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The formation of diverse spiral waves was studied in a polyacrylamide gel membrane with ruthenium(4-vinyl-4'methyl-2,2'-bipyridine)bis(2,2'-bipyridine)bis(hexafluorophosphate) by a gas-free Belousov-Zhabotinisky (BZ) reaction system containing 1,4-cyclohexanedione (1,4-CHD). The gel membrane was found to be receptive for observing
propagating waves since a clearer wave-train is obtained during a long reaction time without any disturbance from the
immobilized metal catalyst which can be dissolved into the highly acidic solution of the BZ system. The distinctive
waves in the system basically depend on both BrO3 and 1,4-CHD in the initial phase, and are influenced by the intensity of illumination of visible light.
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Introduction
Chemical wave formation is one of the central problems in
1-7
the study of modern macroscopic reaction kinetics. Studies
on the Belousov-Zhabotinsky(BZ) reaction and its family, which
are normally understood as catalytic oxidation and bromination
of organic acids, were thoroughly conducted to understand non8
linear phenomena in both animate and inanimate systems. Reaction-diffusion (RD) patterns in the BZ reactions have likewise
been studied for homogeneous and inhomogeneous reaction mix9,10
tures. Small-sized physico-chemical systems as well as biological tissues are found to self-organize into coherent spatiotemporal activity. These biological systems include heart muscle,
aggregating cells in the slime mold Dictyostelium discoideum,
calcium waves in xenopus oocytes, and spreading depression
11-13
For studies on the chemical wave propagain chicken retina.
tion in inhomogeneous conditions, various systems using a catalyst-binding matrix, such as silica gel, polysulfone membranes
14-19
The
and ion-exchange resin, have also been investigated.
BZ reaction with ferroin catalyst immobilized on beads of cationexchange resin offers a convenient experimental system for
studying inhomogeneous excitable mediums. Maselko et al.
studied regular and irregular spatial wave behaviors in BZ
reaction systems with ferroin catalyst of varying cation-exchange
20
resin sizes and concentrations of the reaction solution. Meanwhile, Yoshikawa et al. reported how the oscillating frequency
in a single particle relies on bead size with a similar experi21
mental system to that presented in the study of Maselko et al.
Kurin-Csörgei, Szalai, and Körös reported pattern formation
in CO2 gas free bromate-1,4-cyclohexanedione-ferroin oscillat22
ing reaction system. The absence of gas production makes
this system an attractive candidate for investigating chemical
22-26
Another interesting and dynamic feature
wave formation.
of bromate-1,4-cyclohexanedione-ferroin oscillating reaction
is its complicated response to illumination. Kurin-Csörgei et al.
reported that illumination with moderate intensity results in an
increase in frequency of oscillations and wave speed in bro-

