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Abstract

The polymer chain with Fe(phen);-catalyzed was demonstrated to occur self-oscillation phenomenon in BZ
reaction system. The self-oscillation polymer composed of N-isopropylacrylamide and Fe(phen); catalyst moiety,
which were synthesized by radical polymerization. It was found that the self-oscillation parameters (induction
period, Tj, oscillation period, T, and amplitude) could be regulated by subtle changes of temperature. It can be well
explained by the FKN mechanism.
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1. Introduction

Conventional stimuli-responsive hydrogels, which change their properties in response to external stimulus, such as
temperature, pH, electric field and magnetic field, have been studied extensively for applications in drug delivery
systems, biosensors, and actuators, efc (Tanaka et al., 1980; Annaka & Tanaka, 1992; Chen & Hoffman, 1995;
Hirokawa & Tanaka, 1984; Bae, Okano, & Kim, 1990; Yoshida et al., 1995). Yoshida’s group reported a novel
polymeric gel which autonomously swelled and de-swelled periodically in a closed homogeneous solution without
any external stimuli, similar to autonomic phenomena in life such as heartbeat, brain waves, periodic hormone
secretion, efc. The mechanical oscillation is achieved by coupling nonlinear chemical dynamics with polymers,
transferring the dissipating chemical energy of a self-oscillating reaction to the driving force for the conformation
changing of the polymers. The coupling of oscillating reactions with polymerization processes may provide
methods for construction of novel materials capable of transmitting chemical energy. One area of research has
been the construction of pulsating gels for periodic delivery of drugs, with oscillating chemical reactions supplying
the necessary energy.

In general, the Belousov-Zhabotinsky (BZ) reaction (Noszticzius & Bddiss, 1979; Field, Koros, & Noyes, 1972)
was employed for the simple model for a spatiotemporal structure in an unstirred solution and with periodicity in a
stirred solution. Yoshida’s group prepared a series of copolymer gels in which ruthenium(II) tris-(2,2"-bipyridine)
(Ru(bpy)s*"), a catalyst for the BZ reaction, was covalently bonded to the polymer chains (Yoshida, Takahashi,
Yamaguchi, & Ichijo, 1996; Yoshihiro, Masayuki, & Yoshida, 2003; Suzuki, Taniguchi, & Yoshida, 2009;
Hidaka & Yoshida, 2011; Yoshida, Sakai, Ito, & Yamaguchi, 2002; Hara et al., 2005; Suzuki & Yoshida, 2008).
There the catalyst acts as a transducer to convert its periodical redox changes into the mechanical oscillation of the
polymer network through the hydrophilicity changes of the polymer chain.

Up to now, the polymer system has been studied for application to self-walking gel robot, actuator and mass
transport system, efc (Murase, Maeda, Hashimoto, & Yoshida, 2009; Mitsumata, Ikeda, Gong, & Osada, 2000;
Tateyama, Shibuta, & Yoshida, 2008; Maeda, Hara, & Yoshida, 2008). Besides, the self-oscillating macrogels
would have potential applications such as pumps with autonomous beating, oscillatory drug release synchronized
with cell cycles, etc (Weissman, Sunkara, Tse, & Asher, 1996; Suzuki, McGrath, Kawaguchi, & Lyon, 2007;
Lyon et al.,, 2004). Moreover, self-oscillating microgel particles (less than 1 um in diameter) have been
synthesized by surfactant free aqueous precipitation polymerization (Suzuki, Sakai, & Yoshida, 2008; Suzuki &
Yoshida, 2008). Due to the properties of colloidal dispersions (Pelton, 2000; Nayak & Lyon, 2005; Saunders &

98



www.ccsenet.org/jmsr Journal of Materials Science Research Vol. 4, No. 3; 2015

Vincent, 1999; Kawaguchi, 2000), microgel particles are used as microreactors, emulsifiers, and photonic
crystals (Suzuki, McGrath, Kawaguchi, & Lyon, 2007; Suzuki & Kawaguchi, 2006; Suzuki, Tsuji, & Kawaguchi,
2007). Therefore, the self-oscillating microgels may be useful not only as artificial oscillators, but also as
rheological modifiers, and so on.

However, this kind of self-oscillating polymer system is too expensive for application in many fields owing to
the use of expensive rare metal Ru as the catalyst moiety required for BZ reaction. Recently, Hara developed a
novel self-oscillating polymer by covalently bonding the Fe(bpy); moiety to the polymer chain, which acted as the
metal catalyst for the BZ reaction. However, the amplitude of the soluble-insoluble self-oscillation of
poly(NIPAAm-co-Fe(bpy);) was significantly smaller than that of the corresponding Ru-based self-oscillating
polymer system.

To achieve the applications of self-oscillating polymers, we developed a novel self-oscillating polymer by
covalently bonding a Fe(phen); moiety, which acted as the metal catalyst for the BZ reaction. It was demonstrated
that the polymer underwent soluble-insoluble self-oscillation that originated from the periodic change in the
solubility of the Fe(phen); catalyst moiety (Ren et al., 2015). In order to clarify the effect of temperature on the
polymer chains oscillation, and to understand how self-oscillation of polymer can be controlled, the influence of
temperature on the self-oscillation of the polymer chain was investigated in the present study.

