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Abstract:

 A novel gel undergoes the Belousov-Zhabotinsky (BZ) reaction in strong-acid-free conditions. Under such conditions, the gel can switch the BZ reaction on or off in conventional self-oscillating gels that undergo self-oscillation only in aqueous solutions with strong acids, such as HNO3 or H2SO4. The self-oscillation of the polymer chain can be controlled by varying the temperature, owing to its thermoresponsive property. Moreover, the polymer chain undergoes viscosity self-oscillations in strong-acid-free conditions. In this review, the direct observation of self-oscillations in polymer chains attached to glass or gold surfaces, by using scanning probe microscopy and quartz crystal microbalances with dissipation monitoring, is discussed.
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1. Introduction

Electroactive polymers (EAPs) are materials that change their shape when an external electric input is switched on or off. EAPs can be easily cut and manipulated because of their soft physical properties and are the subject of ever increasing attention because of their applications in soft robots, soft actuators, artificial muscles, and sensors [1,2,3,4,5,6,7,8,9,10,11,12,13]. Two types of EAPs exist: electronic EAPs, driven by Coulombic interactions including ferroelectric forces, dielectric forces, and electrostatics; and ionic EAPs, which change their shape by moving ions between two electrodes because the electric stimuli cause different electric potentials between the two electrodes. To generate strong forces and large deformations, electric EAPs require the application of high voltages. In contrast, ionic EAPs are structurally altered by low voltages (<5 V); however, the force applied to ionic EAPs is lower than that in electronic EAPs. In the area of robotics, EAPs have been envisaged as functional soft actuators in the realization of soft robots, which are flexible, lightweight, and consume small amounts of electrical energy. However, to drive soft robots and actuators composed of EAPs, an external device to provide the appropriate electric stimulus is indispensable. The total system including external input devices, power cords, and an energy source is significantly larger than the actuator itself.

In contrast, all living organisms involve the isothermal conversion of chemical energy into mechanical work; biological systems are significantly more efficient compared to soft robots constructed from EAPs. To construct autonomous soft robots comparable to living organisms, self-oscillating polymer systems have been developed [14,15,16]. The energy source for self-oscillating polymer systems is the Belousov-Zhabotinsky (BZ) reaction. The BZ reaction is well known for exhibiting temporal and spatiotemporal oscillating phenomena under unstirred and constant temperature conditions [17,18,19,20,21,22,23]. The BZ reaction has been intensively studied as a simple model for the formation of spatiotemporal structures. The overall BZ reaction process consists of the oxidation of an organic substrate by an oxidizing agent in the presence of a metal catalyst under strongly acidic conditions. In the BZ reaction, the metal catalyst undergoes periodic redox self-oscillation, with a concurrent change in the solubility of the metal catalyst. The self-oscillating polymer system covalently bonded to the metal catalyst undergoes autonomous volume changes induced by the BZ reaction, owing to periodic changes in the solubility of the metal catalyst moiety. Self-oscillating polymer systems are of two types: self-oscillating polymer chains [15] and self-oscillating polymer gels [16]. These polymer systems are composed of N-isopropylacrylamide (NIPAAm) and [ruthenium(4-vinyl-4’-methyl-2, 2-bipyridine)bis(2,2’-bipyridine)bis(hexafluorophosphate)] (Ru(bpy)3). The self-oscillating polymer gel undergoes a swelling-deswelling self-oscillation, and the self-oscillating polymer chains cause aggregation-disaggregation self-oscillations at constant temperatures. The operation of the self-oscillating polymer system requires three BZ substrates: malonic acid (MA), sodium bromate (NaBrO3), and nitric or sulfuric acid. The operating conditions of the self-oscillating polymer system are, therefore, limited to strongly acidic conditions, with the attendant safety risks arising through the use of strong acids. To reduce the safety risks in such processes, Hara et al. attempted to devise an autonomous polymer system that underwent self-oscillation under strong-acid-free conditions. In their report, as the first step towards achieving a self-oscillating polymer system, acrylamide-2-methylpropane sulfonic acid (AMPS) was incorporated into a conventional self-oscillating polymer chain (poly(NIPAAm-co-Ru(bpy)3)) as a pH control site [24,25]. The AMPS-containing self-oscillating polymer chain underwent the soluble-insoluble self-oscillation under strong-acid-free conditions. Subsequently, methacrylamide propyl trimethyl ammonium chloride (MAPTAC) with a positively charged group was incorporated into poly(NIPAAm-co-Ru(bpy)3) as the release site of an anionic oxidizing agent (bromate ion) [26]; the bromate ion was introduced into the MAPTAC-containing polymer via an ion-exchange process. The MAPTAC-containing self-oscillating polymer system underwent self-oscillation under oxidant-free conditions. The AMPS and MAPTAC moieties were then simultaneously incorporated in the poly(NIPAAm-co-Ru(bpy)3) as the pH-control and oxidant supply sites, respectively [27]. The novel self-oscillating polymer chain facilitated the aggregation-disaggregation self-oscillation when only the MA solution was added, however a self-oscillating polymer gel that undergoes the BZ reaction under strong-acid-free conditions did not develop; the development of a new strong acid-free gel is therefore necessary.

