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An Oregonator-Class Model for Photoinduced Behavior in the Ru(bpyj?t-Catalyzed
Belousov-Zhabotinsky Reaction
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A modified Oregonator model exhibiting photoinduced behavior in the Rugbpgatalyzed Belousov
Zhabotinsky (BZ) reaction is presented. We incorporate the concentration of bromomalonic acid as a new
variable into the Oregonator model and also take into account two separate photochemical processes: the
production of bromide from bromomalonic acid and bromous acid from bromate. The resulting four-variable
model can reproduce a variety of photoinduced behavior reported experimentally in both batch and flow
systems. The model also exhibits photoinduced chaos in the photosensitive BZ system under certain flow-

rate and illumination conditions.

I. Introduction Yamaguchi et al. have investigated the photochemical mecha-
nism for an organic subset of the Ru(bgy)catalyzed BZ
reaction, namely in a solution containing BrMA,$0,, and
Ru(bpy}SO, but no oxybromine specié8 They have obtained

an experimental rate equation for the photochemical production
of Br~ as a function of the solute concentrations and the light
intensities. The analysis of the empirical rate equation by
considering the photocycles for the Bproduction has con-
cluded that one molecule of Biis produced by the reaction
between BrMA and Ru(bpyJ™, and one more molecule of
Br~ is also produced by the reaction between BrMA and the
oxidized catalyst Ru(bpyj+.1° The latter process is known as
process C in the Field, Kos, and Noyes (FKN} mechanism

of the BZ reaction. A subsequent study of the photochemical
mechanism in another organic subset, i.e., malonic acid (MA),
BrMA, H,SQ, and Ru(bpy?", has also shown that the
eohotochemical production rate of Bris first order in the

The Ru(bpyy*"-catalyzed BelousovZhabotinsky (BZ) reac-
tion has been studied extensively over years for its sensitivity
to visible light=° In solution systems, constant illumination
induced transitions from large amplitude periodic oscillations
to steady-state’s'%-13 small-amplitude periodic oscillatioAg%11
or irregular oscillations"15under batch012.13.153nd flowt1 14
conditions. On the other hand, opposite photoinduced behavior,
i.e., photoinduced transitions from steady-state to oscillatory
behavior, was also found under flow conditions, which is called
photoinduction of oscillation$1416 The period of oscillation
was also affected by constant illumination; it was either
lengthened or shortened depending on the solute compositions.
Pulsed-light illumination gave rise to behavior such as quenching
of oscillations!” phase-shifts in the oscillatiofg%18 and
photoinduced excitability® At present, light is known to work

ither n inhibitor or n lerator nding on the sol . .
eliner as bitor or as an accelerator depending on the solut concentration of Ru(bpy)™* and BrMA, respectively:? These

compositions: 352> experimental results and the kinetic analyses give the followin
Several mechanisms have been proposed to account for the P yses g 9

effects of light on the Ru(bpy)™-catalyzed BZ reaction. The reaction mechanism
primary photochemical process is absorption of visible light by o+ +
Ru(bpy)}?*.10.11.21The excited state of the catalyst Ru(bgy¥ Ru(bpy)™* + BrMA +H" —

is a strong reducing agédtand may react with inorganic and Br~ + Ru(bpy)>" + products (Y)
organic species in the BZ reaction. Kuhnert considered the

inhibitory effect of light to explain his observation of image It is now confirmed that BrMA is a key source for the
processingand proposed a photochemical mechanism in which photochemical production of the inhibitor Bin the Ru(bpy3?*-
BrOs~ is directly reduced by Ru(bpyd™ to produce Br based catalyzed BZ reactio#?19

on the reduction potentials of BgO and Ru(bpyy**.2223 |n On the other hand, the reaction mechanism for the photo-
addition, Reddy et al. proposed a different photochemical chemical production of the activator HBs@as been studied
reaction path in which Bris produced indirectly from Br& extensively by Hanazaki et &f416.21.2527 They have investi-

on the basis of their experimental observati®h$he above gated the effects of light on the Ru(bg’)-catalyzed BZ
mechanisms were based on oxybromine chemistry, and nosystem*16and on the Ru(bpyj*-catalyzed minimal bromate

organic species have been considered. oscillator?>?7i.e., Ru(bpy¥*/BrOs /Br-/H,SO, system, under
Organic species such as bromomalonic acid (BrMA) deriva- flow conditions. On the basis of both their experimental

tives were already noted to release Buy ultraviolet light observations and the thermodynamic d&t&,they have pro-

illumination in the cerium-catalyzed BZ systéfhThe impor- posed the following net reaction for the photochemical produc-

tance of such organic species as a source of the photochemicalion of HBrO,:
production of Br was also suggested in the Ru(bgy)
catalyzed BZ reaction under visible light illuminatié#;8and Ru(bpy)y”"™* + Ru(bpy)*" + BrO,” + 3H" —