2 Experimental

2.1 Materials

N-isopropylacrylamide (NIPAAm), azo-bis-isobutyronitrile (AIBN) were brought from Shanghai Zhongqin
chemical industry and used without further purification. Ethanol, dichloromethane and methanol (Tianjin
Guangfu fine chemical industry research institute, Tianjin, China), and FeSO,-7H,0, malonic acid (MA), KBrOs,
H,S0O,4, Cey(S0,); and Ce(SOy4), were analytical regents and used as received. S-acrylamide-phenanthroline
(5-AM-phen) was synthesized by the method in references. The deionized water was used throughout the
experiments.

2.2 Preparation of Poly(NIPAAm-co-Fe(phen);)

Poly(NIPA Am-co-Fe(phen);

Figure 1. The chemical structure of the self-oscillating polymer chain

The self-oscillating polymer chain with the Fe catalyst moiety(as shown Figure. 1) was synthesized via free-radical
polymerization as previously reported (Ren et al., 2015). The process is as following: N-isopropylacrylamide
(NIPAAm, 5.0 g), 5-acrylamide-phenanthroline (5-AM-phen, 0.20 g), and azo-bis-isobutyronitrile (AIBN, 0.05 g)
were dissolved in ethanol (25 g). The mixture was poured into a three-neck flask equipped with a stirrer, a condenser,
and a nitrogen gas inlet. The polymerization reaction was carried at 80 °C for 6 h with N, bubbling. The obtained
polymer was dissolved in dichloromethane. The solution of FeSO, in methanol was added dropwise into the
polymer solution with stirring. Finally, the solution of phenanthroline in ethanol was added with stirring at room
temperature. The resulting sample was dialyzed with ethanol for a week while changing ethanol frequently, and
then dialyzed with water for a week, freeze-dried finally.
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2.3 Measurement of Redox Potential Self-Oscillation

The experiments were performed in a glass reactor (ca. 50 mL) coupled with a SY-601 thermostat and a Model
ML-902 magnetic stirrer. A mixture containing malonic acid, KBOs;, H,SO, and poly(NIPAAm-co-Fe(phen);) was
placed in the reactor. A CHI-832 electrochemistry analyzer (Shanghai Chenhua Instrument Company, China) was
directly connected to the reactor through two Pt-electrodes (Rex, 213, China) as the working electrode and the
auxiliary electrode and a Hg,SO, reference electrode to record the potential changes.

2.4 Measurement of Transmittance Self-Oscillation

The solution was mixed as the measurement of redox potential self-oscillation and stirred until its color began to
change between red and light blue, then the transmittance self-oscillation was measured. A wavelength of 389 nm
was also used because of being the isosbestic point of the reduced and oxidized states of the polymer chain. The
time course of the transmittance at 389 nm was monitored using an UV-Vis spectrophotometer.

3. Results and Discussion

A wide variety of metal ions and metal complex catalysts have been used in the BZ reaction: Ce*", Mn*’,
[Fe(phen);]*", [Fe(bpy)s]*", [Ru(bpy)s;]**, and so on. These catalysts fill the requirement that they are capable of a
single electron transfer and have two stable oxidation states separated by a potential of 1.0-1.5 V/SCE. Despite
having some features in common, these catalysts can sometimes have remarkably different effects on the
observed behavior of the BZ reaction. There is a pronounced color change from red to blue as ferroin
(Fe(phen);>") is oxidized to ferriin (Fe(phen);’"). Smoes emphasized the fact that ferroin does not react in the
same manner as cerium in the BZ reaction (Smoes, 1979). In fact, the ferriin/ferroin couple has a lower standard
reduction potential (1.06 V) than that of Ce*'/Ce** (1.44V). Keki, Magyar, Beck and Gaspar (1992) demonstrate
that direct oxidation of ferroin by bromine species other than BrO,e radical species is possible due to the low
redox potential of the catalyst couple. Therefore, the behavior of the ferroin-catalysed BZ can be explained by
the following reactions.

2Fe(phen);*" + BrOy + 3H" —2Fe(phen);** + HBrO, + H,0 (R1)
2Fe(phen);*" + HBrO, + 2H" —2Fe(phen);*" + HOBr + H,0 (R2)
2Fe(phen);*" + HOBr + H" —2Fe(phen);* + Br + H,0 (R3)
2Fe(phen);*" + Br, —2Fe(phen);*" + 2Br (R4)

Kords performed calorimetric studies on the BZ reaction and determined that the heat released per mole bromated
consumed (650kJ) in the same and is independent of the catalyst used. Most of heat released during FKN process C,
i.e. the oxidation of MA or BrMA by Ce*". Although the rate of heat production is oscillatory, however, the
temperature of the system does not oscillate in the BZ system. Therefore, the effect of temperature on the
self-oscillation is completely from the surrounding temperature changing, rather than the BZ system itself.

