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Wave Propagation in the Photosensitive Belousov—Zhabotinsky Reaction Across an
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The photosensitive Belousov—Zhabotinsky (BZ) reaction was investigated at an asymmetrically illuminated
gap, which was drawn using computer software and then projected on a filter paper soaked with BZ solution
using a liquid-crystal projector. The probability of the chemical wave passing through the gap with asymmetric
illumination was different from that through its mirror image. The location at which the wave disappeared
and the time delay of the chemical wave passing through the gap changed depending on the velocity of
chemical wave propagation. The experimental results were qualitatively reproduced by a theoretical calculation
based on the three-variable Oregonator model that included photosensitivity. These results suggest that the
photosensitive BZ reaction may be useful for studying spatiotemporal development that depends on the

geometry of excitable fields.

Introduction

Experimental and theoretical studies on wave propagation in
excitable media may help us not only to understand signal
processing in biological systems,' such as nerve impulses,>* but
also to create novel methods for artificial processing, such as
image processing*~’ and information processing,®”!* based on
a reaction-diffusion system. Characteristic features of wave
propagation and oscillation on the Belousov—Zhabotinsky (BZ)
reaction have been experimentally and theoretically clarified as
an excitable or oscillatory chemical system.'*'® As an applica-
tion of the BZ system, there have been many studies on the
features of wave propagation in excitable fields with various
geometries.!” "

A photosensitive experimental setup for the BZ reaction®>122526
makes it easier to create excitable fields with various geometries,
which are drawn by computer software and then projected on
a filter paper soaked with BZ solution using a liquid-crystal
projector.'*?7 In this case, light illumination produces bromine,
which inhibits the oscillatory reaction; i.e., the degree of
excitability can be adjusted by changing the intensity of
illumination. Therefore, the number of chemical waves and their
locations can be spatiotemporally regulated by the local il-
lumination of unwanted waves.'*?%? As one of various systems,
Téth et al. reported a numerical model of the photosensitive
BZ system that was illuminated asymmetrically as a chemical
diode.®® Although the theoretical prediction on the chemical
diode was reproduced experimentally as a related experimental
system,?! the detail features on the chemical diode behavior,
e.g., features of hysteresis and wave propagation, have not yet
been observed both experimentally and numerically.

In the present study, we examined the characteristic features
of wave propagation through a rectangular field with a gap that
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was illuminated asymmetrically. The probability of passage of
the chemical wave differed between two rectangular fields with
gaps that were mirror images of each other. The location at
which the wave disappeared and the time delay of the chemical
wave passing through the gap changed depending on the velocity
of chemical wave propagation. The experimental results were
qualitatively reproduced by a theoretical calculation based on
the three-variable Oregonator model that included photosensitiv-
ity. These results suggest that the photosensitive BZ reaction
may be useful for studying spatiotemporal development that
depends on the geometry of excitable fields.

Experiments

Ru(bpy);Cl,, purchased from Sigma-Aldrich (St. Louis, MO),
was used as a catalyst for the photosensitive BZ reaction. The
BZ solution consisted of [NaBrOs] = 0.47 M, [H,SO4] = 0.31
M, [CHy(COOH),] = 0.16 M, [KBr] = 0.01 M, and
[Ru(bpy);Cl,] = 1.7 mM. A cellulose nitrate membrane filter
(Advantec, AI00A025A, diameter of the membrane = 25 mm)
with a pore size of 1 um was homogeneously soaked in BZ
solution (5 mL) for about 1 min. The soaked membrane filter
was gently wiped with another pure filter paper to remove excess
solution and placed on a glass plate (77 x 52 x 1.3 mm?). The
surface of the membrane filter was completely covered with
0.7 mL silicone oil (Wako, WF-30) to prevent it from drying
and to protect it from the influence of oxygen in air. The
experiments were carried out in an air-conditioned room at 298
+ 1 K, at which the reaction medium showed no oscillation
and exhibited almost constant wave-propagation behavior for
approximately 30 min.

The medium was illuminated from below as shown schemati-
cally in Figure 1.% The high-pressure mercury bulb of a liquid-
crystal projector (Mitsubishi, LPV-XL8) was used as a light
source, the spatial intensity distribution was controlled with a
personal computer, and a magnifying lens was used to adjust
the focus. The black and white picture created by the liquid-
crystal projector served as an illumination mask to create an
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Figure 1. Schematic illustration of (a) the experimental system based
on the photosensitive BZ reaction and (b) one-dimensional routes with
two asymmetric gaps (H-gap and L-gap) and their spatial gray levels.
L, in (b) is the width of the gap.

appropriate boundary. Two gaps with high-side (H-gap) and
low-side entrances (L-gap) were individually introduced on a
one-dimensional route and were mirror images of each other
(Figure 1). The light intensities on the black and white regions,
except for the gap, were 4.0 x 10*> and 1.7 x 10* Ix,
respectively, where the light intensity at the illuminated part
was measured with a light intensity meter (Asone, LX-100).

