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The spatiotemporal chemical structure in the Belousov-Zhabotinsky (BZ) reaction was studied using spherical
beads of ion-exchange resin doped with ferroin by changing the size of the beads. Above an upper critical
size (ca. 0.8 mm in diameter), chemical waves emerge and propagate on the surface of a bead by forming a
target or spiral pattern. Below a lower critical size (ca. 0.62 mm in diameter), uniform global oscillation over
the entire bead is observed; i.e., no traveling wave is observed. Between these upper and lower critical sizes,
the reaction is bistable with regard to the two different modes, i.e., uniform oscillation and a traveling wave.
This experimental trend is discussed in terms of competition between the growth rate and diffusion rate of
the activator.

Introduction

Oscillatory chemical reactions have attracted much interest
as being representative of spatiotemporal self-organization under
thermodynamically open conditions. Among such oscillatory
chemical systems, the Belousov-Zhabotinsky (BZ) reaction is
the most famous.1,2 This oscillatory reaction was discovered by
Belousov when he was studying chemical reactions in aqueous
solution as a model of the cytoplasmic metabolism of natural
organic acids.3 Thus, the BZ reaction is considered an in vitro
model of living matter. Exotic spatiotemporal structures, such
as target and spiral patterns and Turing instability, have been
observed in actual experiments on the BZ reaction and its
modifications.4-7 Most of the experiments on the spatiotemporal
structures in the BZ reaction have been performed for systems
at a scale larger than 1 cm. This may be due to the ease of
experimental handling and visual observation. On the other hand,
the scale of living cells is much smaller than 1 cm. Thus, it
may be useful to examine the effect of a small volume on an
oscillatory chemical reaction. The purpose of this study was to
investigate the effect of the spatial scale on spatiotemporal
structures by adapting the BZ reaction as a typical nonlinear
dynamical system in chemistry.

Maselko and Showalter observed the generation and propaga-
tion of a spiral wave on the surface of single spherical beads
0.5-1.4 mm in diameter and loaded with ferroin.8 Nishiyama
studied the coupling between bead oscillators 0.07-0.15 mm
in diameter, where individual beads exhibit homogeneous
oscillation instead of generating a traveling wave.9,10 It has also
been reported that homogeneous oscillation is observed in the
BZ reaction with ion-exchange beads 0.2-0.8 mm in diameter.11

In this experiment, the oscillation frequency decreased with a
decrease in the size of the beads, which was attributed to escape

of the activator HBrO2 through the interface. In a summary of
these current studies on the finite-size effect in the BZ reaction,
it is clear that a traveling wave is generated for systems larger
than about 1 mm, whereas homogeneous global oscillation is
observed for smaller systems. However, there seems to have
been no systematic study on the size in the transition of the
spatiotemporal structure between a traveling wave and homo-
geneous global oscillation. In this study, we investigated the
BZ reaction in isolated ion-exchange resin beads doped with
ferroin, with special attention on the effect of the size of beads
ranging from 0.1 to 1.3 mm in diameter.

Experimental Section

The experiments were performed for isolated beads bathed
in aqueous BZ solution without catalyst. The oscillatory reaction
proceeds only on beads doped with catalyst. Ferroin solutions
were prepared from 1,10-phenanthroline and iron(II) sulfate
heptahydrate (Wako Pure Chemical Industries, Ltd.). Sulfuric
acid and molonic acid were obtained from Wako Pure Chemical
Industries, Ltd., and sodium bromate was from Nacalai Tesque.
The cation-exchange resin (Dowex 50W-X4) loaded with ferroin
was prepared by mixing 1 g of beads with 10 mL of ferroin
solution [Fe(phen)32+] ) 3.6× 10-3 M and then stirring gently
for 1 h. All measurements were carried out at 23°C. All
observations were made on a Petri dish (5 cm in a diameter)
under a microscope (DIAPHOT-TMD, Nikon) and monitored
with a CCD camera (CCD-S1, Shimadzu). Experimental images
were processed by subtracting each image from the time-average
signal as a background.12

