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Interactive Propagation of Photosensitive Chemical Waves on Two Circular Routes
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The propagation of chemical waves in the photosensitive BelotBoabotinsky (BZ) reaction was investigated

using an excitable field composed of two rings in slight contact, which were drawn using computer software
and then projected on a film soaked with BZ solution using a liquid-crystal projector. When the initial phase
difference between the two chemical waves in the individual rings was smaller than a critical value, this
initial value was maintained after collision of the chemical waves. However, when the initial phase difference
was larger than this critical value, the phase difference converged to the same value after the second collision.
The critical value increased with an increase in the thickness of the rings. These experimental results on the
geometry of the excitable field are discussed in relation to the nature of chemical wave propagation. These
results suggest that the photosensitive BZ reaction may be useful for creating spatiotemporal patterns that
depend on the geometric arrangement of excitable fields.

Introduction circle) as the initial condition, the location of the collision of
. ) ) ) the waves either was constant or alternated depending on the

Experimental and theoretical studies on wave propagation onjnitial phase difference and the degree of overlap of the two
an excitable medium may help us not only to understand signal sjrcylar rings.
processing in biological systefnsuch as nerve impulsesbut In the present study, we examined the characteristic features
also to create r)ov<7al methods for artificial processing such as 4f wave propagation and collision using the photosensitive BZ
image processirfg” and logic operatioris®® based on a  reaction in comparison with a theoretical prediction of the nature
reaction-diffusion system. The BelouseZhabotinsky (BZ) ot \vave propagation as the development of our previous S&idy.
reaction has been experimentally and theoretlcallsy investigated o, 5 figure-eight reaction field with various ratios of the inner
as an excitable and oscillatory chemical systéni® The BZ and outer radii, several experiments with various initial phase
reaction ongzt\l/vo-mmgnsugznal f|8|dz,3€2;19., filter papetNafion differences were performed for circular rings in slight contact
membrané?~#! glass filter” or gel?**has been well-studied it one another. The experimental results were well-reproduced
because the nature of wave propagation depends on the spatigly the theoretical model. We believe that the various charac-
condition of the excitable field, which can be prepared by tgrisics of this interactive wave propagation can be produced

cutting'"?%2% or printing® In such systems, however, it can  p grawing a geometrical excitable field with a computer
be technically difficult to cut a two-dimensional field with a according to the mathematical prediction.

complex shape or a completely uniform shape and to regulate
the number of chemical waves and their intervals. Theory

A photosensitive experimental setup of the BZ readitn
makes it easier to create excitable fields with various geometries,
which are drawn by computer software and then projected onto
a filter membrane soaked with photosensitive BZ solution using
a liquid-crystal projectot326 In this case, light illumination
produces bromide ion 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
local illumination of unwanted waves for a short tiffe’

We have recently reported the nature of the collision of two
chemical waves in the photosensitive BZ reaction on an
excitable field (a figure-eight field composed of two equivalent

circular rings) illuminated with a liquid-crystal project&tWhen is defined in Figure 1a, wheré, and 6 are the angies

two chemical waves were generated on the figure-eight field . o .
(one chemical wave propagating in the same direction in each _correspondlng to the positions of the waves on the left gnd right
inner rings. Here, we consider the case where a chemical wave

on the right ring passes through the intersection before the

We discuss the nature of BZ wave propagation in a reaction
field on the basis of related papéfs32 Miller et al?® and
Noszticzius et at?32 reported that wave propagation on a
uniform reaction field may be regarded as involute, since the
chemical wave propagates in a direction perpendicular to the
wave front with a uniform velocity and the boundary has little
effect on the velocity. We previously reported that the shape of
the photosensitive chemical wave on a circular ring is well-
approximated as involute of the circd@.

In the present article, we discuss interactive chemical wave
propagation on a figure-eight field composed of two equivalent
rings in slight contact, as schematically shown in Figure 1. The
phase difference between two chemical waveg € 0r — 6,)
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Figure 1. Schematic illustration of the propagation of two chemical wavesandw,) on a reaction field composed of two equivalent rings that
are in slight contact with one another. (a) DefinitionRfA#, andL. Schematic illustration of characteristic collision patterns depending on the
initial phase difference for (bA6y > A6: and (C)AbBy < A6..

the inner (i,) and outer radiiryy) of the two equivalent rings,  converges ta\0., after the second collision. Thu&f.. = A6,

i.e., R = rouffin. for every A6y which is not less tham\6. (Figure 1b-3), and
On the basis of the calculation in our previous pafSer, A0 is obtained as

we can derive a critical phase differenee., which strongly

affects the characteristic features of interactive wave propaga- A6, = 2[VR — 1 — arccos(1R)] 2
tion. When two rings are in slight contact, the path lendgth, ¢
in Figure 1a is The other type of behavior is generated whefy < A6, as
shown in Figure 1c-1. Under this initial condition, the chemical
L=yloul — N (1)  wave translated from the right ring collides with beforewg,

touches the inner boundary of the left ring (Figure 1c).
When the outer part of the chemical wave on the right ring partly disappears because of the collision, butaround the
(wr) reaches the intersection of the two rings (see Figure inner boundary is maintained after the collision (Figure 1c-3).

