 

self-oscillating hydrogel: (a) the chemical wave propagations with peristaltic motion and 

(b) the synchronized volume oscillations, respectively.  

By using the chemical wave propagation and the following peristaltic motion, 

autonomous mass transport systems like a conveyer and an intestine have been created 

[37-40], as shown in Figure 1-6. During in course of the BZ reaction, the self-oscillating 

hydrogel is distinguished between the reduced Ru(bpy)3 regions and the oxidized 

Ru(bpy)3 regions. These regions move following the propagation direction of the 

chemical wave due to the diffusion of intermediates. As a result, the object located on or 

in the self-oscillating hydrogels can be transported by the BZ reaction.   
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Figure 1-6. (a) The schematic images of the peristaltic motion in the 1D self-oscillating 

hydrogel. (b) the conveyer system consisted of 1D self-oscillating hydrogels[37]. (c) the 

artificial intestine by tubular self-oscillating hydrogel[40], respectively.   

 

 

However, it is difficult to predict the propagation direction of chemical waves 

because the propagation directions are based on the probability. The directional control 

of chemical wave propagation, which determined the operation direction of actuators, is 

essential to expand as the smart materials. Therefore, the directional control of chemical 

wave propagation has been developed by various approaches. 

Chen et al.[41] and Yuan et al.[42] demonstrate the directional control of the 

chemical wave propagation through the variation in the hydrogel shape such as an aspect 

ratio and polygonal shapes (Figure 1-7a and b). In additional, Yuan et al.[42] and Masuda 

et al.[43] demonstrate through hydrogels with a gradient structure (Figure 1-7c). These 

hydrogels are prepared by the photo-mask with transparency gradient and the tilted 
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reaction environment, respectively; therefore, the chemical waves start from the thinner 

side and propagate the thicker side due to a concentration difference of metal catalysts. 

Yashin et al.[44] fabricates the composite gel systems with a non-active Polyacrylamide 

gel (PAAm) and the self-oscillating hydrogel patches having different contents (sizes or 

catalyst concentrations) by the photolithography (Figure 1-7d). The chemical waves 

propagate from small contents to large contents. Moreover, Tateyama et al.[45] and 

Homma et al.[46] fabricate the gel array system composed of small self-oscillation patches 

with the same shapes by the photolithography (Figure 1-7e). The propagation directions 

are decided by the shape of patches: triangles or pentagons.  

 The fundamental principle of these approaches is the geometric modification of 

self-oscillating hydrogels. In order to prepare self-oscillating hydrogels with a controlled 

propagation direction, therefore, the additional technique such as photolithography is 

demanded. In addition, the propagation directions are decided from preparation step of 

self-oscillating hydrogels due to their geometrical structure: it means that they always 

operate only one way. 
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Figure 1-7. The directional control of chemical wave propagation by various approaches. 

(a) the aspect ratio of self-oscillation hydrogel sheet[41], (b) the polygonal shape[42], (c) 

the gradient structure[43], (d) the composite system consisted of two parts having different 

contents (Ru catalyst concentration and size)[44], and (e) the gel array system composed 

of small self-oscillation patches[45], respectively.  

 

The self-oscillating hydrogels represent temporal oscillations with a same rhythm 

during the BZ reaction, and the oscillation rhythm can be regulated by external stimuli, 

such as temperature change and light, like nature oscillation systems. Beyond the 

regulation of the oscillation rhythm, the reversible on-off regulation of volume oscillation 

has been demonstrated by various approaches such as photo-irradiation, the concentration 

variation of BZ substrates, and temperature change (Figure 1-8a).  
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 Shinohara, et al.[47] demonstrates the reversible on-off regulation of volume 

oscillation by intensity of irradiated light: the photochemical reaction of Ru(bpy)3. When 

irradiated at a wavelength corresponding metal-to-ligand charge transfer (MLCT) excited 

state of reduced Ru complexes (Ru(bpy)3
2+)[48], the irradiated light generates the excited 

Ru complexes (Ru(bpy)3
2+*). Therefore, the excited Ru complexes, a strong reduction 

agent, generate two pathways with a reaction intermediate (bromomalonic acid, MABr) 

and the BZ substrate (bromate, BrO3
-), and these pathways product an inhibitor (Br-) and 

an activator (HBrO2). Although the photochemical reaction generates two competing 

intermediates, the predominant pathway is the production of an inhibitor, which have 

been proved by modified Oregonator including two pathways [49] (Figure 1-8b). As a 

result, the self-oscillation is restricted by the increased concentration of an inhibitor when 

an intensity of irradiated light increases; the self-oscillation returns to the original state 

when an intensity of irradiated light decreases.  

The BZ reaction can be described by differential equations related to reactants, 

intermediates, and rate constants. Therefore, the oscillating behaviors changes depending 

on the concentration of BZ substrate and temperature (Figure 1-8c). Inspired by these 

characteristics, Yoshida et al.[50] demonstrates through a stepwise concentration variation 

of malonic acid (MA, CH2(COOH)2); The self-oscillation represents a steady state and 

an oscillation state depending on the MA concentrations (10 mM and 25 mM), 

respectively. Moreover, the reversible on-off regulation can be demonstrated by 

temperature change because of NIPAAm chain in the self-oscillating hydrogel and 

reaction rate constants of the BZ reaction represented by the differential equation[51].    

These approaches show that the reversible on-off regulation of volume oscillation 

is based on the direct control of the BZ reaction using factors related to kinetics. 
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Figure 1-8. The schematic images of (a) the reversible on-off regulation of volume 

oscillation and the detailed mechanism depending on external stimuli: (b) irradiated light 

and (c) reaction factors such as organic acid concentration and temperature, respectively.  

 

1-4. Polymer composite materials containing magnetic nanoparticles 

Stimuli-responsive hydrogels generate dynamic oscillations by responding to 

external stimuli, which can deform polymer chain in the form of the expansion or the 

collapse. Among the responsiveness to various external stimuli, the magnetic 

responsiveness can provide unique properties (e.g., movement, heat generation) to 

polymer-based materials, beyond dynamic oscillations. To produce the magnetic 

responsiveness, the polymer-based materials are contained magnetic nanoparticles.  

The polymer composite materials containing magnetic nanoparticles can be 

classified into three categories according to their activation mode and intended 

applications, which can be defined by the following aspects (Figure 1-9)[52]: (a) The 

magnetic guidance to move remotely an object to the target area, which has applied in the 

biomedical application such as cell and molecule guidance and separation. (b) The ability 
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to be deformed (contraction, deflection, orientation) when exposed to the direct current 

magnetic field, which has applied in soft actuators and controlled drug release. (c) The 

heat-generator by the vibration of magnetic nanoparticles within thermoresponsive 

polymer-based materials when exposed to the alternating magnetic field, which has 

applied in the controlled drug release and shape memory devices. 

 

 

Figure 1-9. The classification of polymer composite materials containing magnetic 

nanoparticles according to their activation mode and intended applications[52].  

 

The magnetic guidance can provide a precise migration of polymer composite 

materials containing magnetic nanoparticles according to the migration of the external 

magnetic field. The polymer composite materials containing magnetic nanoparticles act 

as a multifunctional structure capable of binding or adsorbing to other species, including 

for subsequent separation or simple migration. 

 The conventional drug delivery systems (DDS) are difficult to deliver precisely 
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to target areas such as cancer or disordered organs within a short time. However, polymer 

composite materials containing magnetic nanoparticles can provide an excellent tool what 

the drugs can deliver precisely to target area by an extracorporeal magnetic field while 

reducing any side effects. 

 Arias et al.[53] demonstrate magnetically driven cancer therapy using squalene-

based nanoparticles containing magnetic nanoparticles and the anticancer drug 

gemcitabine; additionally, it can provide the magnetic resonance imaging (MRI) due to 

magnetic nanoparticles. The squalene-based nanoparticles, which are guided to the target 

area by the external magnetic field, are capable of increasing drug accumulation in tumor 

tissue with subsequent tumor growth inhibition (Figure 1-10). 

 

 

Figure 1-10. The T2-weighted magnetic resonance images of tumors at 2 h-injection of 

squalene-based nanoparticles under (a) the absence of external field and (b) guided by an 

external magnetic field (1.1 T). (c) The in-vivo anticancer activity of squlaene-based 

nanoparticles comparing the other groups. Where SQgem is squlaene-based nanoparticles 

containing magnetic nanoparticles and the anticancer drug gemcitabine[53].  
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In addition, the separation or concentration of certain species in solution has been 

interested in the biomedical and environmental applications, such as diagnosis systems 

and contaminant removal systems. These applications are based on the functional 

polymer brush grafted onto the surface of magnetic nanoparticles[54-56] or the porous 

structure containing magnetic nanoparticles and functional group[52]; therefore, the target 

species can bind or absorb with magnetic materials, the separation or concentration are 

demonstrated by a removal of magnetic materials using the external magnetic field. 

  

The magnetic nanoparticles contained in the hydrogel can be led to an	anisotropic 

deformation of hydrogels by a magnetic cohesion or an orientation of between magnetic 

nanoparticles, according to the direction of the external magnetic field: this is called the 

“ferrogel”. 

Zrinyi et al.[57] prepares ferrogel consisted of polyvinyl alcohol (PVA) hydrogel 

cross-linked by glutaraldehyde and magnetite nanoparticles. And then, they demonstrate 

a stretching and a contraction of the ferrogel by the localized magnetic field (Figure 1-

11A). 

Since then, Zhao et al.[58] demonstrate the drug release by the macro-porous 

ferrogel consisted of RGD-modified alginate hydrogel cross-linked with adipic acid 

dihydrazide (AAD), and Pluronic F127 coated magnetic nanoparticles for a homogeneous 

dispersion. The macro-porous structure is prepared by the lyophilization, and the porous 

size is determined by freezing temperature. when compared with nano-porous structure, 

the macro-porous structure shows a reversible and larger deformation by the magnetic 

field (Figure 1-11B). In addition, the controlled release of various drugs is demonstrated 

by the reversible magnetic deformation, as shown in Figure 1-11C.  
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Figure 1-11. A) The stretching and a contraction of the ferrogel by the localized magnetic 

field. (a) no magnetic field; The maximal field strength is located (b) under the low end 

of the ferrogel, (b) on the top surface of the ferrogel, and (c) in the middle of the hydrogel, 

respectively.[57] B) Porous ferrogels with a volume deformation by magnetic field. C) 

Cumulative release profiles of drugs from macroporous ferrogels subject to 2min of 

magnetic stimulation every 2 h or no-magnetic stimulation[58].  

 

 The magnetic nanoparticles generate heat by their vibration under the alternating 

magnetic field: it means that the temperature change can be remotely controlled. 

Therefore, the magnetic nanoparticles can provide a programmed response when they are 

introduced into the thermoresponsive polymer based materials and this system has been 

demonstrated primarily in two areas: DDS[59-62] and shape memory devices[63-65]. 

 As a result, the polymer composite materials containing magnetic nanoparticles 

can provide additional unique properties as mentioned above. Although these have been 

primarily applied in the biomedical field, are expected to expand into diverse applications 

by combining with various polymer-based materials.  
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1-5. Scope of this research  

The nature oscillation systems are driven by a spontaneous cyclic reaction, and 

the oscillation rhythms can be regulated by external stimuli. Inspired by nature oscillation 

systems, self-oscillating hydrogels have been developed and applied to biomimetic/ 

bioinspired soft materials due to an autonomous BZ reaction. However, self-oscillating 

hydrogels are facing the problem of the regulation of self-oscillation that appears in the 

form of the volume oscillation and chemical wave propagation to control various motions 

beyond a simple motion. For past few decades, the regulation methods of dynamic 

behaviors in self-oscillating hydrogels are based on the geometric modification of self-

oscillation hydrogels having a fixed directionality from the initial state and the direct 

control of the BZ reaction related in the spontaneous cyclic reaction, respectively.  

The general structure of self-oscillating hydrogels is composed of PNIAAm and 

Ru catalysts, and each segment related to temperature, and redox oscillation which occurs 

in a strongly acidic condition, respectively. Except for these two stimuli, the author 

investigated a proper property which can be introduced into the self-oscillating hydrogel 

without affecting the BZ reaction. Among the many properties, which can provide a new 

function to self-oscillating hydrogels, the magnetic property is suitable for this research 

object because it can offer the following unique capabilities: (a) the remote control 

without affecting the mechanism of the BZ reaction (b) the ability to migrate target object 

precisely where desired, and (c) the anisotropic deformation by the magnetic field. 

