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Abstract
The poly(VP-co-AA-co-CD-co-Fe(phen)3) self-oscillating polymer gels composed of 5-acrylamide-1,10-phenanthroline 
bis(1,10-phenanthroline) iron(II) (Fe(phen)3), vinyl-pyrrolidone (VP), beta-cyclodextrin (β-CD) and acrylic acid (AA) were 
synthesized by radical polymerization. The volume, color and the redox potential self-oscillations were observed syn-
chronizing with chemical wave propagation in acid-free conditions. The amplitude of diameter oscillation was about 
40 µm to approximately 10% of its initial diameter and that of the redox potential about 125 mV at the optimal condi-
tions. Moreover, the oscillation could sustain several hours. The long-lasting oscillation gels with large amplitude under 
mild conditions will be useful for the development of biomimetic materials that can undergo self-oscillation without 
external stimuli in mild conditions.
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1  Introduction

The first self-oscillating polymeric materials based on the 
Belousov–Zhabtinsky (BZ) reaction was reported in 1996 
[1]. It composed of poly(N-isopropylacrylamide) (PNI-
PAAm) and Ru(bpy)3 which acts as the metal catalyst for 
the BZ reaction. The BZ reaction, a well-known oscillatory 
chemical reaction accompanies a rhythmical oscillation of 
the redox potential of a metal catalyst and spatial patterns. 
Up to now, it is the most extensively studied oscillating 
chemical reaction [2, 3]. The self-oscillation and chemical 
wave observed in the BZ reaction has been discovered in 
living systems, such as glycolytic oscillations, biorhythms, 
heart muscle tachycardia, self-organization of ameba cells 
and intracellular calcium concentrations. In addition, the 
BZ reaction also provided a chemical and physical model 
for understanding several autonomous phenomena 
observed in biological systems [4, 5]. The driving force for 
self-oscillating of the BZ gels is provided by the changing 
of the redox potential of metal catalyst in the BZ reaction. 

When the gels which copolymerized functional monomer 
with Ru(bpy)3 is immersed into the BZ system free of a 
metal catalyst, the copolymerized Ru(bpy)3 acts as the 
metal catalyst as in the classical BZ system and the reac-
tion occurs inside the gels. Therefore, a periodical oscilla-
tion of the redox potential for Ru(bpy)3 moiety generates 
due to the change from the oxidized state to the reduced 
state periodically. Due to the hydrophilicity of the poly-
mer chain increasing with Ru(bpy)3 in the oxidized state 
for more positive charges and decreasing in the reduced 
state, the change in redox states of the polymerized cata-
lyst moiety affects the hydrophilicity of the network and 
induces the changes in the volume phase transition tem-
perature of the gel as well as the swelling ratio. As a result, 
the gel exhibits an autonomous volume oscillation with 
the redox oscillation in the closed solution under constant 
conditions.

To date, great progress has been made in self-oscillating 
materials and a variety of polymeric materials have been 
studied for bioengineering and engineering applications 
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[6–8]. A new kind of self-oscillating gel actuator which 
exhibited various behaviors of peristaltic motions without 
external stimuli was demonstrated. The content of each 
component in the polymer network were gradient distri-
bution and which led to a successive self-walking motion 
like a looper in the BZ system under constant tempera-
ture [9]. The walking velocity of the gel was approximately 
170 µm/min and it could be controlled by the concentra-
tion of substrates in the BZ solution. A pendulum motion 
of the gel also was observed by fixing one edge [10]. A 
periodic reciprocating motion was obtained when the Ru-
catalyst in the gel was rapidly oxidized and slowly reduced 
[11]. In addition, an object could be transported autono-
mously by utilizing the peristaltic motion and chemical 
wave propagation coupling with the diffusion of interme-
diates in the gels [12–14]. In fact, the self-oscillating gel 
has been investigated as an unprecedented biomimetic 
material in the past 10 years [15–18]. Other works related 
to the oscillating chemical reactions coupling with poly-
mers were performed. Pojman et al. demonstrated that 
oscillating chemical reactions might couple to polymeriza-
tion processes by exploiting the oscillatory production of 
malony radicals in the cerium catalyzed BZ system [19, 20]. 
Also, theoretical and computational approaches were used 
to simulate the motions of the gels and provide the neces-
sary guidelines for assembling the components into the 
appropriate pattern to yield the specified function [21, 22].