1b-1),6r is the phase of poimR, i.e.,L/ri, — arccosin/r oup), Thereforewgr andw, do not change after the collision, i.&Ag
which corresponds to the phase difference between the inneris maintained at@. Thus, the converged phase difference after
and outer boundaries of a single circular rf§gvr is equiva- the collision A0.) is equal toAb,.

lently diverged to the lowemnz,) and upper\iirs) directions Considering both types of collisio\0. is written as

on the left ring from the intersection. We suppose tiatand )

wrs collide and disappear on the left ring X6, is not less A — {Aec if Aby > AD, 3)
thanA6.. In contrastwg andwg, remain on the right and left Af, if ABy < A6,

rings, respectively (Figure 1b-2). Whilgg, propagates from

point OL to BL, wg propagates from\R to BR. The distance whereA#. is a monotonically increasing function Bf(see eq
betweenOL and BL is L; 6r proceedsL/ri,, while Wgy 2), as shown in Figure 2a. Therefore, the relationship between
propagates from pointOL to BL. Thus, whenwg is at point A6y and A6, is schematically shown in Figure 2b.

BR, Wre is at pointBL. The phase is derived &g = 2L/ri, —

arccostin/rou) and . = arccostin/rou), Which leads that the ~ Experimental Section

phase difference between the two waves Ru(bpy}Cl,, which was purchased from Sigma-Aldrich (St.
_ _ _ _ Louis, MO), was used as a catalyst for the photosensitive BZ
Af = 2LIr, — arccos(iy/ro,) — arccos(iy/ro,) = reaction. The BZ solution consisted of [NaBjlG= 0.45 M,
Z[QIRZ — 1 — arccos(1R)] [H2SOy] = 0.3 M, [CHx(COOH)] = 0.2 M, [KBr] = 0.05 M,
and [Ru(bpyiCl;] = 1.7 mM. A cellulose nitrate membrane
Considering the second collision, whilez, propagates from filter (Advantec, ALOOA025A, diameter of the membran@5
point AL to BL, wg proceeds the same distante,along the mm) with a pore size of km was homogeneously soaked in

inner boundary of the right ring. In this stagéy = 2L/rin — BZ solution (5 mL) for about 1 min. The soaked membrane
arccosfin/rou) at point AR and 6. = arccosfin/rou) at point was gently wiped with another pure filter paper to remove excess
AL. The second collision occurs betwear and wg,, and solution and placed on a glass plate (ZB2 x 1.3 mn¥). The
further collisions occur repetitivelywr, proceeds fromAL to surface of the membrane filter was completely covered with 1

BL, while wg proceeds fromAR to BR. Therefore, A6 mL silicone oil (Wako, WF-30) to prevent it from drying and
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(@) 2m at the inner boundary of the circle was maintained at ca. 0.06
mm s and was almost independent .

As for adjustment of the number and direction of the chemical
A8 it waves, one chemical wave was initially generated in each ring
in the same direction (clockwise), so that the chemical wave in
the right ring reached the intersection before that in the left ring.
0 : : : - : To prepare a unidirectional chemical wave on each ring, the

R following processes were performed: (1) Several chemical
) on waves were initially generated on the excitable field under no
illumination, i.e., dark condition. (2) When the illumination
ol ( except for the dark area of the figure-eight was started, the
chemical waves disappeared in the illuminated area but remained
A8, TF in the figure-eight. (3) Upon local illumination of unwanted
() _| r6,=a0,(R) waves for 1 s, the illuminated waves disappeared, and finally,
one wave continued to propagate in each ring. Therefore, a
0 M unidirectional chemical wave was made in each ring.
0 n The experiments were monitored from above with a digital
Figure 2. Theoretical results for (apd. depending orR and (b) video camera (Sony DCR-VX700) and recorded on videotape.

schematic illustration of the relationship between the initial phase A bI_ue optical filter (Asahi Techno Glass, V-42) with a
difference, A and the final phase differenckf.., based on eqs 2 ~ Mmaximum transparency at 410 nm was used to enhance the

T
48,

and 3. (i) and (ii) in (b) correspond to a larger and smaker image of the green-colored chemical waves, which correspond
respectively Af., is equal toAf. when A6, is greater tham\@., and to the oxidized state, [Ru(bpy§™. The light intensity at the
Ab. is equal toAGy whenAb, is smaller tham6.. illuminated part was measured with a light intensity meter

Digital Video Camera (Asone’ LX-lOO).

Results and Discussion

Personal Computer Figure 4 shows snapshots of wave propagation on rings of
different thicknesses. For the thin rings Bt= 1.32, two
chemical waves first collided in the left ring and completely
disappeared (snapshot 2 in Figure 4a). A second collision
occurred between the chemical wave in the right ring, and
another propagated from the right ring to the left ring (snapshot
2 in Figure 4a). The second collision was observed in the left
ring near the intersection (snapshot 3 in Figure 4a), and the
[ Liquid-crystal chemical wave in the left ring continued to propagate after the

Projector collision. The location of the collision converged near the
intersection after the second collision. Thus, thin rings tended
to show case (c) in Figure 1.