The final goal of the doctoral dissertation is the regulation of dynamic behaviors, 

which appeared in the form of a chemical wave propagation and a volume oscillation 

depending on the size of hydrogels, by the magnetic field. In order to achieve this goal, 

the magnetic nanoparticles were introduced into self-oscillating hydrogels, and dynamic 

behaviors were regulated by magnetic activation modes, as shown in the Figure 1-12. 
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Figure 1-12. Overview of this dissertation. (a) Development of self-oscillating hydrogels 

containing magnetic nanoparticles (Chapter 2), (b) the directional control of chemical 

wave propagation by the magnetic migration (Chapter 3), and (c) the reversible on-off 

regulation of volume oscillation in the self-oscillating hydrogel by the magnetic 

deformation (Chapter 4), respectively.   

 

In chapter 2., the synthetic strategy of self-oscillating hydrogels containing 

magnetic nanoparticles is investigated. Self-oscillating hydrogels containing magnetic 

nanoparticles are prepared by different methods depending on the binding methods 

between magnetic nanoparticles and hydrogel network such as (1) physically embedded 

magnetic nanoparticles and (2) chemically bonded magnetic nanoparticles respectively.  

In chapter 3., the directional control of chemical wave propagations is 

demonstrated by magnetic migrations of self-oscillating hydrogels physically containing 
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magnetic nanoparticles in liquid-liquid layers. Moreover, the reversible propagation of 

chemical waves in the same hydrogel phase is demonstrated by the continuous position 

modulation in the three-layers system consisted of aqueous BZ solution and water 

immiscible organic solvents (hexane and dichloromethane). 

In chapter 4., the reversible on-off regulation of the volume oscillation in self-

oscillating hydrogels by the magnetic deformation is investigated. The external magnetic 

field can lead to the network deformation of hydrogels containing magnetic nanoparticles, 

and the deformation degree can be controlled by their pore size. In order to induce a large 

magnetic deformation of self-oscillating hydrogels by the external magnetic field, the 

bulk-gel with porous structure is fabricated by the linked self-oscillating hydrogel beads 

chemically containing magnetic nanoparticles. Thus, the reversible on-off regulation of 

volume oscillation is demonstrated by magnetic deformation, which occurs by applying 

the reversible magnetic field.  

Finally, in Chapter 5, the researched in this dissertation are summarized, and 

future perspectives about self-oscillating hydrogels containing magnetic nanoparticles 

applicable to the energy conversion system are described. 
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2-1. Introduction 

Magnetic hydrogels have been achieved by the introduction of magnetic 

nanoparticles, which can quickly respond to the external magnetic filed and enable their 

enhanced controllability[1-5], into the hydrogel networks. Therefore, magnetic hydrogels, 

i.e., hydrogels containing magnetic nanoparticles, have been prepared by various methods 

that distinguished by the binding types between magnetic nanoparticles and the hydrogel 

networks: physically embedded magnetic nanoparticles and chemically bonded magnetic 

nanoparticles, respectively. The preparation methods are classified by Li et al[6], such as 

(a) the blending method, (b) the in situ precipitation method, and (c) the grafting-onto 

method, as shown in Figure 2-1[6]. In this classification, the magnetic hydrogels, which 

are prepared by the blending method and the in situ precipitation method, have physically 

embedded magnetic nanoparticles. In addition, the chemically bonded magnetic 

nanoparticles within hydrogel networks is achieved by the grafting onto method.   

 

 

Figure 2-1. Schematic of preparation methods of magnetic hydrogels. (a) the blending 

method, (b) the in situ precipitation method, and (c) grafting-onto method, respectively[6].   
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 The blending method is based on the crosslinking between monomers and cross-

linkers; thus, the magnetic nanoparticles, which are provided as a suspension, are 

encapsulated within hydrogel phase. Therefore, it can control the concentration of 

magnetic nanoparticles in the hydrogel phase by the suspension concentration. However, 

it is difficult to obtain a uniform distribution of magnetic nanoparticles within the 

hydrogel networks, and magnetic nanoparticles can diffuse out of the hydrogel phase 

because they are just embedded in hydrogel networks.  

 The in situ precipitation method is achieved by following process. First, the 

hydrogel is prepared and immersed in the concentrated aqueous solution containing Fe2+ 

and Fe 3+ (molar ratio of 1:2) until a swelling equilibrium is reached. And then, the 

hydrogel containing ferrous ions is transferred into precipitating agents solution[7-8] (e.g., 

NaOH, NH3 •H2O) to reduce magnetic nanoparticles. Finally, the magnetic nanoparticles 

are physically located in the hydrogel phase. The in situ precipitation can introduce large 

number of magnetic nanoparticles into the hydrogel. However, it is only suitable for 

specific hydrogel networks because the precipitating agent can destroy them[9]. 

 The magnetic hydrogels prepared by above two methods have no covalent bond 

between magnetic nanoparticles and hydrogel networks; therefore, the stability of 

magnetic nanoparticles and hydrogel networks is not guaranteed[10]. While the external 

magnetic field induces a magnetic dipole of magnetic nanoparticles, the interaction of 

between magnetic nanoparticles occurs when they are close enough to affect their 

neighbors. Therefore, The magnetic nanoparticles are aligned in an end-to-end 

configuration by the attraction with each other, and thus a “pearl-chain structure” is built 

via the attractive force (Figure 2-2a)[11]. Therefore, the magnetic nanoparticles undergo 

movements for aligning and cohesion along the direction of the magnetic field, and these 

actions can destroy the hydrogel networks. Furthermore, when the external magnetic field 
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is applied in the state where magnetic nanoparticles are irregularly located in the hydrogel, 

the actions of magnetic nanoparticles divides the hydrogel networks into the contracted 

and stretched regions; thus, the destroyed networks can observe in the stretched region 

(Figure 2-2b)[12]. Besides, the applying the reversible magnetic field can increase the 

damage of hydrogel networks, based on these mechanisms. 

 

 

Figure 2-2. the destruction mechanisms of the hydrogel network by magnetic motions. 

(a) the aligned magnetic nanoparticles[11] and (b) the irregular distribution of magnetic 

nanoparticles[12], respectively. 

 

 The preparation method of magnetic hydrogel achieved by the covalent bond 

between magnetic nanoparticles and hydrogel networks, called the grafting-onto method. 

In order to bind covalently with monomers and magnetic nanoparticles, the surface of 

magnetic nanoparticles is modified by functional groups such as primary amine[4] and 

methacrylic groups[13]. Therefore, the magnetic nanoparticles can be trapped in the 

hydrogel networks without seeping out, by the covalent bond or conjugation. Besides, the 

chemical arrangement of magnetic nanoparticles can prevent the damage to magnetic 

motion because the polymer chain bound to magnetic nanoparticles are “roll-up” instead 

of the linear movement by the direction of the magnetic nanoparticles[14]. The magnetic 

hydrogel prepared by the grafting-onto method provide a good solution about the stability 
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of magnetic nanoparticles and hydrogel networks. In case of vinyl functionalized 

magnetic nanoparticles, however, it can create not only cross-linking points but also 

magnetic nanoparticles chain. Therefore, it is difficult to introduce a high concentration 

of magnetic nanoparticles in the hydrogel phase.  

 In this study, the preparation methods of self-oscillating hydrogels containing 

magnetic nanoparticles were investigated. The conventional self-oscillating hydrogels 

have been prepared by following methods: (a) the direct-gelation based on the free radical 

polymerization with monomers and low molecular cross-linkers. (b) The post-

conjugation of Ru(bpy)3 in the hydrogel phase, which has primary amine groups. 

However, it is difficult not only to measure a concentration of Ru contents in the self-

oscillating hydrogels but also to introduce magnetic nanoparticles into the self-oscillating 

hydrogel phase due to the rapid sedimentation of magnetic nanoparticles during the 

gelation. Therefore, the author designed a new approach to prepare the self-oscillating 

hydrogel containing magnetic nanoparticles to overcome these drawbacks, and it was 

achieved by functional copolymers and surface modified magnetic nanoparticles.  

 

2-2. Experiments section 

2-2-1. Materials 

N-isopropylacrylaminde (NIPAAm) was kindly provided by Kojin (Japan) and 

purified by recrystallization in toluene/n-hexane. N-(3-Aminopropyl) methacrylamide 

hydrochloride (NAPMAm) was purchased from Polyscience (USA) and used as received. 

Two-types of magnetic nanoparticles (hard ferrite and soft ferrate) were kindly provided 

Powdertech (Japan) and used as received. The average particle size of these magnetic 

nanoparticles is 100 nm; the detail magnetic properties and density are summarized in 

Table 2-1. 2,2’-azobis (isobutyronitrile) (AIBN) was purchased from Wako Pure 
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Chemical Industries (Japan) and was purified by recrystallization from methanol. Bis 

(2,2’-bipyridine) (1-(4’-methyl-2,2’-bipyridine-4-carbonyloxy)-2,5-pyrrolidinedione) 

ruthenium(II) bis (hexafluorophosphate)(abbreviated as Ru(bpy)3-NHS) was synthesized 

according to the previous report.[15] The chain transfer agent, S-1-dodecyl- S’-(α, α’-

dimethyl- α’’-acetic acid)-trithiocarbonate (DDMAT, purify >99 %), was purchased from 

Trylead Chemical Technology (China) and used as received. N-Acryloxysuccinimide 

(NAS) and glutaraldehyde (50% solution, 5.6 mol/L) were purchased from Tokyo Kasei 

(Japan) and used as received. N, N-Dimethylacrylamide (DMAAm) was purchased from 

Wako Pure Chemical Industries (Japan) and used as received. (3-Aminopropyl)-

triehoxylsilane (APTES) was purchased from Sigma Aldrich and used as received. N,N’-

methylenebisacrylamide (MBAAm) was purchased form Acros Organics (Geel, Belgium) 

and used as received. N,N,N’,N’-tetramehtylethylendiamine (TEMED) and ammonium 

peroxide (APS) were purchased from Wako Pure Chemical Industries (Japan) and used 

as received. All other chemicals were purchased from Wako Pure Chemical Industries 

(Japan) and used as received. 

 

Table 2-1. The detail magnetic properties of magnetic nanoparticles depending on the 

ferrite types. the magnetic properties were measured at 5 K. The hard ferrite composed 

of only SrO•6Fe2O3 and soft ferrite composed of (FeO,MnO,MgO)•Fe2O3 and 

SrO•6Fe2O3, respectively. 

 
Saturated 

Magnetization(Ms) 
Remnant 

Magnetization(Mr) 
coercitivity (Hc) 

Density 
(g/cm3) 

Hard 

ferrite 
48 emu/g 26 emu/g 1500 Oe 4.75 

Soft 

ferrite 
55 emu/g 9 emu/g 75 Oe 4.85 
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2-2-2. Synthesis and characterization of P(NIPAAm-r-NAPMAmRu(bpy)3-r-

NAPMAm) copolymer 

The P(NIPAAm-r-NAPAAmRu(bpy)3-r-NAPMAm) was prepared by reversible 

addition−fragmentation chain-transfer (RAFT) random copolymerization (Figure 2-3a) 

as previously reported[16]. Briefly, DDMAT (182 mg, 0.5 mmol), NIPAAm (7.91 g, 70 

mmol) and NAPAAm (890 mg, 5 mmol) were dissolved in the 45mL of methanol. A 

solution of AIBN (8.2 mg, 0.05 mmol) in the 5 ml of methanol) was added to the 

monomer solution, and the mixture was bubbled with Ar for 20 min. The RAFT random 

copolymerization was then carried out at 60 °C for 16 hours. After the reaction, the 

solvent was removed by evaporation. The product was dissolved in the 50 mL of acetone 

and was purified by reprecipitation from acetone/n-hexane as good/poor solvents and then 

dried under vacuum at room temperature. The prepared copolymer, P(NIPAAm-r-

NAPMAm), included dodecyl trithoiocarbonate residue parts derived from the DDMAT. 