To prepare a unidirectional chemical wave on a one-
dimensional route, the following steps were taken. (1) Reaction
fields composed of two one-dimensional routes and a propaga-
tion region, at which chemical waves originated from the left
of the routes, were prepared in an unilluminated reaction field
(see “propagation region” in Figure 1). The spatial distributions
of the gray level for the gaps in the two one-dimensional routes
were mirror images of each other. No chemical wave was
observed in the illuminated region. (2) One chemical wave on
each one-dimensional route was supplied from the propagation
region. (3) To preserve one chemical wave on each one-
dimensional route, the excess chemical waves were eliminated
under local illumination of the supply side of the one-
dimensional route. Thus, we prepared experimental conditions
so that one unidirectional chemical wave propagated on each
one-dimensional route.

The experiments were monitored from above with a digital
video camera (Sony DCR-VX700) and recorded on videotape.
A blue optical filter (Asahi Techno Glass, V-42) with a
maximum transparency at 410 nm was used to enhance the
images of the green-colored chemical waves, which correspond
to the oxidized state, [Ru(bpy)s]**.

Results

Figure 2 shows (a) snapshots and (b) spatiotemporal plots of
wave propagation at H-gap and L-gap at L,= 0.9 mm, where
L, is the length of the gap. Before the chemical waves arrived
at the gaps, their velocities were constant at ca. 0.08 mm s™'.
For H-gap, the velocity of the chemical wave decreased while
it passed through the gap but reverted to the original value after

passing through the gap (Figure 2b-1). We define the time lag,
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Figure 2. Experimental results: (a) snapshots of wave propagation
(top view) and (b) spatiotemporal plots for (1) H-gap and (2) L-gap.
The time intervals in (a) were 40 s for 1—2 and 3—4, and 10 s for
2—3. v in (b-1) is the time lag which is generated by the decrease in
the velocity of the chemical wave in the gap, and L4 in (b-2) is the
distance from the entrance of the gap to the point at which the chemical
wave disappears.
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Figure 3. Experimental results for the probability of the passage of a
chemical wave through the gap (empty circle, H-gap; filled circle,
L-gap) depending on L.

7, to evaluate the decrease in velocity at the gap; i.e., 7 =1, —
t,, where ¢, and t, are the times required for passing through
the route with and without a gap. In contrast, for L-gap, the
velocity decreased further while the chemical wave passed
through the gap, and the wave then disappeared at Ly on the
gap (Figure 2b-2), where L, is the distance from the entrance
of the gap to the point at which the wave disappeared.

Figure 3 shows the probability of a chemical wave passing
through the gap (empty circle, high-side entrance; filled circle,
low-side entrance) depending on the width of the gap. The
probabilities were zero when L, > 1.0 mm for H-gap and L, >
0.4 mm for L-gap, i.e., hysteresis that depended on the
asymmetry of the gap was observed between L, = 0.5 and 1.0
mm.

Figure 4 shows the experimental results for (a) the time delay
(r) of wave propagation at H-gap versus the velocity of a
chemical wave before it entered the H-gap and (b) L4/L, versus
the velocity of a chemical wave before it entered the L-gap.
The velocity decreased with the addition of glycerol at 0—0.04
M to the reaction medium. Ls/L, was lower than 1; i.e., the
chemical wave disappeared in L-gap (see Figure 2b-2). t
decreased but Ly/L, increased with an increase in the velocity.
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Figure 4. Experimental results for (a) v versus the velocity of a
chemical wave before it enters H-gap and (b) L4/L, versus the velocity
of a chemical wave before it enters L-gap.