More recently, there were many excellent works related 
to self-oscillating gels providing novel concepts of biomi-
metic materials. For example, an autonomous functional 
surface composed of a self-oscillating polymer brush 
[23], an autonomous cycling artificial vesicles with syn-
thetic block copolymers formation and fragmentation 
self-oscillating [24], a cross-linked polymersomes exhib-
iting self-beating motion like biological cell membranes 
without any external stimuli to trigger on–off switch-
ing [25] and an artificial cells by synthetic materials [26] 
were demonstrated. These self-oscillating polymer gels 
are expected to apply as novel biomimetic materials in a 
number of aspects including auto-mobile actuators and 
beating micropumps. Moreover, these achievements are 
also very important from the perspective of understand-
ing the universal rhythms phenomena that sustain life and 
occur at all levels in physiological tissue.

Several works involving the volume oscillations of self-
oscillating gels also were performed. However, the ampli-
tudes aren’t satisfactory. Arimura et al. [27] obtained the 
poly(NIPAAm-co- Fe(phen)3) gel exhibiting 7% swelling/
deswelling variation in the gel length. The amplitude of 
diameter oscillation poly(VP-co-AA-co-Fe(phen)3) gels 
was about 20 µm to approximately 5% of its initial diam-
eter [28]. In this study, we tried to construct a novel self-
oscillating gel with biocompatible monomers. Therefore, 

vinyl-pyrrolidone (VP), beta-cyclodextrin (β-CD), acrylic 
acid (AA), and 5-acrylamide-1,10-phenanthroline bis(1,10-
phenanthroline) iron(II) (Fe(phen)3) were used to prepare 
the crosslinked gel. Except for the unique biologic proper-
ties, the β-CD segments efficiently regulate the diffusion 
rate of the BZ substrates. And the AA segments can con-
trol the swelling process and provide H+ for the BZ reac-
tion. The influence of the immobilized β-CD content on 
the period and the amplitude of the self-oscillation were 
investigated. The results indicated that the amplitude of 
both redox potential and volume oscillations were larger 
than the reported self-oscillating gels. Therefore, the long-
lasting oscillation gels with large amplitude under mild 
conditions will be useful for the development of biomi-
metic materials.

2 � Experimental

2.1 � Materials

Vinylpyrrolidone (VP) and acrylic acid (AA) were brought 
from Tianjin Damao Chemical Reagent Factory and used 
after purification. β-Cyclodextrin (β-CD) was used as 
received. The cross-linker N,N-methylene bis-acrylamide 
(MBA) and the initiator ammonium persulfate (APS) were 
brought from Shanghai Zhongqin Chemical Reagent Ltd. 
Malonic acid (MA), KBrO3, H2SO4, Ce2(SO4)3, Ce(SO4)2 and 
1,10-phenanthroline were analytical reagents and used 
as received. 5-acrylamide-1,10-phenanthroline bis(1,10-
phenanthroline) iron(II) (Fe(phen)3) was synthesized by 
ourselves. The distilled water was used throughout the 
experiments.

2.2 � Preparation 
of poly(VP‑co‑AA‑co‑CD‑co‑Fe(phen)3) gel

The self-oscillating gels (the chemical structure as shown 
in Fig. 1) with different contents of β-CD were synthesized 
as following: 0.025 g sample of Fe(phen)3 was dissolved 
in 6.0 mL of distilled water and mixed with 4.0 mL of AA 
solution and 9.0 mL of solution containing 0.7 g VP and a 
certain quality of β-CD as shown in Table 1. The mixture 
was stirred for 20 min, then the mixture consisting of 
0.01 g APS and 0.01 g MBA was added. The copolymeriza-
tion reaction occurred at 60 °C for 6 h under N2 bubbling. 
A cylindrical poly(VP-co-AA-co-CD-co-Fe(phen)3) gel was 
prepared by injecting the pre-gel solution into glass cap-
illaries (inner diameter: 0.5 mm) and removed the glass 
capillaries by hydrofluoric acid treatment. The obtained 
gels were immersed in distilled water for a week by daily 
change water.
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2.3 � Characterization

SEM micrograph: The gels were freeze-dried before 
covered with a conductive coating. The SEM micro-
graph was obtained on a JSM-6701F scanning electron 
microscope(JEOL, Japan) and the surface morphology was 
observed at 20 kV.

Equilibrium swelling measurement: The equilibrium 
swelling ratio of gels in distilled water, the reduced state, 
and the oxidized state were investigated and 0.01 mol L−1 
Ce(SO4)2 (I = 1.0 mol L−1) and Ce2(SO4)3 L−1 (I = 1.0 mol L−1) 
solutions were used as the oxidizing and reducing agents, 
respectively. A block of dry gel was immersed in the 
above-mentioned media for 24 h, taken out and weighted 
after the remaining solution on the surface was absorbed. 
The swelling ratio of the samples was calculated using the 
following formula:

where SR is the swelling ratio, Wt and Wd are the quality of 
the gel in swelling equilibrium and dry gel, respectively.