mate-1,4-cyclohexanedione-ferroin reaction; however, stronger
23
illumination eliminates wave activity.
Huh et al. previously reported a characteristic wave propagation in the bubble-free BZ reaction system using 1,4-cyclohexanedione with ferroin catalyst that was immobilized in a cationexchange resin.14 In the reaction system, a new kind of wave
is induced spontaneously under a long time lag after the disappearance of the initially induced wave. This is an unusual
phenomenon that has not been obtained in the BZ reaction using
malonic acid, wherein an initially induced wave propagates
continuously without a break for a new wave. Huh et al. also
reported the influence of visible light on the formation of characteristic wave behaviors obtained in a bromate-1,4-cyclohexanedione-ferroin reaction system, which was used to uncover
the chemical reaction mechanism for the unusual wave behavior
27
in the bubble free system. However, there are unchanged denunciations for the formation of the revival wave whether it is
induced by a pure chemical process or by another effect such
as reaction medium. It has not been well studied even though
we admit that a discrete nature of cation-exchange resin that
can act as an initiating site of a new wave.
Differently from resin beads, polymer gel provides a crosslinked polymer network. It is swollen in solvent, and many kinds
of polymeric gels that undergo abrupt volume change in response
28
to external stimuli, such as a change in solvent composition,
29,30
31
32
pH, and electric field, have been developed
temperature,
over the last two decades. Gels consisting of N-isopropylacrylamide (NIPAAm), which swell by cooling and deswell
33,34
Yoshida et al. introby heating, have been widely studied.
duced a novel self-oscillating gel that autonomously swells
and de-swells periodically without any external stimuli by coupl35,36
ing a gel with the oscillating dynamics of the BZ reaction.
This is prepared using a copolymer gel of a temperature2+
responsive NIPAAm in which Ru(bpy)3 is covalently bonded
to the polymer chain, and then acts as a catalyst of the BZ reaction.37 Such self-oscillating behavior may create new possibilities for polymer gels as new functional materials demonstrat-
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ing rhythmical motion or self-beating. Similarly, the gel membrane can be used as an effective reaction medium for RD pattern
formation in the BZ systems since the discrete nature in the cation-exchange resin system is relaxed by the homogeneous thin
gel membrane.
Due to the easy implementation of external perturbation,
photosensitive reaction-diffusion media have been employed
frequently in an effort to understand the interactions between
38-45
Among these
intrinsic dynamics and external perturbations.
studies, the photosensitive BZ reaction has been primarily employed as the model system, resulting in the oxidation and bromination of malonic acid by acidic bromate present in a metal
2+
catalyst, Ru(bpy)3 . For example, Vanag et al. recently showed
multi-phase oscillatory cluster pattern formation in a light-driven
40,41
Showalter and his group employed spatioBZ medium.
temporal random, forcing to manifest the constructive role of
42,43
They reported the presence
noise in sub-excitable BZ media.
of spatiotemporal stochastic resonance in a noisy BZ medium,
in which the presence of random variation in external light intensity significantly improved the propagation of wave segments.
Müller et al. used illumination to create and manipulate the dynamics of spiral waves, including the formation of multi-armed
45
spirals and feedback perturbations that govern spiral drift.
Here, we report the emergence of diverse spiral waves in a
modified BZ reaction system adopting 1,4-CHD instead of
malonic acid sustained in a catalyst-immobilized gel membrane.
The use of catalyst-immoblized gel membrane provides several
advantages compared to the widely used ferroin loaded cationexchange resin system. The disturbance in wave propagation
induced from the secession of the immobilized metal catalyst,
which has been set into the highly acidic aqueous solution, is
eliminated because the metal catalyst has been covalently bonded
in the gel membrane system. In addition, a discrete nature of
the inhomogeneous medium of resin beads, which can serve
as an initiating point to trigger a new wave, can also be relaxed
in the gel membrane system. The dependence of the complex
patterns on the reaction conditions is summarized in the phase
diagram spanned by [BrO3‒]0 and [1,4-CHD]0, wherein subscript
0 means that the concentrations are in the initial phase. The
effect of visible light illumination on the propagation of wave
pattern in the gel membrane system was also studied by the
variation of the intensity of the illumination.
Experimental
Materials. The metal catalyst monomer, (4-vinyl-4'-methyl2,2'-bipyridine) bis (2,2'-bipyridine) bis (hexafluorophosphate)
2+
(hereinafter abbreviated as Ru(bpy)3 monomer), was purchased from Fuji Molecular Planning Ltd. (Japan). Acrylamide
(AAm) as a backbone monomer for the gel membrane, N,N'methylenebisacrylamide (cross-linker), ammonium persulfate
(APS, initiator), and N,N,N',N'-teramethylethylenediamine
(accelerating agent), were purchased from Sigma Aldrich. All
reagents were used without further purification. Working solutions for the BZ reaction were prepared from the stock solutions
of 0.6 M 1,4-cyclohexanedione (Fluka, 98%, 1,4-CHD), 0.75 M
sodium bromate (Aldrich, 99%, NaBrO3), all of which were
dissolved in deionized water, and 4 M nitric acid (Aldrich, 98%,
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Modified BZ reaction solution except a metal catalyst
‒
(1,4-CHD + BrO3 + H+)

2.0mm
1.5mm
Petri dish
Poly(AAm-co-Ru(bpy)32+) gel membrane

(b)

Figure 1. (a) Reaction scheme of the gel membrane, and (b) the struc2+
ture of Poly(AAm-co-Ru(bpy)3 ] gel membrane.