Discussion

We performed numerical calculations based on a three-
variable Oregonator modified for the photosensitive BZ reaction
and discuss theoretically the mechanism of this phenomenon®~33
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where u, v, and w are dimensionless variables that correspond
to the concentrations of the activator (HBrO,), the oxidized
catalyst ([Ru(bpy)s]*"), and the inhibitor (Br~), respectively. f(u,
v, w), g(u, v, w), and h(u, v, w) denote the local dynamics on
u, v, and w. 3, €, &, and ¢ are positive parameters that determine
the nature of the BZ reaction, D,, D,, and D,, are diffusion
constants for the activator, the oxidized catalyst, and the
inhibitor, respectively, and ¢ is an increasing function of the
light intensity. A numerical calculation is performed in one
dimension using the Crank—Nicolson implicit method and
the Neumann boundary condition. In simulations, we used a
one-dimensional grid (n,) consisting of 10 000 points, and the
steps (Ar) for spatial and temporal integration were 0.04 and
0.0001, respectively. The parameters used in the calculations
were f = 2.5, €, = 0.0508, €, = 0.000 168, and ¢ = 0.0001.
These parameters were chosen to reproduce the experimental
results much better, e.g., Ld/L, < 1 and 7 depending on the
velocity. The spatial distribution of light intensity was con-
structed with a constant gradient ranging between 0.0007 and
0.02. The gap contained 680 points and was located at the center
of the full grid. The chemical wave was initiated by setting the
value of u to 0.2 at 3 points at the appropriate boundary. D,,
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Figure 5. Numerical results of the spatiotemporal plots for (a) H-gap
and (b) L-gap. The horizontal axis on the space is n, x At. The spatial
distribution of ¢ is indicated at the top of the individual plot. The
parameters used for H-gap were the same as those for L-gap, and D,
=D,=D, =10.

D,, and D,, were equivalent to one another (D, = D, = D,,),
and were varied between 0.95 and 1.05 to change the velocity
of wave propagation.

The numerical results regarding the features of wave propa-
gation for H-gap and L-gap based on eqs 1—3 are shown as
spatiotemporal plots in Figure 5, and hysteresis on the prob-
ability of a chemical wave passing through the gap, either O or
1, depending on the width of the gap (L,), is shown in Fig-
ure 6.

Figure 7 shows the numerical results for (a) the time delay
(r) of wave propagation at H-gap versus the velocity of a
chemical wave before it enters H-gap and (b) Ld/L, versus the
velocity of a chemical wave before it enters L-gap. Thus, the
numerical calculations in Figures 5—7 qualitatively reproduce
the experimental observations in Figures 2—4, respectively.

Based on the experimental and numerical results, we discuss
the nature of wave propagation via two gaps that are mirror
images of each other. Since light illumination produces Br~ due
to the photochemical reactions of the catalyst,* the concentration
of Br™ in the reaction field under a bright background is higher
than that under a dark background, and thus light illumination
inhibits the BZ reaction.®0:8

Hysteresis in the probability of gap passage depending on L,
in Figure 3 may be generated due to the approach condition of
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Figure 6. Numerical results for the probability of the passage of a
chemical wave through the gap (empty circle, H-gap; filled circle,
L-gap) depending on L,.
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Figure 7. Numerical results for (a) 7 versus the velocity of a chemical
wave before it enters H-gap and (b) Li/L, versus the velocity of a
chemical wave before it enters L-gap.

the chemical wave to the region with maximum brightness,
which corresponds to the region with the lowest excitability.
Since the amplitude and wavelength of the chemical wave
decrease before they approach the region with the lowest
excitability, the chemical wave is insufficient to maintain wave
propagation at L-gap.’* In contrast, the wave entering the region
of lowest excitability from the dark area is sufficiently wide to
maintain wave propagation at H-gap. In addition, the approach
velocity to the region with maximum brightness for L-gap is
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lower than that for H-gap, since the velocity for L-gap is
decelerated by illumination before it approaches the region.

The dependence of L4/L, on the velocity of the chemical wave
in Figure 4b may be caused by the passage time of the chemical
wave through L-gap. Thus, the passage time for the lower
velocity is longer than that for the higher velocity, since a
chemical wave with a lower velocity is illuminated for a longer
time than a wave with a higher velocity. The velocity depen-
dence of 7 in Figure 4a may be discussed similarly by
considering the passage time.*

Conclusion

The nature of wave propagation in the photosensitive BZ
reaction on an excitable field with the asymmetrically il-
luminated gap was examined both experimentally and numeri-
cally. Hysteresis in the probability of passage of a chemical
wave through the gap was observed, i.e., L, for H-gap was larger
than that for L-gap when the probability was zero. With an
increase in the velocity of the chemical wave, the time delay
(v) for H-gap decreased and L4/L, for L-gap increased. The
experimental results can be qualitatively reproduced by a
numerical calculation based on the three-variable Oregonator
modified for the photosensitive BZ reaction. As for the future
work in this system, the stochastic aspect®*3¢ is useful to
understand the phenomena. Although the probability in Figure
6 is deterministic in the present simulation, the features of the
probability may be changed with the addition of noise.

The photosensitive BZ reaction may be useful for studying
spatiotemporal development that depends on the geometric
condition of excitable fields, since the shape of the reaction field
can be varied using a personal computer. To investigate reaction
fields with further complex shapes or to experimentally repro-
duce theoretical predictions, the development of an experimental
system in place of an immersed filter paper will be necessary
to maintain and control the features of wave propagation and
oscillation at a microlevel.
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