Volume self-oscillation measurement: A cylindrical 
poly(VP-co-AA-co-CD-co-Fe(phen)3) gel was put on a slide 
and a drop of BZ solution (containing 0.50 mol L−1 MA and 
0.15 mol L−1 KBrO3) was added to observe the volume and 
color self-oscillation and the chemical wave propagation. 
Time-lapse imaging at room temperature was recorded on 
a stereomicroscope (Olympus, BX53).

Potential self-oscillation measurement: The experi-
ments were performed in a glass reactor (ca. 50  ml) 

SR =
(

Wt −Wd
∕Wd

)

coupled with an SY-601 thermostat and a Model ML-902 
magnetic stirrer. The prepared gels were cut into cuboid 
(length: 30 mm, width: 20 mm, thickness: 2 mm) and 
immersed in BZ system as described above at 20 °C. A 
CHI-832 electrochemistry analyzer (Shanghai Chenhua 
Instrument Company, China) was connected directly to 
the reactor through a Pt-electrode (Rex, 213, China) as 
the working electrode and an Hg2SO4 reference elec-
trode to record the potential change.

3 � Results and discussion

3.1 � SEM images analysis

Figure 2 shows the SEM images of the prepared self-
oscillating gels. It is found that the gels exhibit pore 
structure just like honeycomb and the pore diameter 
is smaller than that of the poly(VP-co-AA-co-Fe(phen)3) 
gel [28]. Moreover, the pore diameter decreases with the 
increasing of β-CD content. This is closely related to the 
molecule structure of β-CD with a truncated cone struc-
ture having hydrophobic inner cavities and hydrophilic 
outer surface [29].

3.2 � Equilibrium swelling ratio

The equilibrium swelling ratios of the prepared gels in dis-
tilled water, 0.01 mol L−1 Ce2(SO4)3 solution (I = 1.0 mol L−1) 
and 0.01 mol L−1 Ce(SO4)2 solution (I = 1.0 mol L−1) are 
shown in Table 2. The swelling ratios in distilled water 
are much greater than which in Ce2(SO4)3 and Ce(SO4)2 
solutions for the effect of ionic strength. In addition, the 
swelling ratios for the Fe(phen)3 moiety in the oxidation 
state are greater than which in the reduction state. The 
reason may be lying in the more positive charge in the 
oxidation state making the hydrophilicity of the gel chain 
being stronger than which in the reduction state [30]. It 
can also be found that the swelling ratios decrease with 
the increasing of β-CD content. Due to the large mol-
ecule structure of β-CD, the holes become smaller with 
the increasing of β-CD content (as shown in Fig. 2d), and 
the swelling ratios decrease correspondingly.
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Fig. 1   The chemical structure of the self-oscillating gel

Table 1   The amounts of 
reactants in each prepared gel

Samples Fe(phen)3 (g) AA (mL) β-CD (g) VP (g) APS (g) MBA (g)

G1 0.025 4.000 0.025 0.700 0.010 0.010
G2 0.025 4.000 0.050 0.700 0.010 0.010
G3 0.025 4.000 0.100 0.700 0.010 0.010
G4 0.025 4.000 0.200 0.700 0.010 0.010
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3.3 � Self‑oscillating behavior

Figure 3 shows the redox potential self-oscillating behav-
ior of the prepared gels in the BZ aqueous solution free 
of catalyst and acid. The figures on the left are the redox 
potential as the function of time and the enlarged figures 
in the red rectangle are on the right. It can be seen that a 
long-lasting and larger amplitude self-oscillating polymer 
under mild conditions was obtained. The G1 gel can oscil-
late continuously more than 5 h. The long-lasting oscil-
lation gel with large amplitude under mild conditions is 
beneficial for development of biomimetic materials that 
can undergo self-oscillation without external stimuli. 
According to the mechanism of the classical BZ reaction 

[3], the bromination and oxidation reactions of organic 
species by acidified bromate in the presence of a metal 
catalyst accompanied by a periodical change of catalyst in 
the oxidation and reduction states. The catalyst is neces-
sary to observe the oscillating phenomenon when MA is 
used as the organic species. Therefore, the redox poten-
tial oscillating observed in Fig. 3 demonstrated that the 
Fe(phen)3 moiety copolymerized in the gels could catalyze 
the BZ reaction as Ce4+/Ce3+ couple. Moreover, due to dif-
ferent copolymerized β-CD content and different three-
dimensional network structure of the prepared gels, the 
oscillation period and amplitude are different. Maybe the 
reason lies in the different diffusion rate of the BZ solution 
in the gels.