This review discusses a novel gel that undergoes the BZ reaction under strong-acid-free conditions [28]. Under strong-acid-free conditions, the novel gel can control the on/off switching of the BZ reaction in conventional self-oscillating (poly(NIPAAm-co-Ru(bpy)3-co-AMPS) gels that require a strong acid. Autonomous polymer systems containing pH control sites with a high potential for controlling self-oscillating behavior [29,30,31,32,33] are introduced. Information about the detailed motion of the self-oscillating polymer chain is of great significance for the design of autonomous molecular robot systems; techniques for the direct observation of self-oscillating polymer chains, such as scanning probe microscopy (SPM) and a quartz crystal microbalance with dissipation (QCM-D) [34,35] are introduced.



2. Strong-Acid-Free Gel

In this section, the self-oscillating behavior of the strong-acid-free gel is discussed [28]. The strong-acid-free gel possesses a semi-interpenetrating polymer network (IPN) structure; the first network consists of a poly(AMPS) gel, while the second network comprises a self-oscillating polymer chain (poly(NIPAAm-co-Ru(bpy)3-co-AMPS)). The red-green-blue (RGB) analysis of the strong-acid-free gel is shown in Figure 1A. The green and red self-oscillations occur distinctly in strong-acid-free conditions. This result indicated that the BZ reaction occurred in the novel gel without the direct addition of strong acid. The period of the self-oscillation as a function of the BZ substrate (MA) concentration demonstrated a linear relationship, as shown in Figure 1B. The logarithmic plot was fitted to a linear equation and expressed as a[substrate]b, where a and b are experimental constants, and the square brackets indicate the initial substrate concentration. This result demonstrated that the self-oscillation period was similar to normal self-oscillating polymer systems containing high H+ concentrations [36,37,38].

Figure 1. (A) Red-green-blue (RGB) analysis of the strong-acid-free gel ([NaBrO3] = 1.2 M, [MA] = 0.6 M); (B) Logarithmic plot of period (t in s) vs. initial malonic acid (MA) concentration at [NaBrO3] = 1.0 M. (Reproduced with permission from [28], Copyright 2013, American Chemical Society).
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Figure 2A shows a schematic illustration of the connected/disconnected experimental setup under strong-acid-free conditions; in the case of the connected experiment, the two gels were pressed together by silicone rubber. The RGB analysis of the strong-acid-free gel and the normal self-oscillating gel shows that the chemical wave in the normal gel was only observed when the two gels were connected. In contrast, when the novel gel was detached from the normal gel, the BZ reaction stopped in the normal gel, as the normal gel could not produce the immediate substrates for the BZ reaction owing to the high pH. Utilizing this phenomenon, we can control the on/off switching of the self-oscillation in the normal gel by manipulating the adhesion state of the two types of gel in strong-acid-free conditions. This phenomenon is useful for the construction of autonomous soft robots and actuators in safe conditions. The normal gel that was not attached to the novel gel was placed in the same solution as shown in Figure 2A as a control experiment. There was no observation of self-oscillating behavior in the control normal gel in the connected and disconnected state; the on/off switching of the BZ reaction in the gel was caused by the adhesion of the strong-acid-free gel to the normal gel in strong-acid-free conditions [28].