HNO3) diluted with deionized water.
Synthesis of gel membrane and wave propagation. The con2+
centration of the Ru(bpy)3 monomer was fixed to the appropriate concentration: [Ru(bpy)32+ ]0 = 1.75 mM in all experiments. Figure 1(a) shows the scheme of the reaction system
and Figure 1(b) shows the chemical structure of the gel mem2+
brane. The poly(AAm-co-Ru(bpy)3 ) gel membrane was syn35, 36
by dissolving 1.5 g
thesized by the method of Yoshida et al.
2+
of acrylamide, 7.87 mg of Ru(bpy)3 monomer, 0.02 g of N,N'methylenebisacrylamide, and 0.02 g of ammonium persulfate
in 5ml water. After complete dissolution, 5 µL of N,N,N',N'teramethylethylenediamine was added as an accelerating agent
for the formation of a homogeneous thin gel membrane. This
mixture was stirred and immediately transferred to a Petri dish,
whose diameter was 3.5 cm. The gel membrane was washed
with deionized water to remove unreacted monomers and chemicals. The Petri dish was maintained at room temperature of
o
20.0 ± 0.5 C.
All experiments were monitored using a CCD camera (Sony,
SSC-370) equipped with a zoom lens (Niko, 1.4X). The CCD
camera was connected to a personal computer running a frame
grabber (Flash Point, Optimus 6.1). A halogen lamp (Microtech,
Model No. DLS-100HD, 100 W) was used as the light source
for illumination. The light was guided to the Petri dish using
an optical fiber of 5 mm in diameter. All illuminations were applied through the top of the Petri dish. The surface light intensity
‒2
was controlled qualitatively between 0 and 50 mW cm . Single
pulse light perturbations were employed throughout this study.
Consequently, appropriate concentrations of BZ solution, except
the metal catalyst, were poured into the dish to observe wave
+
‒
propagation. The reaction solution of [BrO3 ]0 = 0.15 M, [H ]0 =
1.0 M, and [1,4-CHD]0 = 0.10 M was used as a standard. The
thicknesses of the gel membrane were controlled as constant
1.5 ± 0.2 mm. The solution layer for the BZ reaction was taken
as 2.0 ± 0.3 mm.
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Figure 2. Typical propagation of oxidation waves on the gel membrane
with a spiral wave as a folding spiral style in a modified BZ reaction
system at [BrO3‒]0 = 0.15 M, [H+]0 = 1.0 M, [1,4-CHD]0 = 0.10 M,
2+
and [Ru(bpy)3 ]0 = 1.75 mM taken as a standard: t = (i) 306, (ii) 318,
(iii) 324, (iv) 357, (v) 401, and (vi) 423 min.

(i)

(ii)

(iii)

(iv)

Results and Discussion
Distinctive propagation of the wave pattern in the gel membrane. The gel membrane itself formed a homogeneous uniform
film on the bottom of the reaction Petri dish for the reactiondiffusion pattern by the BZ reaction mixture consisted of 1,4CHD, bromate, and sulfuric acid solution without any other
metal catalyst. The color of the gel membrane was changed by
pouring the reaction mixture from orange to green by oxidiz2+
ing the metal catalyst of Ru monomer ion. The initial color
of the membrane after mixing the BZ reaction mixture slowly
changed to green, compared to the ferroin catalyst which was
immobilized on the cation-exchange resin.27 This shows that
the gel membrane system sustaining the metal catalyst by the
cross-linking network has a slower sensitivity to the oxidation
and reduction change by the reaction of the environmental solution. Figure 2 shows typical spiral waves obtained in the gel
‒
membrane under the standard conditions of [BrO3 ]0 = 0.15 M,
+
[H ]0 = 1.0 M, and [1,4-CHD]0 = 0.10 M. The variation of concentration was done on the basis of this standard condition. A
long period of induction time was necessary for a pattern formation in this gel system as shown in step (i). After about 300
min, segmented spiral waves were formed spontaneously in

(b)
Figure 3. The wave propagating patterns in the gel membrane at differ‒
ent [BrO3 ]0. The concentration of the other reactants was fixed at a
standard condition similar to Figure 2. Pattern (a) shows the images
obtained at [BrO3‒]0 = 0.125 M, t = (i) 300, (ii) 360, (iii) 390, and (iv)
420 min, respectively. Pattern (b) shows the images at [BrO3‒]0 =
0.175 M, t = (i) 321, (ii) 408, (iii) 428, and (iv) 470 min, respectively.