To exchange from the residue parts to CN group, the dried copolymer was dissolved in 

200 mL of ethanol. The solution of AIBN (30 times mol of a dissolved copolymer) in the 

150 mL of ethanol was added to the copolymer solution, and the mixture was bubbled 

with Ar for 20 min. The reaction was then carried out at 80 °C for 16 hours. The product 

was concentrated by evaporation and was purified by reprecipitation from n-hexane and 

then dried under vacuum at room temperature. 

 

Next, the Ru(bpy)3-NHS was introduced into P(NIPAAm-r-NAPMAm) 

copolymer (Figure 2-3b). The prepared copolymer (395 mg, 0.025 mmol) was dissolved 

in 15 mL of DMSO. 5 ml of DMSO with Ru(bpy)3-NHS (110 mg, 0.11mmol) and 

Triethylamine (TEA, 0.21 mL, 1.5 mmol) was mixed into the copolymer solution and the 

solution was stirred at room temperature for 3 hours. The products were purified by 
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dialysis against D.I water for 2 days and then freeze-dried. Finally, the P(NIPAAm-r-

NAPMAmRu(bpy)3-r-NAPMAm) was obtained. The Ru(bpy)3 content in the copolymer 

was determined by a UV-vis spectroscopy (UV-2500 PC, Shimadzu). The introduced 

amount of Ru(bpy)3 was calculated by using a calibration curve (Figure 2-4) measured 

by absorption values at 465 nm depending on the concentration of Ru(bpy)3Cl2. [3] The 

1H-NMR measurement was conducted to characterize and to confirm the composition of 

the copolymer. The measurement was performed in D2O with a JEOL ECS 400 (400 MHz) 

at room temperature. The number-averaged-molecular weight of PNIPAAm and 

PNAPMAm of the copolymer were calculated using the ratio of integrated signal 

intensities for the characteristic isopropyl group of PNIPAAm (1H, δ = 3.81 ppm) and the 

characteristic propyl group of PNAPMAm (4H, δ = 2.85 – 3.27 ppm). The conjugated 

Ru(bpy)3 in copolymer chain was confirmed by signal of methyl group (3H, δ = 2.6 ppm) 

and bipyridine group of Ru(bpy)3 (6H, δ = 7.3 – 7.5 ppm) (9H, δ = 7.8 – 8.2 ppm), (7H, 

δ = 8.6 – 8.9 ppm) (Figure 2-5), respectively. The polydispersity index (PDI; Mw/Mn) 

of the copolymer was measured by a GPC system (Tosoh, Japan), using DMF containing 

50 mM LiCl as the mobile agent. The GPC columns were calibrated by using a PEO 

standards.  

 

2-2-3. Synthesis of P(DMAAm-r-NAS) linear polymer  

The P(DMAAm-r-NAS) was prepared by the free radical random polymerization 

(Figure 2-3c) as previously reported[17]. Briefly, DMAAm (4.55 mL, 44.2 mmol) and 

NAS (0.37 g, 2.21 mmol) were dissolved in the 24 mL of 1,4 dioxane. A solution of AIBN 

(36.3 mg, 0.22 mmol in the 6 mL of 1,4 dioxane) was added to monomer solution, and 

the mixed solution was bubbled with Ar for 20 min. The free radical polymerization was 

then carried out at 65 °C for 1 day. After the reaction, the solvent was removed by 
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evaporation. The product was dissolved in the 30 mL of acetone and was purified by 

reprecipitation from acetone/n-hexane as good/poor solvents and then dried under 

vacuum at room temperature. The final product was stored at 0 °C of the refrigerator to 

prevent a decomposition of NAS.   

 

 

 

Figure 2-3. Synthetic procedure for copolymers. (a) the RAFT copolymerization of the 

P(NIPAAm-r-NAPMAm) copolymer, (b) the introduction of Ru(bpy)3 group into the 

P(NIPAAm-r-NAPMAm) copolymer and (c) the random polymerization of P(DMAAm-

r-NAS) as a cross linker, respectively 
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Figure 2-4. Calibration curve to calculate the amount of Ru(bpy)3 conjugated to the 

copolymer chain. The curve was independently made from aqueous solutions of 

Ru(bpy)3Cl2 with known concentrations. 

 

 

Figure 2-5. 1H NMR spectrum of P(NIPAAm-r-NAPMAmRu(bpy)3-r-NAPMAm). 
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2-2-4. Surface modification of magnetic nanoparticles by silanization and chemical 

conjugation 

2-2-4-1. Preparation of amine functionalized magnetic nanoparticles 

The 2 g of magnetic nanoparticles (soft ferrite), which have the hydroxyl group, 

were suspended in the 100 mL of deionized water by ultra-sonication for 1 min. And then, 

the magnetic nanoparticle suspension was transferred to 500 mL of 3-neck flask, and the 

deionized water was added until 300 mL. And then, the 40 µL of acetic acid was added 

into magnetic nanoparticles suspension, the mixture was bubbled with Ar for 20 min 

under mechanical stirring. And then, the 10 mL of APTES was injected into the mixture 

by using a syringe, and the reaction was then carried out at 70 °C for 16 hours. After the 

reaction, the mixture was cooled down to room temperature, and the treated magnetic 

nanoparticles were centrifuged 3 times at 1000 rpm for 3 min with methanol and vacuum-

dried at room temperature for 1 day. 

 

 

2-2-4-2. Preparation of vinyl functionalized magnetic nanoparticles 

The amine functionalized magnetic nanoparticles, which were prepared in 

previous section, were suspended in the 100 mL of deionized water by ultra-sonication 

for 1 min. And then, the magnetic nanoparticle suspension was transferred to 500 mL of 

3-neck flask, and the deionized water was added until 260 mL. The 1.21 g of NAS (about 

10 times of mol of introduced primary amine) was dissolved in 40 mL of deionized water 

and then added into the magnetic nanoparticles suspension, the mixture was bubbled with 

Ar for 20 min under mechanical stirring. And then, 1 mL of TEA was added into the 

mixture, and the reaction was then carried out at 70 °C for 16 hours. After the reaction, 

the mixture was cooled down to room temperature, and the treated magnetic nanoparticles 
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were centrifuged 3 times at 1000 rpm for 3 min with methanol and vacuum-dried at room 

temperature for 1 day.  

 

 

2-2-5. Characterization of modified magnetic nanoparticles 

The hydrodynamic diameter of each magnetic nanoparticle was determined by 

DLS measurement (ELSZ-2000, otsuka). The zeta-potential was measured by Zetasizer 

Nano S (Melaven Panalytical). Infrared spectra of the magnetic nanoparticles were 

recorded on FT-IR420/IRT-30 (JASCO) by pressing the magnetic nanoparticles into a 

KBr pellet. The surface graft density of amine functionalized magnetic nanoparticles was 

calculated by the weight comparison of dried state and burned state of magnetic 

nanoparticles. The amine functionalized magnetic nanoparticles were burned in 800 ºC 

oven for 3 hours. And then, the weight was measured after cooling process. 

 

 

2-2-6. Preparation of self-oscillating hydrogel physically containing magnetic 

nanoparticles 

The self-oscillating hydrogel physically containing magnetic nanoparticles was 

prepared by the following protocol. First, the 60 mg of P(NIPAAm-r-NAPMAmRu(bpy)3 

-r-NAPMAm) copolymer and 25 mg of magnetic nanoparticles (hard ferrite type) were 

dissolved in 0.5 mL of a tetraborate buffer solution, pH 9, in a vial. The 60 mg of 

P(DMAAm-r-NAS) g of a tetraborate buffer solution, pH 9, in another vial. Then, two 

solutions were mixed. The solutions with magnetic nanoparticles were prepared by a hand 

shake. After gelation, the prepared hydrogel was washed with deionized water to remove 

unreacted components for 2 days. 
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2-2-7. Preparation of self-oscillating hydrogel chemically containing magnetic 

nanoparticles depending on functional groups  

2-2-7-1. The blending method with amine functionalized magnetic nanoparticles 

The self-oscillating hydrogel containing chemically magnetic nanoparticles was 

prepared by the blinding method as following protocol. First, 50 mg of amine 

functionalized magnetic nanoparticles were suspended in 1 mL of a tetraborate buffer 

solution, pH 9, using the ultrasonication for 1 min, and then it was cooled down at 4 °C 

of the refrigerator for 1 hour. The 60 mg of P(NIPAAm-r-NAPMAmRu(bpy)3-r-

NAPMAm) copolymer was dissolved in 0.5 mL of magnetic nanoparticles suspension. 

The 60 mg of P(DMAAm-r-NAS) g of a tetraborate buffer solution, pH 9, in another vial. 

Then, two solutions were mixed and the concentration of magnetic nanoparticles in the 

final mixture was 25 mg/ml. After gelation, the prepared hydrogel was washed with 

deionized water to remove unreacted components for 2 days. 

 

2-2-7-2. The grafting-onto method with vinyl functionalized magnetic nanoparticles 

The self-oscillating hydrogel containing chemically magnetic nanoparticles was 

prepared by the following protocol. First, the 100 mg of vinyl functionalized magnetic 

nanoparticles were suspended in 5 mL of deionized water using an ultra-sonication, and 

then it was cooled down at 4 °C of the refrigerator for 1 hour. NIPAAm (509 mg, 9 mmol), 

NAPMAAm (89 mg, 1 mmol), and APS (54 mg, 0.25) were dissolved in the prepared 

magnetic nanoparticles suspension, and the pre-gel solution was degassed by dry Ar gas. 

And then, the gelation was started by injection of TEMED (20 µL). The prepared 

hydrogel was washed with deionized water for 2 days.  
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2-3. Results and discussions 

2-3-1. Self-oscillating hydrogel physically containing magnetic nanoparticles 

As a new approach for fabrication of self-oscillating hydrogels, the two types of 

linear copolymers with different functional groups was synthesized. One copolymer is a 

well-defined and self-oscillating material possessing Ru(bpy)3 and primary amine groups. 

The detail-information of each segment could be calculated by 1H-NMR and UV-vis 

spectrum, as shown in Table 2-2. Therefore, the Ru contents within hydrogel phase could 

be expected. The other copolymer is used for cross-linking, which is composed of 

hydrophilic DMAAm and NAS. Since NAS can react with primary amine groups forming 

amide bonds, the two copolymers can be readily cross-linked to afford a hydrogel. The 

first copolymers P(NIPAAm-r-NAPMAm) were synthesized via RAFT random 

copolymerization. Ru(bpy)3, which is the catalyst for the BZ reaction, was post-modified 

into P(NIPAAm-r-NAPMAm) copolymers by a coupling reaction between the primary 

amine groups of NAPMAm and the NHS-Ru(bpy)3, affording P(NIPAAm-r-

NAPMAmRu(bpy)3-r-NAPMAm). P(DMAAm-r-NAS) was synthesized via free radical 

polymerization and was used for cross-linking.  

 

Table 2-2. The results of P(NIPAAm-r-NAPMAmRu(bpy)3-r-NAPMAm) 

characterization. Mn, represent the number-averaged molecular weights of each segment 

before Ru(bpy)3 coupling reaction. Ratio indicates the [NIPAAm]:[NAPMAm]. NRu(bpy)3 

represent the average introduction number into the copolymer, respectively.  

P(NIPAAm-r-NAPMAAmRu(bpy)3-r-NAPMAm) 

Mn,PNIPAAm
a) Mn,, PNAPMAm

a) Ratio mol%
a) PDIb) NRu(bpy)3

c) 

14.2 kDa 1.7 kDa 93:7 1.45 2.8 
a) Calculated from 1H NMR, b) Measured by GPC, c) Calculated from UV/Vis spectroscopy 
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This new approach based on the post cross-linking between P(DMAAm-r-NAS) 

and P(NIPAAm-r-NAPMAmRu(bpy)3-r-NAPMAm) and could fabricate not only self-

oscillating hydrogel but also the self-oscillating hydrogel physically containing magnetic 

nanoparticles. Typically, bare magnetic nanoparticles without additional treatments like 

surface modification by hydrophilic functional groups[18] rapidly precipitated in aqueous 

media. If such bare magnetic nanoparticles were directly introduced into the gel through 

a typical gelation reaction like free radical polymerization using a low molecular weight 

cross-linker, which requires at least several minutes for gelation, it would produce a 

heterogeneous hydrogel where most of the magnetic nanoparticles are localized at a 

bottom of the hydrogel. However, the coupling reaction kinetics between NAS and the 

primary amine groups can be controlled through the pH of the reaction solution, i.e., a 

higher pH value accelerates the coupling reaction kinetics [19]. In this cases, the pH of the 

pre-gel solution was adjusted to pH 9 to cause rapid gelation. Therefore, in this post cross-

linking method between the two copolymers, gelation can be completed before 

precipitation of magnetic nanoparticles, typically within 10 seconds.  