For the thick rings atR = 3.73, the first collision was
Figure 3. Schgmatic iIIustra_tion of the experimental system based on gnserved in the left ring near the intersection (snapshot 2 in
the photosensitive BZ reaction. Figure 4b). The inner part of the chemical wave in the left ring
then continued to propagate after the collision. The location of
the collision andA6 were maintained after the collision
(snapshot 3 in Figure 4b). Thus, thick rings tended to show
case (b) in Figure 1.
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to protect it from the influence of oxygen in air. The experiments
were carried out in an air-conditioned room at 298 K, at which
the reaction medium showed no oscillation and exhibited almost

cqnstant behavior in wave propagation for approximately 30 For mid-thickness rings & = 1.86, two characteristic types

min. of collision were clearly observed depending Aflp, as seen
The medium was illuminated from below as schematically in Figures 4c and d: collision near the intersection (snapshot 2
shown in Figure 3. The high-pressure mercury bulb of a liquid- in Figure 4c) and the first collision in the left ring except for
crystal projector (Mitsubishi LVP-XL8) was used as a light the intersection (snapshot 2 in Figure 4d). In the former case,
source, the spatial intensity distribution was controlled by a the inner part of the chemical wave in the left ring remained
personal computer, and a magnifying lens was used to adjustafter the collision, i.e. A values of the left and right rings
the focus. The black and white picture created by the liquid- were maintained after the collision (snapshots 1 and 3 in Figure
crystal projector served as an illumination mask to create the 4c). In the latter case, the chemical wave in the left ring, which
appropriate boundary, and the light intensities for the black and was translated from the right ring after the first collision, collided
white regions were 4.6« 1(? Ix and 1.7 x 10* Ix. As for the with the chemical wave in the right ring (snapshots 2 and 3 in
status of the contact of two equivalent circular rings in a figure- Figure 4d), and the location of this collision converged near
eight, the distance between the centers of the two rings wasthe intersection after the second collision. Thus, both cases (c)
nearly equal to & (rout = radius of the outer ring), i.e., the and (b) which correspond to (c) and (d) in Figure 4 were
two rings were just slightly in contact with one another. We observed for mid-thickness rings.
examined three figure-eight fields with different ring thicknesses,  Figure 5 showsA6. depending om6, for differentR. On
i.e.,R=1.32 for thin ringsR = 1.86 for mid-thickness rings,  the basis of eqs 2 and 260, was calculated foR = 1.32,
andR = 3.73 for thick rings. In these rings, was varied under ~ 1.86, and 3.73 and drawn as a thin line for comparison with
constantyy (3.7 + 0.1 mm). The velocity of the chemical wave the experimental results. For thin ring? € 1.32),A6., was a
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Figure 4. Top view of snapshots of wave propagation on rings atRaF 1.32 (thin rings), (b)R = 3.73 (thick rings), and (c,dR = 1.86
(mid-thickness rings). Time intervals between the individual snapshots are indicated above the/&fiowga) 0.49, (b) 0.62r, (c) 0.067, and

(d) 0.9z rad.
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Figure 5. Experimental results for the dependence of the converged
phase differenceXf.) on the initial phase difference\fo) for R =

1.32 (square), 1.86 (circle), and 3.73 (triangular). Values of 1367,

and 1.46 rad and the thin lines were obtained on the basis of eqs 2
and 3 atR = 1.32, 1.86, and 3.73, respectively. a, b, ¢, and d marked
in Figure 5 correspond to those in Figure 4, respectively.

small positive value at (0.0& 0.01)r for every Af,, i.e., the
location of the collision converged near the intersection almost
independent ofAf,. For thick rings R = 3.73), Af. clearly
increased witlAfp and could be linearly approximated B,

= 1.11 x A6y (contribution ratio= 0.75). For mid-thickness
rings R = 1.86), Af. linearly increased withA@y at AGy <
0.37, but A6, was almost maintained at (0.290.08)r at A6y

> 0.37. Although two rings were only in slight contact with

on a figure-eight field depending ddandA#6, are qualitatively
reproduced by a numerical simulation based on the Oregonator
model for the photosensitive BZ reaction, according to our
previous calculatioff (data not shown).

Conclusion

The nature of wave propagation and collision in the photo-
sensitive BZ reaction on an excitable figure-eight field il-
luminated with a liquid-crystal projector was demonstrated.
There are two types of wave propagation with collision between
two chemical waves, i.e., a converged phase differenéa)
determined by the initial value\®o) and A6, independent of
A6 but determined by the critical valuA.), andA6. depends
on the thickness of the ringRf. These features of wave
propagation involving collision are approximately consistent
with a mathematical consideration of the shortest path of the
chemical wave. These results suggest that the various charac-
teristics of the spatiotemporal pattern in the photosensitive BZ
reaction, which can be adjusted by illumination, are possible to
create on the basis of the mathematical prediction.
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