the gel membrane, showing a folded pattern dependent on the
initial concentration of the reactants as shown in steps (ii) to
(vi). The induction time for the wave initiation of ~ 300 min
was very long compared to the system using ferroin immobilized cation-exchange resin, wherein the initial wave was induced
27
after ~ 30 min upon pouring of the reaction mixture. It can be
interpreted by the reason that the metal catalyst in the gel mem-
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(ii)

(iii)
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Figure 4. Propagating wave dynamics depending on [1,4-CHD]0. The
concentration of other reactants was fixed at a standard condition similar
to Figure 2. Pattern (a) is obtained at [1,4-CHD]0 = 0.075 M, t = (i) 310,
(ii) 350, (iii) 400, and (iv) 430 min. Pattern (b) is obtained at [1,4CHD]0 = 0.05 M, t = (i) 321, (ii) 375, and (iii) 430, and (iv) 470 min,
respectively. Images in (a) show typical spiral waves without folding,
while images in (b) show the pattern of ripple wave.

brane system is covalently bonded in a gel network where the
diffusion of reaction intermediates through the networked gel
membrane may be rather slow compared to the catalyst-coated
resin system. However, after 318 min the propagating waves
penetrating the reduced gel membrane appear to be very clear
as shown in steps (ii) - (vi). The initiation and propagation of
these waves appeared in the form of a spiral where the center
acts as a sink wherein incoming waves disappear. To maintain

1959

this spiral pattern, new wave emerges at the periphery, i.e., at
the boundary between the basins of two adjacent spiral waves
(Figure 2. (ii) - (iv)).
‒
Dependence of the wave on [BrO3 ]0 and [1,4-CHD]0. Wave
propagation of this system with a longer wavelength, clearer
wave-train patterns, and longer duration period allows for a
more detailed observation of wave characteristics, although it
is still dependent on the reaction conditions. The concentration
‒
dependence of the patterns on [BrO3 ]0 and [1,4-CHD]0 was
examined within 0.125 - 0.2 M and 0.025 - 0.175 M, respec‒
tively. When [BrO3 ]0 or [1,4-CHD]0 was varied, the concentrations of other reagents were fixed with the condition as used
for those in Figure 2. The induction and the duration times
increased with the increase in [BrO3‒]0, contrary to the case for
[1,4-CHD]0, which will be discussed in succeeding subsections.
Figure 3 shows the propagation dynamics of the oxidation
‒
waves obtained over the gel membrane at different [BrO3 ]0.
‒
At [BrO3 ]0 = 0.125 M as shown in Figure 3(a), the waves were
similar to those in Figure 2 (0.150 M), but their appearance
was neither clear nor distinct. These patterns appeared about
360 min after the start of the reaction, and culminated at about
420 min without the clear appearance of spiral patterns as shown
in stages (ii) to (iv). In contrast, a well-defined pattern was ob‒
served at [BrO3 ]0 = 0.175 M as shown in Figure 3(b), where
clear and concentric patterns were initiated at the bottom of the
gel membrane at 408 min. Propagation of the wave changed
into a spiral pattern at a later stage after 20 min from the initiation as shown in (iii). The succeeding wave of similar pattern
was initiated at the core located very close to the center of the
earlier waves. Furthermore, these waves coalesced and dispersed
with the same velocity from initiation to disappearance. This
type of wave disappeared at 470 min from the initiation as shown
in stage (iv). It is well known that the velocity of ordinary BZ
waves traveling in an excitable medium is proportional to
‒ 1/2 1,5
([BrO3 ]0) . However, the dependency of wave velocity in
our system does not exactly hold. The velocity is not exactly
‒ 1/2
proportional to ([BrO3 ]0) ; rather, the velocity was constant
as 0.2 ± 0.02 mm/min, without large change, even if the concentration changed from 0.125 M to 0.175 M. Compared to
the excitable system using the catalyst immoblized resin system,
27
the propagating velocity is very low. This can be interpreted
by the fact that the kinetics of redox reaction are perturbed and
therefore physical diffusion phenomenon has a significant role
in the formation of the traveling wave in the gel membrane
system, wherein the linear relationship between the velocity of
‒ 1/2
the waves and ([BrO3 ]0) could not hold.
Figure 4 shows the dependence of wave patterns on the concentration of [1,4-CHD]0 at the conditions where the other parameters were kept constant. Figure 4(a) shows a traveling wave
obtained by the condition [1,4-CHD]0 = 0.075 M. Differently
from the folded spiral wave shown in Figure 2, stage (i) shows
a typical evolution of a spiral pattern with a longer wavelength
from one initiating core. The wave succeeded continuously with
the same patterns as shown in stage (ii). These waves disappeared at the same point where the initiation occurred as shown in
stage (iii). Figure 4(b) shows the behavior of the waves at [1,4CHD]0 = 0.05 M. At this low concentration of [1,4-CHD]0, the
initiation occurred at the periphery region of the gel at 375 min