Based on these, the self-oscillating hydrogel physically containing magnetic 

nanoparticles was prepared by post cross-linking between P(NIPAAm-r-

NAPMAmRu(bpy)3-r-NAPMAm) and P(DMAAm-r-NAS) in an aqueous dispersion of 

magnetic nanoparticles, as shown in Figure 2-6. The magnetic nanoparticles were 

physically embedded within hydrogel networks without the sedimentation due to the 

rapid gelation and the absence of functional groups that can bind with hydrogel networks. 
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Figure 2-6. The schematic representation for preparation of self-oscillating hydrogel 

physically containing magnetic nanoparticles by using two types of copolymers and bare 

magnetic nanoparticles with the hydroxyl group. (a) Prepared copolymers and magnetic 

nanoparticles and (b) the chemical structure of the self-oscillating hydrogel physically 

containing magnetic nanoparticles. 

 

2-3-2. Surface modification of magnetic nanoparticles by silanization and chemical 

conjugation 

The general magnetic nanoparticles have the hydroxyl group or the hydrophobic 

functional groups depending on synthesis methods; therefore, the surface modification of 

magnetic nanoparticles has been carried out to disperse in aqueous media or to change to 

the functional surface. The silanization, which is a representative process of the surface 

modification, is the formation Fe-O-Si bond between nanoparticles and silane ligand; thus, 

the surface property can be modified by the terminal group of the silane agent[20]. 

In this study, the surface modification of magnetic nanoparticles was carried out 

by the silianization and the chemical conjugation, as shown in Figure 2-7. Bare magnetic 

nanoparticles with the hydroxyl group were silanized by APTES having primary amine 

terminal groups, and then the amine groups were modified to acryloyl groups having vinyl 

groups, by the chemical conjugation between amine and acryloyl-NHS groups. 
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Figure 2-7. The schematic representation for the surface modification of magnetic 

nanoparticles, from hydroxyl to vinyl groups. 

 

 In order to confirm the terminal groups of each sample of magnetic nanoparticle, 

the FT-IR spectra were measured (Figure 2-8). The characteristic peak of the Fe-O bond 

was observed by the strong absorption band between 630 and 580 cm-1, and the O-H 

stretching band was observed by the broad absorption band between 3600 and 3200 cm-

1; thus, it is shown that the bare magnetic nanoparticles have hydroxyl groups.  

 The bare magnetic nanoparticles were modified by APTES silane agents having 

terminal group of primary amine groups. Therefore, FT-IR spectrum of amine 

functionalized magnetic nanoparticles shown the characteristic peaks, such as the Si-O 

stretching and Si-O-H bending vibration between 960 and 870 cm-1, and the Si-O-Si 

stretching band between 1150 to 1100 cm-1, respectively. Besides, the broad stretching 

band of primary amine group was observed at 3450 cm-1. 

 The vinyl functionalized magnetic nanoparticles were modified by the chemical 

conjugation between the primary amine and acryloyl-NHS groups: the functionalized 
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groups included the secondary amide bond. Therefore, the C=O stretching band of amide 

bonds was observed at 1650 cm-1, and the N-H band of amide bond was observed at 3450 

cm-1, respectively.  

 

 

Figure 2-8. FT-IR spectra of magnetic nanoparticles depending on the surface functional 

groups. The black spectrum represents the bare magnetic nanoparticles with the hydroxyl 

group; the red spectrum represents amine functionalized magnetic nanoparticles; and the 

blue spectrum represents vinyl functionalized magnetic nanoparticles, respectively.   

 

 In addition, the hydrodynamic diameter and zeta-potential of magnetic 

nanoparticles ware measured, as shown in Figure 2-9. The hydrodynamic diameter of 

magnetic nanoparticles was measured in a low suspension concentration of about 10 mg/L, 

to prevent the interaction between nanoparticles[21]. The hydrodynamic diameter of bare 

magnetic nanoparticles was estimated to be 1 µm due to the hydrogen bonding between 

each nanoparticle having hydroxyl groups, despite having an average particles size of 100 

nm. After silanization, however, the hydrodynamic size was decreased to about 220 nm 
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because the surface of each particles was modified by amine groups which can provide 

repulsive force between each nanoparticle. Finally, the hydrodynamic diameter of the 

vinyl functionalized magnetic nanoparticles was increased from 220 nm to 550 nm 

instead of maintaining, due to hydrogen bonding between oxygen and nitrogen of amide 

bonds. In addition, the zeta potential of magnetic nanoparticles was changed depending 

on the terminal groups. The zeta-potentials were measured as - 8 mV, 28 mV, and - 18 

mV, as following the order of functional groups: hydroxyl, amine, and vinyl groups, 

respectively. Based on these results, it could be confirmed that the surface of magnetic 

nanoparticles was modified to surfaces having desired functional groups through the 

silanization and the chemical conjugation. 

 

 

Figure 2-9. The hydrodynamic diameter and zeta-potential of magnetic nanoparticles. (a) 

bare, (b) amine functionalized, and (c) vinyl functionalized magnetic nanoparticles, 

respectively.  
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 The surface graft density of amine functionalized magnetic nanoparticles was 

approximately calculated by the weight comparison of dried state and burned state of 

magnetic nanoparticles at 800 °C. During the heating process until 800 °C, the magnetic 

nanoparticles and silica layer can stand without a weight loss, while the terminal groups 

burned out; therefore, the weight loss occurs. In this study, the weight loss was estimated 

to be average 2.1 %; it means that the terminal groups/magnetic nanoparticles are 0.21 

mg/g. However, the weight loss does not accurately provide the graft density of 

aminopropyl groups due to the non-uniform silica layer involving highly branched 

polycondensed structure[20]. In this study, however, the weight loss was converted to the 

graft density by molecular weight of the aminopropyl group (NH2C3H6, 58.1 g/mol), to 

approximately estimate a minimum concentration of magnetic nanoparticles suspension 

required for the gelation. The graft density of aminopropyl groups onto the surface of 

magnetic nanoparticles was 0.36 mmol/g, approximately. 

  

2-3-3. Self-oscillating hydrogel chemically containing magnetic nanoparticles 

2-3-3-1. Post cross-linking with amine functionalized magnetic nanoparticles 

 The post cross-linking between P(NIPAAm-r-NAPMAmRu(bpy)3-r-NAPMAm) 

and P(DMAAm-r-NAS) could also provide the preparation method of the self-oscillating 

hydrogel chemically containing magnetic nanoparticles, as shown in Figure 2-10. The 

amine functionalized magnetic nanoparticles participated in the formation of hydrogel 

networks by the chemical conjugation between P(DMAAm-r-NAS) chains. This 

chemical arrangement of magnetic nanoparticles was guaranteed by the reaction result 

between amine functionalized magnetic nanoparticles and P(DMMAm-r-NAS) 

copolymers excluding the P(NIPAAm-r-NAPMAmRu(bpy)3-r-NAPMAm) copolymers. 

When mixed with P(DMMAm-r-NAS) copolymers, the amine functionalized magnetic 
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nanoparticles were changed to the encapsulated particles with micro-size due to the 

chemical conjugation between the amine and NAS groups. Therefore, they precipitated 

due to the absence of the P(NIPAAm-r-NAPMAmRu(bpy)3-r-NAPMAm) copolymers, 

which can provide the main networks of the hydrogel.  

 

 

Figure 2-10. The schematic representation for preparation of self-oscillating hydrogel 

chemically containing magnetic nanoparticles by two types of copolymers and amine 

functionalized magnetic nanoparticles, and their images. (a) Prepared copolymers and 

amine functionalized magnetic nanoparticles, (b) the chemical structure of the self-

oscillating hydrogel chemically containing magnetic nanoparticles, respectively. (c) The 

real images of pre-gel solution (left) and prepared hydrogel (right). (d) The microscopic 

and macroscopic (inset) images of polymer encapsulated magnetic particles with micro-

size, which are prepared by the chemical conjugation between amine functionalized 

magnetic nanoparticles and P(DMAAm-r-NAS) random copolymers, respectively.  

 

2-3-3-2. Grafting-onto method with vinyl functionalized magnetic nanoparticles  

 By using the grafting-onto method with vinyl functionalized magnetic 

nanoparticles, the self-oscillating hydrogel chemically containing magnetic nanoparticles 
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was also achieved, as shown in Figure 2-11. When polymerized in the pre-gel solution, 

the vinyl functionalized magnetic nanoparticles acted the cross-linker; therefore, the 

hydrogel could be prepared without low-molecular cross-linkers. And then, the self-

oscillating hydrogel was achieved by the post-conjugation of Ru(bpy)3-NHS. However, 

self-oscillating hydrogels prepared by the grafting-onto method have a concentration 

limitation of the vinyl functionalized magnetic nanoparticles. The dynamic behavior of 

self-oscillating hydrogel is due to the autonomous swelling/deswelling of the hydrogel 

networks by the BZ reaction[22-23]. However, if the concentration of vinyl functionalized 

magnetic nanoparticles is increased, the hydrogel networks can be composed of magnetic 

nanoparticles chains rather than polymer chains. Therefore, the increased magnetic 

nanoparticles can disturb the autonomous swelling/deswelling of hydrogel networks[24-

25], despite the ongoing BZ reaction.  

 

 

Figure 2-11. (a) Schemes for the self-oscillating hydrogel chemically containing 

magnetic nanoparticles by grafting-onto method. (b) The real images of pre-gel solution 

(left) and prepared hydrogel (right), respectively. 
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2-4. Conclusion 

In this chapter, the self-oscillating hydrogels containing magnetic nanoparticles 

were prepared by following two methods: (1) the post cross-linking between P(NIPAAm-

r-NAPMAmRu(bpy)3-r-NAPMAm) and P(DMAAm-r-NAS) in an aqueous dispersion of 

magnetic nanoparticles and (2) the grafting-onto method with vinyl functionalized 

magnetic nanoparticles and monomers. Besides, they could be classified by the binding 

types between the hydrogel networks and magnetic nanoparticles, which determined by 

surface functional groups of magnetic nanoparticles.  

Therefore, P(NIPAAm-r-NAPMAmRu(bpy)3-r-NAPMAm) and P(DMAAm-r-

NAS) copolymers were synthesized via RAFT and free radical random copolymerization, 

respectively. In addition, the bare magnetic nanoparticles with hydroxyl groups was 

modified to amine functionalized magnetic nanoparticles by the silane agent having 

amine terminal groups, and the amine functionalized magnetic nanoparticles were 

modified to vinyl functionalized magnetic nanoparticles by the chemical conjugation with 

acryloyl-NHS.  Each surface functional group of magnetic nanoparticles was confirmed 

by FT-IR, DLS, and zeta-potential, respectively.   

Based on these, the author introduced preparation methods of three types self-

oscillating hydrogel containing magnetic nanoparticles, which distinguished by the 

physically embedded or the chemically bonded magnetic nanoparticles. Each self-

oscillating hydrogels containing magnetic nanoparticles will be applied from the next 

chapters depending on research objects. 
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3-1. Introduction 

Traveling waves play an important role in mobility, mass transport, and signals 

in living systems, as shown in the peristaltic motion of organisms[1-2], cell migration 

through steady treadmilling of actin arrays[3], the auditory pathway of the cochlea[4], and 

the nervous system[5], etc. In particular, the peristaltic motion appearing in annelids[1] and 

digestive organs[2] involves a traveling wave, which generates a forward propulsive force 

for movement. Therefore, in the design of biomimetic/bioinspired functional materials, 

the implantation of a travelling wave is one of the essential factors to realize artificial 

locomotive materials. It is reported that the thermo-responsive hydrogel shows 

locomotion by sequentially applying localized heating along the hydrogel[6-8]. Moreover, 

a micro-robot made from a photo-responsive liquid crystal elastomer exhibits directional 

swimming upon a structural monochromatic light[9]. However, these motions depend on 

the application of external stimuli, and these materials are static in the absence of the 

external stimuli. 