Results

Figure 1 shows the time evolution of the spatial pattern on
spherical beads with a diameter of 1.03 mm, together with a
snapshot of the whole view, (a) just after the start of the
experiment and (b and c) after 90 min. The beads loaded with
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ferroin were placed in a Petri dish containing BZ solution to a
depth of 5 mm. The spatiotemporal change in the BZ reaction
is observed as a change in the intensity of transmitted light. At
the initial stage of the experiments, chemical waves tended to
be generated in a random manner, as in Figure 1a. After several
tens of minutes, however, a stable spiral wave prevails over
the entire surface of the bead, as in Figure 1b (front view) and
Figure 1c (side view). These characteristic spiral waves are
generated in a stationary manner for up to several hours. Similar
spiral waves have been observed on bead oscillators (0.5-1.4
mm in diameter) by Maselko and Showalter.8

Figure 2 shows the oscillation in a bead with a diameter of
0.41 mm. The spatiotemporal diagram on the right in Figure 2
clearly indicates the all-or-none nature of the firing over the
bead; i.e., the oscillation is homogeneous the bead. Similar
homogeneous global oscillation has been reported by Nishiyama
for beads with diameter of 0.07-0.15 mm.9,10

The results of observations for behavior are summarized in
Figure 3. Depending on the diameter, two types of space-time
behavior are observed. The propagation of chemical waves is
always observed for beads larger than 0.81 mm in diameter,

and uniform rhythm is always observed below 0.62 mm. For
the intermediate region of 0.62-0.81 mm, chemical waves tend
to appear for the initial several minutes and then are replaced
by a uniform global rhythm. No chemical wave is generated
for beads less than 0.6 mm in diameter, even though the
characteristic width of the wave front (ca. 0.1 mm) is much
smaller than the diameter of the bead. The decrease in the
oscillatory frequency with a decrease in size, as shown in Figure
3, is attributable11 to the escape of the activator from the surface
of the beads, being different from the experiments on larger
experimental systems above the size of 1 mm.

Discussion

It is well-known that the spatiotemporal structure in a
reaction-diffusion system is usually insensitive to the boundary
condition or to the size or shape of the field.13,14 This may be
true for any system larger than approximately 1 cm. On the
other hand, the present results clearly show that the mode of
spatiotemporal pattern formation switches at a diameter of
around 0.6-0.8 mm.

We now discuss why size has such a significant effect in a
system smaller than 1 mm. As for the kinetics of simple
diffusion, the diffusion length,l, is roughly proportional to the
square of time,t.

The diffusion constantD is only weakly dependent on the
molecular weightM, D ∝ M1/3, and is on the order of 10-5

cm2/s in usual aqueous solution. In contrast, a traveling wave
in a reaction-diffusion system exhibits a constant speed as it
propagates in a stationary solution. Thus, the traveling length,
l, is given as

wherecp is the velocity. Therefore, it is apparent that simple
“diffusion” is important over a short time scale. A crossover of
the two kinetic processes, simple diffusion and wave propaga-
tion, will occur at the critical lengthlc, as shown in Figure 4.

Let us estimate the change in the effective diffusion constant
within the bead reactor. On the basis of the experimental
observation of large beads, as in Figure 1, the velocity and

Figure 1. Spatiotemporal chemical pattern observed on spherical beads
with a diameter of 1.03 mm after (a) 30 min, (b) 90 min, and (c) 100
min after the start of the experiment. The upper pictures are snapshots
of the propagation of traveling waves. The lower pictures are space-
time diagrams.

Figure 2. Global uniform rhythm observed on spherical beads with a
diameter of 0.41 mm. The time interval for (a)-(h) is 22 s.

Figure 3. Dependence of frequency on the bead diameter for the two
different modes of oscillation: closed circle, traveling wave; open circle,
homogeneous oscillation.

l ∼ xDt (1)

l ) cpt (2)

lc ∼ D/cp (3)
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propagation frequency can be estimated to beCbead≈ 0.04 mm/s
and fbead≈ 0.04 Hz, respectively. It has been well established
that, in BZ medium, the wave velocity is roughly proportional
to the square root of the diffusion constant, c∝ xk5D,15 and
that the reaction rate constantk5 is roughly proportional to
the frequency,f, wherek5 is the rate constant for the autocat-
alytic process of an Oregonator. On the basis of this consider-
ation, the diffusion constant of the activator in the bead is given
as

The diffusion constant of a low-molecular-weight species in
aqueous solution,Daq, is 2 × 10-5 cm2/s.16 We measured the
traveling waves on BZ medium in the absence of beads under
the same chemical conditions and found that the velocity and
frequency arecaq ≈ 0.06 mm/s andfaq ≈ 0.05 Hz, respectively.
Thus,Dbead should be around 1.1× 10-5 cm2/s. The critical
length on the bead reactor is now estimated to belc ∼ 0.03
mm. This critical length is 1 order of magnitude smaller than
that observed in the experiment (Figure 3).