1960

Bull. Korean Chem. Soc. 2010, Vol. 31, No. 7

Bong Seong Kim et al.

0.2

[1,4-CHD]0 (M)

0.15

0.1

(i)

(ii)

0.05

0

0.05

0.1

0.15

0.2

0.25

[BrO3‒]0 (M)
‒

Figure 5. Phase diagram of the wave dynamics on the [BrO3 ]0 - [1, 4CHD]0 plane, showing a folding spiral wave shown in Figure 2 (◎),
spiral pattern with a longer wavelength with one initiating core as
shown in Figure 4(a) (◯), concentric and ripple wave propagation
shown in Figure 3(b) and 4(b) ( ), and no-wave formation region
(◆).

as shown in the stage (ii) with a ripple pattern and the wave
slowly propagated along the medium without the formation of
a concentric pattern. This ripple wave is completely different
in wave pattern propagation compared to those in Figures 2,
3(a) and 4(a), wherein an initiation core for the spiral wave
formation exists. Thus, the circular wave initiated at the periphery of the catalyst gel spread outward to become a ripple
wave. And newly generated propagating waves coalesced until
it sufficiently consumed of 1,4-CHD. Upon comparison of the
propagating wave patterns of Figure 4(a) and 4(b), we can
easily see that the front part’s initiation and propagation is
governed so much by the initial concentration of 1,4-CHD.
‒
Variations in [BrO3 ]0 and [1,4-CHD]0 caused different wave
patterns. In any of these cases, the redox profile of the catalyst
distributed in space formed target patterns. The oxidation wave
began to propagate outwards through the reduced medium.
After a certain time the second wave originated at the leading
center followed the first wave.
‒
The waves obtained at different [BrO3 ]0 and [1,4-CHD]0 in
the present system show patterns depending on the reaction
condition, with a longer wavelength, clearer wave-train patterns,
and longer duration period. The oscillatory period decreased
with increasing [BrO3‒]0, and increased along with an increasing
[1,4-CHD]0. The induction time increased with increasing
‒
[BrO3 ]0, but decreased with increasing [1,4-CHD]0. By increasing [1,4-CHD]0, the spiral wave was generated from the center
or the peripheral region.
‒
Phase diagram on [BrO3 ]0 - [1,4-CHD]0 . Figure 5 shows the
phase diagram of the wave dynamics in the [BrO3‒]0 - [1,4CHD]0 plane, which can be roughly divided into four regions:
the folding-spiral waves propagating into inside from outwards
(Figure 2); spiral waves with large wave length by a single
initiating core (Figure. 4(a)); ripple waves with concentric propagation (Figure 4(b)); and the absence of wave formation. The
phase diagram clearly shows that the wave types obtained in

(iii)

(iv)
(a)

(i)

(ii)

(iii)

(iv)
(b)

Figure 6. The effect of illumination of visible light on the wave propagation in a gel membrane depending on the intensity of the illumination at [BrO3‒]0 = 0.15 M, [H+]0 = 1.0 M, [1,4-CHD]0 = 0.05 M, and
2+
[Ru (bpy)3 ]0 = 1.75 mM. Pattern (a) shows the images obtained at the
intensity of illumination of 15 mW-2. Image (i) shows the behavior
right before illumination, images (ii) and (iii) show the state during
the illumination with 60 s. Image (iv) shows the image 5 min after the
end of illumination. Pattern (b) shows the images obtained at the intensity of the light illumination of 40 mW‒2. Image (i) shows the perturbation by the single pulse light for 60 s. Images (ii) are recorded at 5 min
after the illumination. Image (iii) and (iv) show the state recorded at
20 and 40 after the illumination, respectively.