Figure 2. (A) Schematic illustration of the experimental setup for the Belousov-Zhabotinsky (BZ) reaction in strong-acid-free conditions, regulated via connection/disconnection of the gels; (B) RGB analysis of the connected gels; (C) RGB analysis of the disconnected gels ([NaBrO3] = 1.0 M, [MA] = 0.5 M). (Reprinted with permission from [28], Copyright 2013, American Chemical Society).
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3. On/Off Switching of the AMPS-Containing Self-Oscillating Polymer Chain

In this section, the on/off switching of the self-oscillation in the polymer chain (AMPS-containing self-oscillating polymer chain) by changing the external temperature is introduced [29]. The AMPS-containing polymer chain was composed of NIPAAm, Ru(bpy)3, and AMPS (See Figure 3). The lower critical solution temperature (LCST) of the AMPS-containing polymer chain with 50 wt% AMPS moiety in the reduced state was 14 °C [29]. In contrast, there was no observation of the LCST of the polymer chain in the oxidized state. These measurements demonstrated that the solubility of the AMPS-containing polymer chain in the reduced and oxidized states was significantly different because the LCST is determined by the solubility of the polymer chain. This different solubility of the AMPS-containing polymer chain in the reduced and oxidized states was the driving force for the soluble-insoluble self-oscillation induced by the BZ reaction.

Figure 3. Chemical structure of poly(NIPAA-co-Ru(bpy)3-co-AMPS).
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Figure 4 presents a phase diagram of the temperature (12–36 °C) and the concentration of sodium bromate (NaBrO3) for the self-oscillation of AMPS-containing solutions at a fixed MA concentration (0.1 M). As shown in Figure 4, the self-oscillation period of the AMPS-containing solution was controlled by changing the temperature and the sodium bromate concentration.

Figure 4. Phase diagram of the oscillating region given by the initial NaBrO3 concentration and temperature at a fixed MA concentration (0.1 M). The number above the plot denotes the oscillation period. A cross indicates that no oscillation occurred. Polymer solutions were prepared by dissolving the polymer (2.0 wt%) into an aqueous solution containing the two BZ substrates (MA and NaBrO3). The transmittance at 570 nm as a function of time was monitored by a spectrophotometer. (Reprinted with permission from [29], Copyright 2005, American Chemical Society).
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The soluble-insoluble self-oscillation of the AMPS-containing polymer chain can be switched by controlling the external temperatures. As shown in Figure 5, the self-oscillation stopped at 36 °C because the LCST of the AMPS-containing polymer chain in the reduced state is 14 °C; the polymer chain aggregated above the LCST. In the BZ reaction, the time in the reduced state is much longer than that in the oxidized state; the self-oscillating behavior of the polymer chain is dominated by the solubility of the polymer chain in the reduced state. As shown in Figure 5A, the polymer chain does not oscillate when the temperature is decreased to 12 °C. At this specific set of BZ substrate conditions ([MA] = 0.1 M and [NaBrO3] = 0.25 M), the self-oscillation only occurs at 18 °C. In contrast, when [NaBrO3] was 0.40 and 0.55 M at fixed MA concentration (0.1 M), the self-oscillation began when the temperature was decreased to 12 °C. As shown in Figure 5, transmittance dropped before 36 °C owing to the temperature changing process. Furthermore, the transmittance value (the baseline) of the self-oscillation at 12 °C was different in Figure 5B,C; the transmittance value of the self-oscillating polymer chain was greatly affected by the ionic strength of the solution [38]. In high ionic strength conditions, the solubility of the polymer chain decreased, with a concomitant decrease in transmittance. Therefore, the baseline of the transmittance of the self-oscillation at [NaBrO3] = 0.40 M was higher than that at [NaBrO3] = 0.55 M. In addition, the amplitude of the self-oscillation at [NaBrO3] = 0.55 M was higher than that at [NaBrO3] = 0.40 M; this observation is explained by the Field-Koros-Noyes (FKN) mechanism [39,40]. The FKN mechanism divides the BZ reaction into three main processes: the consumption of Br− ions (process A), the autocatalytic formation of HBrO2 (process B), and the formation of Br− ions (process C).