To gain further insight into the mode-switching between
traveling wave and global oscillation, we performed numerical
simulations on a two-variable Oregonator:17

Here the variablesu and V correspond to the dimensionless
concentrations of HBrO2 and Fe(phen)3

3+, respectively. Since
the catalyst is immobilized on the beads in our experiment,
neglecting the diffusion ofV should give a reasonable ap-
proximation. The parameters areε ) 0.01, f ) 2, µ ) 0.002,
andDu ) 1.18 To interpret the chemical dynamics in the bathing
solution in the absence of the catalyst, we adapt the following
equation:19

Here the first term on the right corresponds to the dispropor-
tionation reaction. The one-dimensional reaction-diffusion field
(eq 5) is related to the diffusion field (eq 6) on both sides.
Integration is carried out by a fourth-order Runge-Kutta
algorithm with a time step of∆t ) 0.01 and on 480 arrays with
no-flux boundary conditions at both ends.

To investigate the effect of the system size, the size is scaled
as

Accordingly, eqs 5 and 6 are converted to

and

respectively. The parameterê is introduced to take into account
the effect of the system size with the same precision, or the
same mesh number, on the numerical simulation. To gain insight
into the essence of the size effect, we have performed the
simulation on one-dimensional system. This is partly due to the
difficulty in performing precise numerical simulation with eq
8 for a large system as in a three-dimensional object.

Figure 5a,b shows the time evolution ofV in a spatially one-
dimensional system withê ) 1 and 0.1, respectively, where
the time evolution of the inhibitor after the application of a small
perturbation (∆u ) 0.002) to the edge of the reaction-diffusion
field is shown. With reference to the scaled variables, the results
of Figure 5a,b correspond to actual sizes of 4.3 and 0.43 mm,
respectively. Figure 5a shows the appearance of a fully
developed traveling wave propagating from left to right, whereas
Figure 5b shows the generation of almost homogeneous global
oscillation. As shown on profiles of the inhibitor in the numerical
simulation in Figure 5b, diffusion is faster than the growth of
the chemical wave, due to the small size of the system. Thus,
the space-time diagrams in Figure 5a,b agree well with the
experimental results in Figures 1c and 2, except for the marked
change in the frequency in Figure 5b. Here, it is to be mentioned
that the difference in the reaction condition between the inner
and outer regions in the spherical beads will also cause a

Figure 4. Schematic representation of the competition between simple
diffusion (eq 1) and a traveling wave (eq 2).

Figure 5. Time evolution of the concentration profile of the inhibitor
V calculated from eqs 8 and 9 for different spatial scales (a)ê ) 1.0
and (b)ê ) 0.1. The parameters areε ) 0.01, f ) 2, µ ) 0.002, and
Du ) 1. Time dependence in a one-dimensional field is given where
the left edge shows an increase inV at t ) 0. The bottom pictures are
the space-time diagrams for the same numerical calculation.
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nonnegligible effect on the manner of oscillation. For example,
the failure of the simulations to show a marked decrease in
periodicity with a decrease in size would be due to the difference
in the spatial dimensionality between the experiment with bead
oscillators (three-dimensional) and the numerical simulations
(one-dimensional).

Conclusion

We studied the size dependence of the spatiotemporal pattern
in the BZ reaction, occurring on spherical beads. Our results
have shown that, with a decrease in the size of the system, the
spatiotemporal pattern switches from a traveling wave to
uniform global oscillation. This switching is induced as a result
of competition between the growth rate of the chemical wave
and diffusion. Such mode-switching in the spatiotemporal
pattern may be of interest for comparison with spatiotemporal
structures in living cellular systems.
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