However, self-oscillating hydrogels shows not only an autonomous 

swelling/deswelling without the on-off switching of external stimuli[10-14] but also 

chemical wave propagation with peristaltic motion appears within the hydrogel. By using 

the chemical wave propagation and the following peristaltic motion, autonomous mass 

transport systems like an intestine have been reported[15-17]. However, it remains difficult 

to predict the exact direction of chemical wave propagation in the hydrogel because of its 

temperamentally and environmentally sensitive nature[18-19]. Therefore, it is a significant 

challenge to control the propagation direction of the chemical wave. 

To date, research efforts into control over wave propagation in BZ reaction 

systems using hydrogels are mainly based on the geometrical regulation of hydrogels, as 

mentioned in Chapter 1.4. These methods can lead to the unidirectional propagation of 
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chemical waves within the hydrogel. However, they only cause a single direction of 

propagation during the BZ reaction because the propagation direction is determined at 

the start of the BZ reaction and is an inherent property of the system. Therefore, a feasible 

method for switching the propagation direction to a desired direction at a desired time 

within the hydrogel is still an unexplored area. 

In this Chapter, the author introduced a new approach to control and switch the 

propagation direction of chemical waves through magnetic migration of the self-

oscillating hydrogel physically containing magnetic nanoparticles in a liquid-liquid 

system composed of the aqueous BZ solution and an organic solvent such as hexane or 

dichloromethane (DCM). By magnetic migration of the self-oscillating hydrogel in the 

liquid layer system, the author could control not only the propagation direction but also 

the dynamic propagation behavior, such as a pause in the propagation and a switch in the 

propagation direction in an opposite way. This study may also provide a new concept for 

chemical systems in which the chemical environment regulates signal transmission. 

 

3-2. Experiments section 

3-2-1. Materials 

N-isopropylacrylaminde (NIPAAm) was kindly provided by Kojin (Japan) and 

purified by recrystallization in toluene/n-hexane. N-(3-Aminopropyl) methacrylamide 

hydrochloride (NAPMAm) was purchased from Polyscience (USA) and used as received. 

Magnetic nanoparticles (Hard ferrite type, SrO·6Fe2O3) was kindly provided Powdertech 

(Japan) and used as received. 2,2’-azobis (isobutyronitrile) (AIBN) was purchased from 

Wako Pure Chemical Industries (Japan) and was purified by recrystallization from 

methanol. Bis (2,2’-bipyridine) (1-(4’-methyl-2,2’-bipyridine-4- carbonyloxy)-2,5-

pyrrolidinedione) ruthenium(II) bis(hexafluorophosphate) (abbreviated as Ru(bpy)3-



Chapter 3. Directional control of chemical wave propagation by magnetic migrations 
 

	 52	

NHS) was synthesized according to the previous report.[20] The chain transfer agent, S-1-

dodecyl- S’-(α, α’-dimethyl- α’’-acetic acid)-trithiocarbonate (DDMAT, purify >99 %), 

was purchased from Trylead Chemical Technology (China) and used as received. N-

Acryloxysuccinimide (NAS) was purchased from Tokyo Kasei (Japan) and used as 

received. N, N-Dimethylacrylamide (DMAAm) was purchased from Wako Pure 

Chemical Industries (Japan) and used as received. All other chemicals were purchased 

from Wako Pure Chemical Industries (Japan) and used as received. 

 

3-2-2. Preparation of self-oscillating hydrogel containing magnetic nanoparticles 

The pre-gel solution was prepared in the same protocol in Section 2-2-6. Briefly, 

The P(NIPAAm-r-NAPMAmRu(bpy)3-r-NAPMAm) copolymer and magnetic 

nanoparticles were dissolved in 0.5 mL of pH 9 buffer solution in a vial. The P(DMAAm-

r-NAS) g of pH 9 buffer solution, in another vial. Then, two solutions were mixed. And 

then the mixture was quickly injected into a glass capillary with an inner diameter of 1.02 

mm. After gelation through post cross-linking reaction, a glass capillary was moved to 

hot water bath (80°C) to separate a glass capillary and a shrunken hydrogel. The prepared 

hydrogel was washed with D. I water to remove unreacted components for 2 days. 

 

3-2-3. SEM analysis of self-oscillating hydrogel containing magnetic nanoparticles 

To analysis how magnetic nanoparticles were located in the hydrogel networks, 

the prepared self-oscillating hydrogel was characterized by using scanning electron 

microscopy (SEM). The self-oscillating hydrogels were lyophilized for 2 days and then 

carbon coated for observation. The images were obtained using a S4200 (Hitachi, Japan) 

operated at 10 kV accelerating voltage.   
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3-2-4. Observation of chemical wave propagation in the 2D hydrogel sheet 

The self-oscillating hydrogel sheet was prepared in the same process as the 

cylindrical hydrogel using the space between two glass plates gapped with a silicone sheet 

(thickness 1 mm), instead of using a glass capillary. The hydrogel was cut to a size of 1 

cm X 1 cm, and it was immersed in the solution containing the 894 mM of HNO3 and 84 

mM of NaBrO3 for 20 min, to make the network more hydrophilic through the oxidation 

of Ru(bpy)3 moieties. And then, the oxidized hydrogel was placed on the bottom of a dish 

containing low-density liquids. After that, the high-density liquid was carefully put on the 

hydrogel sheet by using a syringe. The aqueous BZ solution was consisted of 894 mM of 

HNO3, 84 mM NaBrO3 and 25 mM of Malonic acid (MA). The self-oscillating hydrogels 

were placed on the reaction media consisted of the BZ solution droplet/n-Hexane and the 

DCM droplet/BZ solution, respectively. And then, the chemical waves, which occurred 

in the localized area contacted the BZ solution, were monitored at 10 seconds intervals 

by using an optical microscope system (Keyence VH-5500, Japan). The time-course 

images were converted into gray level images by using the ImageJ (USA). 

 

3-2-5. Observation of chemical wave propagation in the cylindrical hydrogel in 

liquid-liquid layers 

The liquid-liquid layers were consisted of the aqueous BZ solution and water 

immiscible organic solvents such as hexane and dichloromethane (DCM). These solvents 

were accumulated in the glass cell (1.25 x 1.25 x 4.5 cm3) by utilizing the difference of 

their density, in the following order: n-hexane/BZ solution/DCM. And then, the glass cell 

was placed onto a thermal plate that was set at 23 °C, and the room temperature was 

maintained at 19 °C. The prepared cylindrical hydrogel was cut to a length of about 10 

mm, and it was immersed in the solution containing the 894 mM of HNO3 and 84 mM of 
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NaBrO3 for 20 min. The hydrogel was vertically placed in the glass cell containing the 

two or three liquid layers. Then, it was magnetically shifted depending on experimental 

conditions. Propagation behaviors of chemical waves were observed and the image 

processing was done in the same manner as before. 

 

 

3-3. Results and discussions 

3-3-1. Chemical wave propagation in 2D hydrogel sheet 

First, the aspects of chemical wave propagation within 2D self-oscillating 

hydrogel sheets were investigated when they are in reaction environments composed of 

an aqueous BZ solution and organic solvents immiscible in water. The higher density 

liquid was placed on the surface of the hydrogel sheet as a droplet. The lower density 

liquid occupied extra space excluding the droplet. Thus, reaction environments consisted 

of (a) a DCM droplet/BZ solution and (b) a BZ solution droplet/hexane, as shown in 

Figure 3-1. Chemical waves occurred within a localized area in the hydrogel sheet that 

was in contact with the BZ solution, while the area contacting with organic solvents 

maintained a paused state due to the blocking of the reactant. The regularity in the 

propagation of chemical waves could be observed; they started in the BZ solution and 

propagated to the interface between the two liquids. This propagation behavior showed 

the possibility that the propagation direction of chemical waves could be controlled by 

the position of the liquid interface.  
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Figure 3-1. Time resolved images of chemical wave propagation within 2D self-

oscillating hydrogel sheets in the aqueous BZ solution and organic solvents immiscible 

with water reaction medium. (a) DCM droplet/BZ solution and (b) BZ solution 

droplet/hexane, respectively. The red dashed circles indicate liquid interfaces, and the red 

arrows indicate propagation directions, respectively. (scale bar: 2 mm) 

 

3-3-2. Preparation of self-oscillating hydrogel containing magnetic nanoparticles 

and design of the liquid layer system containing the liquid-liquid interface 

However, it is still difficult to switch a propagation direction during the BZ 

reaction due to a fixed arrangement. If a position of a self-oscillating hydrogel can be 

freely modulated in a system composed of two interfaces, it can be expected to switch a 

propagation direction depending on the interface position in which the self-oscillating 

hydrogel fixed. Therefore, the author designed the magnetically sensitive self-oscillating 

hydrogel to freely modulate the position using a magnet, without any physical contact. 

This is because the physical contact for a position modulation can interfere with the BZ 

reaction. 

The magnetic migration can be achieved by small contents of magnetic 

nanoparticles regardless of bonding types in the hydrogel network, therefore, the self-

oscillating hydrogel physically containing magnetic nanoparticles was introduced and 
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prepared by the bare magnetic nanoparticles and post cross-linking between P(NIPAAm-

r-NAPMAmRu(bpy)3-r-NAPMAm) and P(DMAAm-r-NAS) copolymers, due to the 

physically embedded structure. 

By taking advantage of the regularity in the propagation of chemical waves by 

the liquid interface, the liquids were accumulated in the glass cell by utilizing density 

differences in the following order: n-hexane/BZ solution/DCM; this arrangement 

provided two liquid interface. Therefore, the directional control of chemical waves 

propagation was attempted by magnetic migrations, and regularity in the propagation of 

chemical waves by liquid interfaces, as shown in Figure 3-2. 

 

 

Figure 3-2. Schematic representation for the preparation of the self-oscillating hydrogel 

containing magnetic nanoparticles and observation of chemical wave propagation. (a) 

Prepared copolymers and magnetic nanoparticles, (b) the real image (upper) and chemical 

structure (lower) of the self-oscillating hydrogel containing magnetic nanoparticles, and 

(c) observation of chemical wave propagation by magnetic migration. 
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3-3-3. SEM analysis of self-oscillating hydrogel containing magnetic nanoparticles 

After gelation, how magnetic nanoparticles are distributed in the hydrogel 

networks was investigated by using a scanning electron microscope (SEM) and a 

lyophilized hydrogel (Figure 3-3). If the magnetic nanoparticles were positioned so 

closely, applying a magnetic field could influence hydrogel networks to form an aligned 

structure along the direction of the magnetic field[21]. According to the reported equation 

(a) [22], the critical distance between magnetic nanoparticles required to cause such 

network transformation can be roughly calculated.  

 

𝑑 = 𝑑*(∅-./0 − 1)       (a) 

 

where 𝑑* and ∅ represent the diameter and the volume fraction of magnetic 

nanoparticles. In this study, the volume fraction of the magnetic nanoparticles was 5.2 x 

10-3, the average diameter of the aggregated magnetic nanoparticles was about 12 µm. 

The calculated results show that the critical distance was about 50 µm. However, the SEM 

images showed that the distance between aggregated magnetic nanoparticles was around 

60 µm, which is longer than the critical distance (Figure 3-3). Therefore, the prepared 

self-oscillating hydrogel could be attached to a magnet without causing deformation of 

the hydrogel networks, as shown in Figure 3-2b. 
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Figure 3-3. SEM images of a microstructure in the self-oscillating hydrogel containing 

magnetic nanoparticles. (a) The SEM image of the hydrogel networks and aggregated 

magnetic nanoparticles. (b) The SEM image of the aggregated magnetic nanoparticles 

indicated by the left arrow.  

 

3-3-4. Chemical wave propagation in the cylindrical hydrogel in liquid-liquid layers 

First, the cell container was filled with two liquid layers, where the BZ solution 

and hexane formed the lower and upper layers, respectively (Figure 3-4a). When the 

hydrogel was vertically fixed at the interface of the hexane/BZ solution by a neodymium 

magnet (500 mT), the BZ reaction occurred only in the partial body of the hydrogel 

immersed in the BZ solution (the left image). We note that the vertically placed hydrogel 

was observed in the front view, and thus there was a boundary of organic solvent/the BZ 

solution at the backside of the hydrogel owing to the meniscus (Figure 3-5). We indicate 

such boundaries using dashed lines in Figure 3-4. The limited region of the hydrogel 

immersed in the BZ solution only exhibited a chemical wave, which was generated by 

periodic autonomous redox change of Ru(bpy)3 in the hydrogel during the BZ reaction. 