Figure 5. Oscillating profiles of the optical transmittance for AMPS-containing solutions (2.0 wt%) in response to stepwise temperature changes between 12 and 36 °C for several substrate concentrations; (A) [MA] = 0.1 M and [NaBrO3] = 0.25 M; (B) [MA] = 0.1 M and [NaBrO3] = 0.40 M; and (C) [MA] = 0.1 M and [NaBrO3] = 0.55 M. (Reprinted with permission from [29], Copyright 2005, American Chemical Society).
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A: BrO3− + 2 Br− + 3 H+ →3 HOBr

B: BrO3− + HBrO2 + 2 Mred + 3 H+ →2 HBrO2 + 2 Mox + H2O

C: 2 Mox + MA + BrMA→f Br− + 2 Mred + other products

Mox and Mred represent the metal catalyst for the BZ reaction in the oxidized and reduced states, respectively. In process B, the Ru(bpy)3 is oxidized; in contrast, the oxidized metal catalyst moiety is reduced in process C. The high concentration of NaBrO3 increases the mole fraction of the Ru(bpy)33+ moiety, which is rationalized by process B. The amplitude of the self-oscillation is determined by the mole fraction of the Ru(bpy)33+ moiety because the solubility of the polymer is determined by the concentration of the oxidized Ru moiety [35]; the amplitude of the self-oscillation is higher when the concentration of sodium bromate is increased.





4. Viscosity Self-Oscillation of the AMPS-Containing Polymer Solution

In this section, the viscosity self-oscillating behavior of the AMPS-containing polymer solution is discussed [30]. Figure 6A shows the viscosity self-oscillation of the 12 wt% AMPS-containing polymer solution at constant temperature (12 °C). The viscosity increased rapidly due to the carbon dioxide (CO2) generated by the BZ reaction in the polymer solution; a large amount of CO2 bubbles were observed in the AMPS-containing polymer solution. When the BZ reaction stopped, the viscosity decreased. As the AMPS-containing polymer solution generated CO2, the hydrophobic Ru moieties in the polymer chain gathered at the liquid-gas interface [30]. The polymer chain in contact with the liquid-gas interface become more rigid, and the viscosity increased. In the case of the 12 wt% polymer solution, the amplitude of the viscosity self-oscillation was about 4 mPa·s. When the temperature was increased (15, 18, 21, 24, and 27 °C), viscosity self-oscillation for the 12 wt% polymer solution was not observed. In contrast, the 6 wt% polymer solution underwent viscosity self-oscillation in the temperature range 12–24 °C, as shown in Figure 6B. Above 27 °C, viscosity self-oscillation was not observed. Figure 6C shows the period of the viscosity self-oscillation for the 6 wt% polymer solution; the period decreased with increasing temperature because the self-oscillation of the polymer solution was in accordance with the Arrhenius equation [36,37,38].

Figure 6. (A) Viscosity self-oscillation of 12 wt% poly(NIPAAm-co-Ru(bpy)3-co-AMPS) solution at 12 °C; (B) Viscosity self-oscillating behavior of 6 wt% polymer solution; (C) Viscosity self-oscillation period of 6 wt% polymer solutions at different temperatures. (Reprinted with permission from [30], Copyright 2008, American Institute of Physics).
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5. Direct Observation of the Autonomous Oscillation of the Single Polymer Chain

The direct observation of polymer chain self-oscillation was recently achieved by using SPM and QCM-D [34,35]. To measure self-oscillating behavior via SPM and QCM-D, polymer chains containing an anchoring unit to solid surfaces (glass and gold surfaces) were synthesized. The self-oscillating polymer chain was composed of NIPAAm, Ru(bpy)3, and an N-succimidyl group to tether the polymer to the selected surface, as shown in Figure 7.

Figure 7. Preparation of self-oscillating polymers on glass surfaces. (Reprinted with permission from [34], Copyright 2006, American Chemical Society).
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The polymer chain incorporating the anchoring site was immobilized on an aminosilane-coupled glass plate (see Figure 7). The attached polymer chain underwent self-oscillation only in aqueous solution including the three BZ substrates (see Figure 8A,B); self-oscillation in the control solution without three BZ substrates was not observed, as the BZ reaction did not occur. As shown in Figure 8A, the amplitude and period of the self-oscillation of the polymer chain chemically bonded to the glass plate was unstable because the solution was not stirred. In addition, the self-oscillation of the polymer chain does not cause damping; while the polymer chain was covalently bonded to the glass surface, the polymer chain does not aggregate, and there is no observation of damping behavior in the SPM measurements. Dynamic light scattering (DLS) experiments for the anchored polymer chain (in both reduced and oxidized states) were conducted in an aqueous solution including 0.3 M HNO3 solutions containing 1 mM Ce2(SO4)3 or 1 mM Ce(SO4)2. The cumulant diameter of the polymer chain in the reduced and oxidized states was 23.9 and 59.6 nm, respectively, demonstrating that the conformation of the polymer chain was greatly affected by the oxidation state of the Ru moiety. The SPM measurements therefore detected the self-oscillation on the glass surface in an aqueous solution including the three BZ substrates.