The self-oscillating mechanism of the polymer is due to the change in the hydrophilic-hydrophobic properties of
polymer chains with oxidation and reduction. With the development of BZ reaction, Fe(phen); moiety hanging on
the polymer chain is oxidized or reduced. When Fe(Ill) is reduced to Fe(Il), the polymer chains stretch and the
solubility of the polymer increases due to the good hydrophilicity and solubility of Fe(phen);>". However, when
Fe(Il) is oxidized to Fe(Ill) in BZ medium, the polymer chains curl and twist each other and the solubility of
Fe(phen);®™ decreases correspondingly. Therefore, the polymer undergoes soluble-insoluble self-oscillation along
with the periodic change of Fe(phen); catalyst moiety between the oxidation and reduction states in BZ reaction.
The temperature plays an important part in the dynamics of the BZ system. Figure 2 shows the redox potential
self-oscillation of the poly(NIPAAm-co-Fe(phen);) solution at different temperature against fixed concentrations
of the BZ system and Figure 3 shows the oscillation profiles of optical transmittance (T%) with the same solution.
Note that, when the temperature is lower than 19 °C, both the periodic redox potential and transmittance changes
could no longer be observed due to the reaction rate being too slow. However, when the temperature is higher than
29 °C, there is some flocculent substance in the system which adheres onto the electrodes due to the temperature
sensitivity of N-isopropylacrylamide. Therefore, the self-oscillation parameters were compared when the
temperature was in the range of 22- 28 °C.

100



www.ccsenet.org/jmsr Journal of Materials Science Research Vol. 4, No. 3; 2015

ENV

T T T
1000 1500 2000 2500

Time/S

Figure 2. Typical oscillation waveforms of redox potential with different temperature. a: 22°C, b: 24°C, c: 26°C, d:
28°C. The common conditions: [polymer];=0.20%, [KBrO;],=0.0625mol/L, [MA],=0.135 mol/L,
[HzSO4]0=0 175 mol/L
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Figure 3. Typical oscillation waveforms of transmittance with different temperature. The experimental conditions
are the same as which in Figure 2

In the induction period, BrMA is accumulating. A crucial amount of BrMA is necessary to induce regular
oscillations. The rate for production of BrMA increases with increasing temperature, and the induction period
decreases correspondingly as shown in Figure 4(a). We also compared the oscillation periods with different
temperature. In this study, the average value of the periods between the second and the sixth oscillation were
regarded as the oscillation period. The frequency of oscillation is mainly determined by the rate of removal of
bromide. In the FKN mechanism, bromide ion is consumed by reaction with bromated ion mainly as in RS5.

BrO; + 3H" + Br—3Br, + 3H,0 (RS)

The period of oscillation decreases for all reactions rate involved increasing at high temperature. So as shown in
Figure 4(a), the oscillation period (T,) decreased with increasing temperature.
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Figure 4(b) shows the dependence of the amplitudes of the oscillation on temperature. It can be seen from the
figure, the oscillation amplitudes both of redox potential and transmittance decreased with the increasing of
temperature. The main component of the polymer is N-isopropylacrylamide with temperature sensitivity. The
lower critical solution temperature of N-isopropylacrylamide is 32 °C. Suzuki and Yoshida (2008) suggested that
the dramatic change in oscillation waveform and amplitude is related to the difference in colloidal stability
between in the Ru(Il) and the Ru(IIl) states for self-oscillation polymer containing Ru(bpy); moiety. At low
temperature, the polymer chain is stretch and the Fe(phen); moiety hanging on the chain catalyzes the BZ
reaction effectively and changes between the oxidation and reduction states freely. The Fe(phen); moiety can
exist only in its oxidation state at a certain time and in its reduction state at another certain time. That is to say,
Fe(phen); moiety can transfer from one state to the other completely. The concentration difference between the
two states is the maximum at oxidation state or reduction state. Therefore, both the redox potential and
transmittance amplitudes are big at low temperature. However, at high temperature and close to the lower critical
solution temperature of N-isopropylacrylamide, the phase separation is coming, and the polymer chains curls and
twists each other. Some of the moiety is embedded and can’t contact with BZ medium adequately. Both the
reduction of Fe(phen);’“and the oxidation of Fe(phen);*" are incompletely, the concentration difference between
the two states become smaller on raising the temperature and the amplitudes smaller correspondingly.
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Figure 4. Effect of temperature on induction period and oscillation period (a), amplitude (b) of the self-oscillation
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4. Conclusions

The polymer chain containing Ru(bpy); catalyst is well-known as a self-oscillation phenomenon.
Photo-irradiation and temperature have been employed to switch the self-oscillation on and off. In the present
work, for the first time we found that the self-oscillation could be controlled by temperature. When the
temperature increased, the oscillation frequency increased and the amplitudes both of redox potential and
transmittance decreased correspondingly.
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