The produced chemical waves propagated at a constant speed along the axis of the 

hydrogel in an upward direction from the bottom to the boundary of the interface of 
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hexane/BZ solution. On the other hand, the residual part of the hydrogel immersed in 

hexane was constantly kept in an oxidized state and showed a green color. This was 

because our hydrogel was initially oxidized in the solution containing HNO3 and NaBrO3 

before being dipped in the cell container. The oxidized state of the hydrogel was 

maintained in the organic solvents, keeping it isolated from the progressive BZ reaction. 

 

 

Figure 3-4. Time resolved images of chemical wave propagation when the hydrogel was 

fixed at the interface (left) and in the BZ solution after magnetic migration (right). The 

interfaces are (a) hexane/BZ solution and (b) BZ solution/DCM (scale bar: 2 mm). 

 

The hydrogel was kept at the interface of the hexane/BZ solution for 1 hour, and 

then magnetically shifted to the lower phase of the BZ solution so that the entire hydrogel 

structure was immersed in the solution. Then, after several minutes, the chemical waves 

started to propagate from the bottom to the top edge of the hydrogel (upward propagation), 

as shown in the right panels in Figure 3-4a. This upward propagation was maintained for 

several hours until the BZ reaction finished. 
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On the other hand, when the hydrogel was vertically fixed at the interface of the 

BZ solution/DCM (left panels in Figure 3-4b), the produced chemical waves propagated 

at a constant speed along the long axis of the hydrogel in a downward direction from the 

top to the boundary of the interface of the BZ solution/DCM. After staying at the interface 

for 1 hour, the hydrogel was magnetically shifted to the upper phase of the BZ solution. 

Then, after several minutes, chemical waves propagated downward in the hydrogel from 

the top to the bottom edge (right panels in Figure 3-4b). Note that this direction was 

opposite from the case of the hexane/BZ solution, as shown in Figure 3-4a. 

 

 

Figure 3-5. Apparent boundary of the water/water-immiscible organic solvent layer 

caused by the meniscus: (a) hexane/water and (b) water/DCM, respectively. The water 

was dyed with blue edible dye to distinguish the different layers. The dashed line denotes 

the real boundary. 

 

The chemical wave patterns depend on the shape of the hydrogel. Typically, 

chemical waves tend to be initiated at the edges or corners and propagate to the center of 

the hydrogel since the probability to encounter the substrates for the BZ reaction is higher 
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at the edges and corners than at the center of the hydrogel. In the case of 1-dimensional 

shapes like the cylindrical gel, the hydrogel has two edges with the same probability to 

function as an initiating point for the chemical wave. Accordingly, chemical waves should 

be initiated from both edges of the hydrogel and propagate inwards intrinsically. After the 

two chemical waves generated at both edges, the surviving waves with higher frequency 

determine the direction of propagation within the hydrogel[18-19]. However, the oscillating 

behavior of the BZ reaction is well known to be fluctuation under minor changes in the 

experimental conditions. Thus, the chemical wave patterns are not stable and often change 

their propagation direction. For example, it was reported that the chemical wave patterns 

were different between the initial and later stages (after approximately 30 min) of the BZ 

reaction[18]. Therefore, it is difficult to predict the actual chemical wave propagation 

direction within the hydrogel because multiple pattern formation modes with several 

ignition points often emerge as time passes. In contrast, our cylindrical hydrogel showed 

a single mode of the propagation after the direction was determined to be either upward 

or downward. Subsequently, propagation continuously maintained its direction until the 

reaction finished. 

 

3-3-5. Times required to reach unidirectional propagation depending on the fraction 

of hydrogel length immersed in the BZ solution  

How the fraction of hydrogel length immersed in the BZ solution at the interface 

affects the time required to reach unidirectional chemical wave propagation of between 

the edges was investigated. The hydrogels were placed at the interface of the BZ 

solution/DCM with different immersion length fractions in each phase. When 51% of the 

hydrogel length was initially immersed in the BZ solution at the interface (the left image 

of Figure 3-4a), part of the hydrogel exhibited continuous downward chemical wave 



Chapter 3. Directional control of chemical wave propagation by magnetic migrations 
 

	 62	

propagation up to the boundary of the BZ solution/DCM. After 1 hour, the whole of the 

hydrogel was readily shifted to the BZ solution layer. Then the hydrogel started to reveal 

a collision between the pre-established downward waves and newly generated waves, as 

shown in the time resolved images in Figure 3-6a. 

Temporal evolution of wave propagation was analyzed by image binarization of 

the green color signal intensity corresponding to the oxidized state in the hydrogel (lower 

images of Figure 3-6a). In the initial stage, the upper 51% of the hydrogel structure 

exhibited stable downward propagation of waves, whereas the residual lower part of the 

hydrogel stayed in a static oxidized state. After 15 minutes, new target waves were 

generated in the lower part of the hydrogel. When these newly generated waves 

encountered downward waves, the downward waves immediately disappeared. As a 

result, the chemical wave patterns in the entire hydrogel took on a different phase, where 

the waves propagate in both the upward and downward directions simultaneously. This 

behavior is shown in the two middle panels in Figure 3-6a. After more than 2 hours, 

unidirectional propagation in the downward direction became dominant and was 

maintained until the BZ reaction finished. These results indicate that the previously 

determined unidirectional propagation remains latent in the hydrogel. The intrinsic wave 

propagation direction reappears 2 hours later, although the unidirectional propagation 

once fades out as a consequence of the destructive interference during the BZ reaction. 

In addition, the wave propagation behavior in another condition was investigated, 

where 72% of the hydrogel length and was initially immersed in the BZ solution at the 

interface (the left image of Figure 3-6b). After the entire hydrogel was shifted towards 

the BZ solution layer, there was a collision between the pre-established downward waves 

and newly generated upward waves, as shown in the images in Figure 3-6b. In this case, 

it took only 35 minutes to reach downward wave propagation in the hydrogel. This 
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downward propagation was maintained until the BZ reaction finished. These results 

indicate that the larger immersed area of the hydrogel in the BZ solution imparts more 

stability to the unidirectional propagation of chemical waves in the hydrogel, shortening 

the time required for reaching unidirectional propagation through the hydrogel. 

 

 

Figure 3-6. Difference in the times required to reach unidirectional propagation in the 

hydrogel depending on the fraction of hydrogel length immersed in the BZ solution. (a) 

51 % and (b) 72 % of the hydrogel length was initially immersed in the BZ solution. Time 

resolved images represent propagation behaviors 30 second intervals at each step after 

shifting the hydrogels to the BZ solution. The lower set of time resolved images in each 

figure represents the binarized images of the waveforms analyzed from the gray level 

intensity of Ru3+ (scale bar: 2 mm). 
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3-3-6. Reversible propagation of chemical waves depending on hydrogel positions 

By taking advantage of such an easy method to regulate the propagation direction 

of chemical waves and shorten the time required to reach unidirectional propagation, this 

system for reversibly switching the propagation direction of waves in a single hydrogel 

was further elaborated. No self-oscillating hydrogel has been reported to exhibit such 

reversible switching of propagation direction[15-19, 23-27]. First, three liquid layers 

composed of hexane, BZ solution, and DCM were prepared (Figure 3-7). The hydrogel 

was initially placed at the interface of the BZ solution/DCM (Step 1) and was then shifted 

to the BZ solution layer (Step 2). In accordance with our previous results, the hydrogel 

showed downward wave propagation (Figure 3-8b). After that, it was directly shifted and 

placed at the interface of the hexane/BZ solution. However, the hydrogel maintained 

downward propagation, even at the interface of the hexane/BZ solution, where the 

propagation direction is expected to be upward (Figure 3-8a). This is because fully grown 

waves with downward propagation were too stable to produce new upward propagation 

toward the interface of hexane/BZ solution.  

Thus, the hydrogel, whose propagation direction was determined to be downward, 

was shifted to the hexane layer so as to be completely surrounded by the organic solvent 

(Pause 1). Then, chemical wave propagation stopped in the hydrogel and stayed in the 

oxidized state (Figure 3-8b). When the oxidized hydrogel in the hexane layer was shifted 

and placed at the hexane/BZ solution interface again (Step 3), upward wave propagation 

began (Figure 3-8c). After that, the hydrogel was placed in the BZ solution (Step 4) and 

upward waves propagated throughout the hydrogel. The hydrogel was sequentially 

shifted to the DCM layer through the BZ solution/DCM interface (Pause 2), and there the 

waves completely disappeared (Figure 3-8c). With the reverse shift of the hydrogel, 

downward wave propagation started when the hydrogel was at the interface (Step 5) same 
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as in Step 1. Further, the wave propagated thorough the whole hydrogel in the BZ solution 

(Step 6), same as in Step 2. Note that, by immersing the hydrogel in the organic solvent, 

the propagation of chemical waves in the hydrogel could be temporary paused and 

resumed at the desired time by shifting it to the organic solvent/BZ solution interfaces. 

Moreover, the propagation direction of the chemical wave reversibly switched between 

upward and downward directions by changing the position of the hydrogel. 

 

 

 

Figure 3-7. Reversible propagation of chemical waves depending on hydrogel position. 

(a) Schematic image of hydrogel position modulation by magnetic migration and (b) time 

resolved images of unidirectional chemical waves propagating reversibly in each step 

(scale bar: 2 mm). 
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Figure 3-8. The propagation behaviors of chemical waves when hydrogel with the 

unidirectional wave was magnetically shifted to the following positions; (a) the opposite 

interface composed of hexane and BZ solution, (b) hexane layer and (c) DCM layer, 

respectively. (scale bar: 2 mm) 
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3-4. Conclusion 

In this chapter, the author investigated how the propagation direction of a 

chemical wave could be controlled via magnetic migration of the self-oscillating hydrogel 

with a change in the position of liquid interface. The self-oscillating hydrogel physically 

containing magnetic nanoparticles was prepared by a rapidly occurring post cross-linking 

method. Due to magnetic nanoparticles embedded in the hydrogel network, the self-

oscillating hydrogel could be magnetically fixed or shifted in liquid-liquid layers 

consisting of the aqueous BZ solution and water-immiscible organic solvents. When the 

hydrogel was magnetically fixed at the liquid interfaces, chemical wave propagation 

occurred only in the hydrogel portion immersed in the BZ solution. On the other hand, 

the residual portion of the hydrogel immersed in organic solvents maintained a paused 

state. In this state, the chemical waves propagated to the liquid interface at a constant 

speed starting from the edge of the hydrogel immersed in the BZ solution. Therefore, the 

propagation direction of chemical waves was determined by the relative position of the 

liquid interface with respect to the hydrogel. Moreover, a unidirectional chemical wave 

could propagate within the hydrogel when it was magnetically shifted to the BZ solution. 

The time required for reaching unidirectional propagation of chemical waves depended 

on the length fraction immersed in each phase. Unidirectional chemical wave propagation 

was imparted faster when a larger fraction of the hydrogel was immersed in the BZ 

solution.  

Based on the results that the propagation direction was easily regulated and the 

time to reach unidirectional propagation was shortened, it was possible to reversibly 

switch the direction of the chemical wave in a targeted way at a desired time by 

manipulating the position in the liquid system. Finally, the author believe that this study 

contributes to the design of functional soft materials having autonomous mobility because 
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the chemical wave propagation direction can be controlled in an easy way, and reversible 

propagation at a desired time can be achieved. 
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4-1. Introduction 

The reversible on-off regulation of the volume oscillation in self-oscillating 

hydrogels has been achieved by direct controls of the BZ reaction based on the kinetics[1-

2]. However, the magnetic properties, i.e., magnetic responsiveness, can suggest an 

alternative to reversible on-off regulation of volume oscillation, which replaces a direct 

control of the BZ reaction, because it can lead to the anisotropic volume deformation of 

the hydrogel in the magnetic field without affecting the BZ reaction mechanism. The 

anisotropic deformation of the hydrogel by the magnetic field is achieved by cohesion of 

magnetic nanoparticles, which present in the hydrogel networks; therefore, the hydrogel 

networks are deformed such as the deswelling state of stimuli-responsive hydrogels. On 

the other hand, when the magnetic field is removed, the deformed hydrogel networks 

returns quickly to its original networks due to its elasticity[3]. Based on these, the 

reversible on-off regulation of the volume oscillation in self-oscillating hydrogel can be 

achieved depending on the on-off switching of the magnetic field (Figure 4-1).  