Figure 8. (A) Self-oscillating behavior of a polymer chain on a glass surface detected by SPM in aqueous solution including MA (0.1 M), NaBrO3 (0.3 M), and HNO3 (0.3 M); (B) Behavior of the polymer chain on the glass surface in aqueous solution without three BZ substrates. (Reprinted with permission from [34], Copyright 2006, American Chemical Society).
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The time dependence of the change in the resonance frequency (Δf) of the self-oscillating polymer chain was measured using QCM-D at constant temperature (20 °C) [35]. The self-oscillation of Δf originates in the adsorption-desorption self-oscillation of water molecules on the polymer chain. In the BZ reaction, the formation of the polymer chain undergoes the self-oscillation as shown by SPM measurements (See Figure 8). The water molecules around the polymer chain attached or detached synchronously with the change in the polymer chain’s conformation, because of the concurrent solubility changes of the polymer. The period of Δf was stable and approximately 400 s (see Figure 9B).

Figure 9. (A) Self-oscillation at the resonance frequency (Δf) for fixed initial concentrations of the BZ substrates ([MA] = 0.1 M, [HNO3] = 0.3 M, and [NaBrO3] = 0.5 M) at 20 °C; (B) Period of self-oscillation of the resonance frequency (Δf). (Reprinted with permission from [35], Copyright 2013, American Chemical Society).
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Figure 10A shows the time-dependent changes in Δf and dissipation (ΔD) that reflect the changes in the conformation of the polymers attached to gold surfaces. The D factor is defined as follows:

Figure 10. (A) Time dependence of the resonance frequency (Δf) and energy dissipation (ΔD); (B) Plots of ΔD against Δf for the self-oscillating polymer chain during the BZ reaction attached to gold surfaces. The notations 1, 2, and 3 correspond to part (A). (Reprinted with permission from [35], Copyright 2013, American Chemical Society).
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D = Edissipated/2πEstored








Edissipated is the energy dissipated during one oscillation, and Estored is the energy stored in the oscillating system [41]. As shown in Figure 10A, ΔD undergoes the self-oscillation in synchronization with the Δf self-oscillation. When Δf decreases due to the adsorption of water molecules onto the polymer chain, ΔD increases because the flexibility of the polymer chain increases [35]. Conversely, as Δf increases, because of the detachment of the water molecules from the polymer chain attached to the gold surface, ΔD decreases due to the increased rigidity of the polymer chains. Figure 10B shows the relationship between Δf and ΔD. The shape indicates that the frequencies of the Δf and ΔD self-oscillations are identical, but differ in phase and amplitude. The size of the ellipse is different in self-oscillations 1, 2, and 3 because the rates of the oxidation and reduction of the Ru moiety in the BZ reaction are different in each cycle.





6. Conclusions

This review demonstrates that novel gels can control the on/off switching of the BZ reaction in the conventional self-oscillating gel in strong-acid-free conditions. In addition, the self-oscillation of the AMPS-containing polymer chain can be controlled by changing the external temperature. These on/off switching functions are of significance in the control of autonomous actuators and molecular robots under safe conditions. Moreover, viscosity self-oscillations of the polymer chain in strong-acid-free conditions were observed, which were significantly affected by the temperature and the concentration of the polymer chain. The direct observation of self-oscillations in single polymer chains attached to glass surfaces was achieved via SPM measurements, clarifying that polymer chains on such surfaces undergo self-oscillations induced by the BZ reaction. Furthermore, by using QCM-D, it was demonstrated that the water adsorption-desorption self-oscillation on the polymer chain occurs in synchronization with conformational changes in the polymer chain.
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