this system depends greatly on [1,4-CHD]0 as shown in the diagram. In the regions lower than a critical concentration of [1,4CHD]0, a spiral pattern was not obtained, rather a concentric
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ripple wave propagating outward was formed. Thus, the waves
changed their phases across the bifurcation lines on the [1,4‒
CHD]0 - [BrO3 ]0 plane. The decrease in the concentration of
the chemicals in accordance with the progress of the BZ reaction
changes the morphology of transient waves by splitting into
diverse spiral waves. Beyond the critical concentrations, no
waves appeared in the system.
The effect of visible light illumination on the waves in the
gel membrane system. Figure 6 presents a series of snapshots
showing the photosensitivity of the waves in the gel membrane
system depending on the intensity of the illuminating light. The
‒2
‒2
intensity of light applied was 15 mW cm and 40 mW cm for
Figure 6(a) and 6(b), respectively. The initial compositions of
the reaction solution were [1,4-CHD]0 = 0.05 M, [BrO3‒]0 =
+
0.15 M, and [H ]0 = 1.0 M, which correspond to the condition
that induce ripple wave as shown in Figure 4(b). A single pulse
‒2
illumination with a moderate intensity as 15 mW cm , which
lasted for 60 s, did not cause a modulation of the wave pattern
as shown in stage (ii) in Figure 6(a). However, succeeding illumination with additional 60 s deformed a little the propagating
pattern as shown in stage (iii). However, the propagating wave
was rapidly recovered into its original state when the illumination
was stopped, as shown in stage (iv), similar to the pattern of
stage (i) prior to illumination. However, when a stronger illu‒2
mination of 40 mW cm was applied to the gel membrane system, wave propagation became greatly affected by illumination
as shown in Figure 6(b). After the perturbation by the single
pulse illumination for 60 s (stage (i)), a clear disturbance by
the illumination, in which the propagation of wave is broken
simultaneously with the initiation of a spiral pattern as shown
in stage (ii). Stages (iii) and (iv) clearly show the change of wave
pattern from their original propagation prior to illumination;
this brought out a rapid disappearance of the wave as shown in
stage (iv). Similarly, we can easily see that the illumination of
a visible light by a stronger illumination induces a deep shadow
in front of the wave propagation like as a 3-D pattern. This may
have been caused by the thickness of the gel membrane.
Conclusion
In this study, we observed the complex spiral waves appearing
2+
in the reaction system wherein the poly(AAm-co-Ru(bpy)3 )
gel membrane was used as a metal catalyst for the BZ reaction. The patterns basically depended on [BrO3‒]0 and [1,4CHD]0, which is evidenced in the variation of wave patterns
caused by the initial conditions of the reaction system. Our
experimental results suggest that a kind of gel membrane where
the metal catalyst is covalently immobilized provides a superior
reaction medium for the RD pattern formation in the BZ type
reaction system. This may be a result of the eliminated disturbance in wave propagation induced from the secession of the
immobilized metal catalyst into a highly acidic solution since
the metal catalyst is covalently bonded in the gel membrane
network. Obviously, there is a great difference in the pattern
formation between in the membrane and in the discrete beads
medium comprising an initiating point for triggering a new
wave. And differently from the ordinary BZ waves traveling
in an excitable medium, the velocity was not proportional to
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‒ 1/2
([BrO3 ]0) . The dependency of wave velocity in our system
does not exactly hold, rather the velocity was constant as 0.2 ±
0.02 mm/min without large change by varying the concentration
‒
of BrO3 .
Based on our studies on the effect of visible light illumination,
we found that wave propagation was greatly photosensitive to
intense illumination. Stronger illumination greatly modulated
the pattern of wave propagation and eliminated wave activity;
23
these results are similar to those of Kurin-Csörgei et al. in
the ferroin-immoblized resin system using a modified BZ system
with 1,4-CHD. The weak photosensitivity of the wave pattern
in this gel system may be due to the metal catalyst being covalently bonded through the cross-linking present in the gel network. However, continuous studies are on progress in our group
to uncover the effect of illumination in more detail.
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