 

 

Figure 4-1. The schematic image of the reversible on-off regulation of volume oscillation 

in self-oscillating hydrogel by the magnetic field.   
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 In order to achieve this concept, the magnetic deformation of the self-oscillating 

hydrogel should be performed with enough magnetic force more significant than the 

restoring force of elasticity, which is intended to return to the swelling state; i.e., it is 

required a large magnetic deformation. The deformation degree of magnetic hydrogels 

can be controlled by several factors related to the magnetic response[4]. In particular, the 

large deformation of the magnetic hydrogel can be induced by the representative two 

elements such as (1) the strong magnetic force controllable by the intensity of the 

magnetic field and the concentration of magnetic nanoparticles and (2) the large pore 

within hydrogels. 

In order to the large magnetic-deformation of self-oscillating hydrogels, in this 

study, the hydrogel beads containing magnetic nanoparticles were introduced and were 

conjugated by cross-linkers to form the bulk-gel phase, as shown in Figure 4-2. When 

compared with the conventional self-oscillating hydrogel, the structure of the bulk-gel 

composed of hydrogel beads is more porous. Therefore, it can lead to the larger 

deformation than a conventional hydrogel due to the porous structure. Besides, the 

applying the reversible magnetic field is necessary for the reversible regulation. Therefore, 

the magnetic nanoparticles in the hydrogel beads are chemically bonded with hydrogel 

networks to prevent a damage from magnetic actions by the reversible magnetic field. By 

using the porous structure composed of hydrogel beads and the external magnetic field, 

the reversible on-off regulation of the volume oscillation was investigated.  

 

Figure 4-2. Preparation process of bulk-gel composed of hydrogel beads containing 

magnetic nanoparticles for making the porous structure.   
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4-2. Experiments section 

4-2-1. Materials 

N-isopropylacrylaminde (NIPAAm) was kindly provided by Kojin (Japan) and 

purified by recrystallization in toluene/n-hexane. N-(3-Aminopropyl) methacrylamide 

hydrochloride (NAPMAm) was purchased from Polyscience (USA) and used as received. 

N,N’-methylenebisacrylamide (MBAAm) was purchased form Acros Organics (Geel, 

Belgium) and used as received. Magnetic nanoparticles (soft ferrite) was kindly provided 

Powdertech (Japan) and used as received, and vinyl functionalized magnetic 

nanoparticles was prepared by protocol in the section 2-2-4. N,N,N’,N’-

tetramehtylethylendiamine (TEMED) and ammonium peroxide (APS) were purchased 

from Wako Pure Chemical Industries (Japan) and used as received. Bis (2,2’-bipyridine) 

(1-(4’-methyl-2,2’-bipyridine-4- carbonyloxy)-2,5-pyrrolidinedione) ruthenium(II) bis 

(hexafluorophosphate) (abbreviated as Ru(bpy)3-NHS) was synthesized according to the 

previous report.[5] Sorbitan monostearate (Span 60) was purchased from Tokyo kasei and 

used as received. All other chemicals were purchased from Wako Pure Chemical 

Industries (Japan) and used as received. 

 

4-2-2. Preparation of self-oscillating hydrogel beads containing magnetic 

nanoparticles by suspension polymerization 

 The hydrogel beads chemically containing magnetic nanoparticles were prepared 

by the inverse suspension polymerization using cyclohexane as the continuous phase 

(Figure 4-3), as previously reported[6]. The nonionic surfactant (Span 60) was dissolved 

in the cyclohexane at a 5 wt% concentration. And then, the 200 g of cyclohexane 

containing nonionic surfactant was transferred to the 500 mL water-jacket reactor set at 

20 °C and was purged with dry Ar for 1 hour with mechanical stirring at 150 rpm. The 
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pre-gel solution was prepared by following protocol. the magnetic nanoparticles were 

suspended at a concentration of 60 mg/mL using the ultrasonication for 1 min, and then 

it was cooled down at 4 °C of the refrigerator for 1 hour. NIPAAm (509 mg, 9 mmol), 

NAPMAAm (89 mg, 1 mmol), APS (54 mg, 0.25 mmol), and MBAAm (8 mg, 0.1mmol) 

were dissolved in the 5 mL of prepared magnetic nanoparticles suspension, and the pre-

gel solution was degassed by dry Ar gas. Before injecting a pre-gel solution into the 

reactor, the TEMED (332 µL) was injected into cyclohexane phase, and then the pre-gel 

solution was immediately injected into cyclohexane phase. The polymerization was 

allowed to proceed for 1 hour at 20 °C. After polymerization, the hydrogel beads were 

washed several times by the decantation in the ethanol, which can wash surfactants and 

cyclohexane. Finally, the separated hydrogel beads were dialyzed against the deionized 

water for 3 days and then freeze-dried. 

 

 

Figure 4-3. Schematic image for the preparation of hydrogel beads chemically containing 

magnetic nanoparticles by the inverse suspension polymerization.  
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Next, the Ru(bpy)3-NHS was introduced into hydrogel beads. The 30 mg of 

freeze dried hydrogel beads were dispersed in 15 mL of DMSO for 2 days. 5 ml of DMSO 

with Ru(bpy)3-NHS (50 mg, 0.05mmol) and triethylamine (TEA, 0.21 mL, 1.5 mmol) 

was mixed into the hydrogel beads and the mixture was stirred by rotator at room 

temperature for 2 days. The products were purified by dialysis against deionized water 

for 3 days.  

 

4-2-3. Preparation of bulk-gel composed of self-oscillating hydrogel beads 

 The bulk-gel composed of self-oscillating hydrogel beads containing magnetic 

nanoparticles was achieved by the chemical conjugation between primary amine of 

hydrogel beads and NAS groups of cross linkers (P(DMAAm-r-NAS) prepared in 

Chapter 2 or Tetra-PEG20kDa-NHS). First, the hydrogel beads containing magnetic 

nanoparticles were dispersed in PBS solution, and the cross-linkers was also dissolved in 

PBS solution. And then, the 0.5 mL of the cross-liker solution was transferred to a vial, 

and it was placed on the neodymium magnet (300 mT). Then the hydrogel beads 

dispersed solution was injected into a vial. The reaction was carried out for 3 hours; the 

products were washed with deionized water to remove unreacted cross-linker for 1 day.  

 

Figure 4-4. Schematic image for preparation of bulk-gel composed of self-oscillating 

hydrogel beads chemically containing magnetic nanoparticles.  



Chapter 4. Design for reversible on-off regulation of volume oscillation by the magnetic field 
 

	 76	

4-2-4. Microscopic analysis of self-oscillating hydrogel beads containing magnetic 

nanoparticles  

 The prepared hydrogel beads were observed by optical microscopy (OLS4100, 

Olympus) to analyze the size of hydrogel beads and by fluorescence microscopy (DFC 

360FX, Leica) (excitation wavelength, 425 nm; fluorescence wavelength, 585 nm) to 

confirm the introduction of Ru(bpy)3, respectively. The optical images were converted 

into size distribution data by using the ImageJ (USA).  

 

4-2-5. Observation of dynamic behaviors of bulk-gel composed of self-oscillating 

hydrogel beads containing magnetic nanoparticles  

 The bulk-gel composed of self-oscillating hydrogel beads containing magnetic 

nanoparticles was cut to a size of 2 x 2 x 1 mm3 to observe the dynamic behaviors, and it 

was immersed in the solution containing 894 mM of HNO3 and 84 mM of NaBrO3 for 20 

min, to make the network more hydrophilic through the oxidation of Ru(bpy)3 moieties. 

And then, the oxidized hydrogel was placed in the petri dish with the BZ solution 

consisted of 894 mM of HNO3, 84 mM NaBrO3 and 62.5 mM of Malonic acid (MA), 

respectively. The external magnetic field was introduced by the neodymium magnet (530 

mT) located below petri dish. The on-off regulation of magnetic field was carried out by 

manual control of magnet position. The dynamic behaviors with the on-off regulation of 

magnetic field were monitored at 10 seconds intervals by using an optical microscope 

system (Keyence VH-5500, Japan). The optical images were converted into time-course 

image of dynamic behaviors by using the ImageJ (USA). 
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4-3. Results and discussions 

4-3-1. Preparation of self-oscillating hydrogel beads chemically containing magnetic 

nanoparticles by suspension polymerization 

The polymer beads have been prepared by emulsion polymerization[7], 

suspension polymerization[8], precipitation polymerization[9], microfluidics[10], and water 

droplets on superhydrophobic surfaces[11], etc. In this study, the hydrogel beads were 

prepared by suspension polymerization because the magnetic nanoparticles located in the 

the mobile phase (water). The hydrogel beads chemically containing magnetic 

nanoparticles were designed to prevent a destruction of hydrogel networks by repetitive 

on-off regulation of magnetic field. In order to prepare the hydrogel beads chemically 

containing magnetic nanoparticles, the vinyl functionalized magnetic nanoparticles were 

suspended in the pre-gel solution. Although they can form the hydrogel networks with 

monomer without any cross-linker, it is difficult to assign the polymer networks for 

dynamic behavior by the BZ reaction. Therefore, the low-molecular weight cross-linker 

was introduced into the pre-gel solution. Finally, the hydrogel beads chemically 

containing magnetic nanoparticles could be obtained, as shown in Figure 4-5a. The 

average diameter of hydrogel beads was measured by 241 	 ± 138 µm. After post-

conjugation of Ru(bpy)3, the average diameter of self-oscillating hydrogel beads 

decreased to 172 	 ± 48 µm because Ru(bpy)3 moieties of reduced state induced the 

hydrophobic hydrogel networks, as shown in Figure 4-5b. In addition, it was confirmed 

by the fluorescence image that the Ru(bpy)3 moieties were homogeneously conjugated 

with the whole of hydrogel beads. The fluorescence image of self-oscillating hydrogel 

beads could provide the information to distinguish the binding types between magnetic 

nanoparticles and the hydrogel phase. In case of chemically bonded magnetic 

nanoparticles, the monomers are polymerized around vinyl functionalized magnetic 
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nanoparticles. Therefore, the polymer networks existed on the surface of hydrogel beads, 

and the fluorescence intensity was homogeneously observed after Ru(bpy)3 moieties were 

conjugated with hydrogel networks. Conversely, in case of physically embedded 

magnetic nanoparticles, the magnetic nanoparticles could be placed anywhere on the 

surface of hydrogel beads as well as on the inside. Thus, the fluorescence intensity of 

Ru(bpy)3 moieties was heterogeneously observed, as shown in Figure 4-6.  

 

 

Figure 4-5. Microscopic images (left) and the distribution of the average diameter (right) 

of hydrogel beads chemically containing magnetic nanoparticles prepared within the 5 

wt% Span 60 continuous phase. (a) hydrogel beads and (b) self-oscillating hydrogel beads, 

respectively. The inset image is the fluorescence image of self-oscillating hydrogel beads. 

(all scale bar: 500 µm) 
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Figure 4-6. Optical and fluorescence (inset) images of hydrogel beads physically 

containing magnetic nanoparticles. The hydrogel beads were prepared within the 10 wt% 

Span 83 continuous phase and the average diameter was 676 µm. (inset scale: 500 µm)  

 

4-3-2. Dynamic behaviors of self-oscillating hydrogel beads  

The volume phase transition temperature (VPTT) was investigated in both of 

reduced and oxidized states for observing the dynamic behaviors of the prepared self-

oscillating hydrogel beads, as shown in Figure 4-7. The redox state of oxidized Ru(bpy)3 

moieties within the hydrogel phase affects the hydrophilicity of the hydrogel; therefore, 

the average diameter of self-oscillating hydrogel beads shows a difference depending on 

their redox state. The swelling-deswelling oscillation of self-oscillating hydrogel beads 

can be observed at around 20 ºC due to the large gap between oxidized and reduced states.  