In contrast, the equilibrium swelling ratios of the pre-
pared gels decrease drastically with the increasing of 
β-CD content. Moreover, the differences between the 
oxidation state and the reduction state also decrease. 
The G2 was selected to observe the volume self-oscil-
lation and chemical wave propagation. Figure 4 shows 
successive profiles of the cylindrical poly(VP-co-AA-co-
CD-co-Fe(phen)3) gel volume and color self-oscillating 
phenomenon under constant temperature. When the 
prepared gel was immersed in the BZ solution free of 

Fig. 2   The SEM images of the prepared gels (a G1; b G2; c G3; d G4)

Table 2   The equilibrium swelling ratio for the gels in different solu-
tions

Samples H2O Ce(III) Ce(IV)

G1 512.89 7.03 9.66
G2 283.17 6.51 8.74
G3 229.28 6.42 8.45
G4 133.69 6.18 6.84
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Fig. 3   Typical oscillation waveform of the redox potential of gels in the BZ system (a G1, b G2, c G3, d G4). Common conditions: 
[MA]0 = 0.50 mol/L, [KBrO3]0 = 0.15 mol/L, temperature: 20 °C
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catalyst and acid, the redox potential self-oscillation 
was observed. The result indicated that the immobi-
lized Fe(phen)3 in the gel did act as the catalyst of the 
BZ reaction just as Ru(bpy)3 moiety. Also, the copolymer-
ized AA could provide H+ which is necessary for the BZ 
reaction. Therefore, the BZ chemical oscillating reaction 
occurs inside the gels and Fe(phen)3 moiety is oxidized 
by the intermediates and reduced periodically. Due to 
the hydrophilicity of Fe(phen)3 moiety being larger in 
the oxidized state than in the reduced state, the volume 
of the gel changes periodically synchronizing with the 
color changing between red and light blue. Moreover, 
the chemical wave generates and propagates in cylin-
drical poly(VP-co-AA-co-CD-co-Fe(phen)3) gel. In the gel, 
the amplitude of diameter oscillation is about 40 µm to 
approximately 10% of its initial diameter. The period of 
volume oscillation is approximately 200 s as shown in 
Fig. 5, which is in good agreement with the redox poten-
tial oscillation. The chemical wave propagation velocity 
is approximately 50 µm/s. In addition, the oxidized and 
reduced states gels in the process of self-oscillation are 
shown in Fig. 6. It can be seen that the amplitude is much 
larger than poly(VP-co-AA-co-Fe(phen)3) gel [28]. This is 
identical with the results in Table 2. However, in the oxi-
dized and reduced states, the diameter differences of 

the gels in the BZ solution are smaller than which in the 
Ce2(SO4)3 and Ce(SO4)2 solutions. This is due to the gels 
reaching the equilibrium swelling state in the Ce2(SO4)3 
and Ce(SO4)2 solutions whereas there is not enough time 
to reach equilibrium swelling state and the gels have 
been oxidized or reduced by the BZ intermediates in the 
BZ system.

Fig. 4   Time course of chemical wave propagation in poly(VP-co-AA-co-CD-co-Fe(phen)3)gel in the BZ solution containing 0.3 mol L−1 MA 
and 0.1 mol L−1 KBrO3 at 20 °C
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Fig. 5   Profiles of swelling/deswelling oscillation for the poly(VP-co-
AA-co-CD-co-Fe(phen)3) gel at 20 °C
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4 � Conclusion

In conclusion, a novel BZ type self-oscillating gels 
poly(VP-co-AA-co-CD-co-Fe(phen)3) was prepared suc-
cessfully with Fe(phen)3 as the catalyst of the BZ reac-
tion. The volume, color, and the redox potential self-
oscillation were observed synchronizing with chemical 
wave propagation in acid-free conditions. The amplitude 
of diameter oscillation was about 40  µm to approxi-
mately 10% of its initial diameter and that of the redox 
potential about 125 mV at the optimal conditions and 
the oscillation could sustain several hours. Therefore, this 
self-oscillation gels would have wider application pros-
pect as a novel biomimetic materials and further stud-
ies on control of oscillating behavior as well as practical 
applications are expected.
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