 
Figure 4-6. The equilibrium swelling ratio of self-oscillating hydrogel beads in the 

reduced and oxidized states as a function of temperature. (Oxidized state: [HNO3] = 894 

mM, [NaBr03] = 84 mM, Reduced state: [HNO3] = 894 mM [NaCl] = 84 mM) 
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Therefore, the BZ reaction of single self-oscillating hydrogel beads was carried 

out under various reaction condition at 20 ºC, as shown in Figure 4-7. However, the self-

oscillating hydrogel beads maintained a steady state, regardless of a sufficient reaction 

condition. The dynamic behaviors of self-oscillating hydrogels are generated by the 

diffusion of reaction intermediates within the hydrogel phase containing Ru(bpy)3. 

However, micro-sized beads have a low concentration of Ru(bpy)3, and the reaction 

intermediates are not sufficiently generated; Thus no significant oscillations were 

observed when a single hydrogel bead was reacted under various conditions for the BZ 

reaction. It is shown that it is important to form the bulk-gel composed of self-oscillating 

hydrogel beads for the dynamic behaviors. 

 

 

Figure 4-7. The dynamic behaviors of single self-oscillating hydrogel beads depending 

on the reaction conditions at 20 ºC.   

 

4-3-3. Development of bulk-gel composed of hydrogel beads depending on the cross-

linker types  

The bulk-gel composed of hydrogel beads containing magnetic nanoparticles can 

be achieved by chemical conjugation between the amine groups onto hydrogel surface 
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and cross-linker having NAS groups, which can react with amine groups. Therefore, two 

factors, such as the amount of amine group and cross-linker types, was investigated for 

forming the bulk-gel composed of hydrogel beads. The amount of amine group was 

distinguished by the introduced Ru(bpy)3, and two types of cross-linkers were 

characterized by linear and tetra types; it related to the distance between the chemical 

bonding site of cross-linker. The linear type has a 1.7 kDa, and Tetra type has the above 

20 kDa. Therefore, the bulk-gels composed of hydrogel beads was carried out in these 

cases, as shown in Table 4-1. In these cases, the bulk-gel was only formed by simple 

hydrogel beads and the tetra types cross-linker, as shown in Figure 4-8 The cross-linker 

must be connected between two hydrogel beads to form the bulk-gel phase. In the case of 

linear type cross-linker, the functional groups are relatively close together, and the 

hydrogel is bigger than the cross-linker when comparing the size of hydrogel beads and 

cross-linker. Therefore, it is difficult to connect between hydrogel beads because the 

cross-linkers are absorbed onto the surface of hydrogel beads.  

In contrast, the tetra type cross-linker could form the bulk-gel phase because the 

functional groups are far enough apart. Besides, it is required enough amine groups onto 

the surface of hydrogel beads to form the bulk-gel phase. However, the tetra type cross-

linker can be hydrolyzed in the BZ solution. Therefore, it is required that synthesis of the 

new tetra type cross-linking agents which do not undergo hydrolysis.  

 

Table 4-1. The reaction condition to form the bulk-gel composed of hydrogel beads  

 Beads type Cross linker type 
1 With Ru(bpy)3 Linear type 
2 With Ru(bpy)3 Tetra type 
3 Without Ru(bpy)3 Linear type 
4 Without Ru(bpy)3 Tetra type 
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Figure 4-8. The preparing process of bulk-gel by using hydrogel beads and tetra type 

cross-linker and the image of the bulk-gel compose of hydrogel beads. 

 

4-3-4. Magnetic responsiveness of hydrogel beads chemically containing magnetic 

nanoparticles  

 The prepared hydrogel beads chemically containing magnetic nanoparticles 

could be responded to the external magnetic field, as shown in Figure 4-9. The hydrogel 

beads could be cohered by the neodymium magnet (530 mT) as well as the magnetic 

deformation could be achieved when the on-off regulation of magnetic field was applied 

at 5 s intervals, even though they were not combined as the bulk-gel structure. The cluster 

composed of unlinked hydrogel beads can form a porous structure when the hydrogel 

beads were accumulated at the bottom; therefore, the porous structure could lead the 

magnetic deformation by the magnetic field. Besides, it showed the probability that the 

magnetic deformation of bulk-gel composed of self-oscillating hydrogel beads can be 

achieved by the applying the on-off regulation of magnetic field.  
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Figure 4-9. (a) The magnetic responsiveness of hydrogel beads containing chemically 

magnetic nanoparticles. (b) The magnetic deformation of the cluster composed of 

unlinked hydrogel beads chemically containing magnetic nanoparticles by the on-off 

regulation of the magnetic field (530 mT).  

 

4-4. Conclusion 

In this chapter, the reversible on-off regulation of volume oscillation in the self-

oscillating hydrogels was attempted by the magnetic deformation, which can be observed 

in the porous magnetic hydrogels. Therefore, the hydrogel beads were introduced for 

inducing the magnetic deformation in self-oscillating hydrogel because the bulk-gel 

composed of hydrogel beads can be more porous structure than conventional hydrogels. 

Besides, for the magnetic deformation, it is necessary to introduce magnetic nanoparticles 

into hydrogel networks, and the chemical bond between magnetic nanoparticles and 

hydrogel networks is required to prevent damage caused by applying the reversible 

magnetic field. Therefore, the hydrogel beads chemically containing magnetic 

nanoparticles were prepared by inverse suspension polymerization. In this study, the 

cross-linker to form the bulk-gel phase was investigated. Although the bulk-gel could be 

prepared by tetra type cross-linker, it was required a new type tetra cross-linker to prevent 
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the hydrolysis in the BZ solution. Besides, the magnetic deformation in the cluster 

composed of unlinked self-oscillating hydrogel beads could be observed by the on-off 

regulation of the magnetic field. 

Based on these results, it is expected that the bulk-gel composed of the linked 

self-oscillating hydrogel beads can achieve the magnetic deformation due to the porous 

structure; thus, it can suggest an alternative to reversible on-off regulation of volume 

oscillation in self-oscillating hydrogels, which replaces a direct control of the BZ reaction, 

by using the magnetic deformation. 
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5-1. Summary 

The research approach of this dissertation is based on that the magnetic properties 

could provide an alternative to developing the self-oscillating hydrogel as smart materials 

without affecting the BZ reaction mechanism. Therefore, the final goal of this dissertation 

was to fabricate the self-oscillating hydrogel containing magnetic nanoparticles and to 

regulate dynamic behaviors, which appeared in the forms of the chemical wave 

propagation and the volume oscillation, by a magnetic field. To achieve the final goal of 

this dissertation, the author carried out researches and concluded them as followings. 

In chapter 2., the preparation methods of self-oscillating hydrogels containing 

magnetic nanoparticles were investigated to overcome some drawbacks that represent in 

the conventional self-oscillating hydrogels. Therefore, it is achieved by the two types 

functional copolymers and surface modified magnetic nanoparticles. By using these, the 

self-oscillating hydrogels containing magnetic nanoparticles were prepared and were 

classified by the binding types between magnetic nanoparticles and the hydrogel 

networks. Each self-oscillating hydrogels containing magnetic nanoparticles will be 

applied from the next chapters depending on research objects. 

In chapter 3., the directional control of chemical waves was investigated by 

magnetic migrations and liquid interfaces. The regularity in the propagation of chemicals 

waves could be observed in the reaction environments having liquid interface consisted 

of the aqueous BZ solution and organic solvents immiscible with water. By taking 

advantage of the regularity, it was introduced that the magnetic migration by self-

oscillating hydrogels physically containing magnetic nanoparticles and three-layers 

system accumulated by utilizing density differences of each solvent. Therefore, the 

directional control was achieved by the magnetic migration in the three-layer system; the 

propagation directions were decided by the interface position immersed in BZ solution. 
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Beyond directional control of chemical wave propagation, it was possible to reversibly 

switch the direction of the chemical wave in a targeted way at a desired time by 

manipulating the position in the liquid system. 

In chapter 4., the reversible on-off regulation of the volume oscillation in self-

oscillating hydrogels was attempted by external magnetic field. In order to achieve this 

concept, it was designed that the bulk-gel was composed of self-oscillating hydrogel 

beads chemically containing magnetic nanoparticles to form the porous structure and to 

prevent damage caused by applying the reversible magnetic field. Therefore, the self-

oscillating hydrogel beads were prepared by inverse suspension polymerization, and the 

cross-linker to form the bulk-gel composed of hydrogel beads was investigated. Finally, 

magnetic deformation was confirmed by unlinked hydrogel beads. Based on these, it is 

expected that the reversible on-off regulation of volume oscillation in self-oscillating 

hydrogels composed of hydrogel beads can be achieved by the magnetic field.  

 In conclusion, the magnetic properties can provide expended functionalities to 

self-oscillating hydrogels without affecting the BZ reaction mechanism. Therefore, the 

regulation of dynamic behaviors in self-oscillating hydrogels could be achieved by 

magnetic activation modes such as a magnetic migration and a magnetic deformation; 

these can lead the self-oscillating hydrogels evolved into smarter materials than now. 

Besides, it is expected that the self-oscillating hydrogel containing magnetic 

nanoparticles can be applied to other fields, which require magnetic properties, beyond 

the regulation of dynamic behaviors.  

 

5-2. Future perspectives 

In this chapter, the future perspectives of the self-oscillating hydrogels containing 

magnetic nanoparticles are described. The self-oscillating hydrogels containing magnetic 
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nanoparticles have a potential to develop into the energy conversion system, which 

converts from the chemical energy of BZ reaction to the electrical energy. The electrical 

energy is generally generated by the kinetic energy of turbine driven by various sources 

such as flowing water and wind, steam produced by combustion or nuclear fission. The 

kinetic energy of turbine drives the generator and converts the mechanical energy into 

electrical energy by electromagnetic induction based on Faraday’s law, as shown in 

Figure 5-1a. Yun et al[1]. demonstrated the ferrodynamics energy harvesting system based 

on air-droplet movement. The air-droplet movement alters the position of aligned 

magnetic nanoparticles by the magnetic field, and they generate current by 

electromagnetic induction based on Faraday’s law. However, it is required additional 

equipment (i.e., outside energy) such as air droplet generator, to generate current. 

In contrast, the self-oscillating hydrogels can offer a change of magnetic field 

without outside energy sources due to their autonomous dynamic behaviors. Nakata et al. 

demonstrated the periodic reciprocating motion of self-oscillating hydrogel driven by the 

BZ reaction, as shown in Figure 5-1b. If the self-oscillating hydrogel can serve as a 

magnet, this periodic reciprocating motion can express the experiment of electromagnetic 

induction. The self-oscillating hydrogel acting as a magnet can be prepared by the 

introduction of magnetic nanoparticles such as hard ferrite with high remnant 

magnetization. Therefore, the preparation methods of the self-oscillating hydrogel 

containing magnetic nanoparticles, which provided in this study, can provide a good 

solution for introducing hard ferrite magnetic nanoparticles.  

Based on these, the energy conversion system will be achieved by the self-

oscillating hydrogel acting as a magnet and periodic reciprocating motion driven by the 

BZ reaction, as shown in Figure 5-1c. The magnetized self-oscillating hydrogel is 

periodically reciprocated around the solenoid; this dynamic behavior can generate 
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induced current based on Faraday’s law. Besides, the intensity of induced current can be 

controlled by elements related to the Faraday’s law such as the speed of the reciprocating 

motion, the magnetized intensity, and the solenoid structure (e.g., diameter, winding 

number of coil).  

Finally, the author believes that the self-oscillating hydrogel containing magnetic 

nanoparticles could be available as a more advanced system beyond this dissertation since 

magnetic properties can provide diverse properties. 

 
Figure 5-1. The concept of energy conversion system based on the dynamic behavior of 

self-oscillating hydrogel containing magnetic nanoparticles. (a) The schematic image of 

Faraday’s law of electromagnetic induction, (b) the periodic reciprocating motion of the 

self-oscillating hydrogel[2], and (c) the schematic images of energy conversion system: 

the suggested hydrogel structures containing magnetic nanoparticles (upper) and the 

electromagnetic induction by the periodic reciprocating motion of the self-oscillating 

hydrogel containing magnetic nanoparticles (lower), respectively. 
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