HBrO, + 2Ru(bpy)*" + H,0 (H1)
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This reaction is a sum of the following two reactions: conditions and show that our model reproduces all of the
experimentally observed behavior investigated in this study. The
Ru(bpy)f“* +Bro;” + 2H" — simulated results include photoinduced irregular oscillations in

both batch® and flow?* systems, photoinhibition and photoin-
duction of oscillationd? and a state diagram spanned by light

. o . -~ flux and the in-flow concentration of Br'® We will also show

BrO,” + Ru(bpy)™ +H" — HBrO, + Ru(bpy)™ (R6) that the present model can generate photoinduced chaos that is
different from experimentally observed irregular oscillatiéh'

BrO," + Ru(bpy)>" + H,O (H2)

where H2 is the photochemical initiation reacfidhand R6 is
the reaction step in the FKN mechanism of the BZ reaction. Il. Model
The step R6 constitutes the autocatalytic cycle in the BZ reaction
and produces the activator HBfOr'he mechanistic details of
the photoinduction can be found in the literaf#&'627in
connection with the FKN mechanism.

A modeling study to explain the effects of light was carrie

Four-Variable Photosensitive Oregonator Model.The four-
variable model in the present study is a modification of the
Oregonator modé! and is an extension of a model proposed
d previously? The chemical reaction steps read

out by Krug et aP® They have added a reaction step of A+Y—X+V (01)
photoinduced production of Brto the main scheme of the

Oregonator mode® where the rate was given by zero-order X+Y—2V (02)
kinetics and the source of bromide was not specified. Their

model exhibits photoinduced transitions from oscillatory to A+X—2X+2Z (03)

steady-state behavior via small-amplitude or zero-amplitude

oscillations, i.e., via supercritical or subcritical bifurcatiG&s? 2X—=V+A (O4)

It explains the inhibitory effects of light qualitatively and has 7 —hy (05)

been used for the studies of spatiotemporal behavior in the Ru-

(bpy)®*-catalyzed BZ systerh?**However, the photoinduction V — products (06)

of oscillation$**16cannot be exhibited by this model even if

flow terms are taken into account. E+V+H—Y+Z (L1)
Another model accounting for the light sensitivity in the Ru-

(bpy)s?*-catalyzed BZ reaction has recently been proposed by E+A+2H—X+2Z (L2)

Kada et al!? This model includes two separate photochemical
processes: the production of the inhibitor Brom BrMA and

the production of the activator HBgdrom BrO;~. The concen-
tration of BrMA was assumed to be constant and equal to an
initial value during one batch experiment. Numerical results
obtained from the model were in quantitative agreement with
their experimentally observed transitions from oscillatory to
steady-state behavior as a function of both the light intensities
and the initial concentrations of BrM&. Subsequent analysis
of this model with flow terms showed that the photoinduction
of oscillations is also exhibited under high-flow rate conditions
via a Hopf bifurcatior?? This model accounts for both the photo-
inhibition and the photoinduction of oscillations; however, it
cannot cover a condition under which there exists no BrMA
initially.

The purpose of the present study is to propose a simple model
that can reproduce all of the photoinduced behavior observed
experimentally so far. Our principal idea for constructing the
present model is to use the chemical and analytical simplicities
of the Oregonator model. Our model is an extension of a
modified Oregonator model reported previod3ffand can also
cover a condition where there exists no BrMA initially. This
condition has commonly been used in solution systems under
batcH- 71015 and flowp11.14.16,17.33gystems, where BrMA is
accumulated in the course of the BZ reactiéin the present
Oregonator-class model, the concentration of BrMA is newly
treated as a fourth variable. This variable is involved in the
dynamics only under illumination conditions. Therefore, the
present four-variable model exhibits behavior exactly the same
as that shown by the original three-variable Oregonator model
without illumination.

Here, we will first show that the present model reproduces RU(bovI2
the previously reported photoinduced behal4as a function u(bpyk
of the light intensities and of the initial concentrations of BrMA. G<E (LO)
Second, we will simulate photoinduced behavior in other Ru-

(bpy)?t-catalyzed BZ systems under constant illumination where G= Ru(bpy}?". The forward reaction is the photoac-

where X= HBrO,, Y = Br—, Z = Ru(bpy)}®", V = BrMA, A
= BrOz, H = H", E = Ru(bpy}*™ (excited state of
Ru(bpy)?®"), and h is the stoichiometric factci® the four
variables are X, Y, Z, and V; the concentrations of A and H
are assumed to be constant; and the concentration of E is
assumed to be steady-state as shown below. StepsO61
represent a modification of the original Oregonator scheme, and
steps L1 and L2 represent photochemical reactions. Note that
H is specified in the photochemical steps to make clear the
number of H involved in the reactions, though it is omitted in
the other steps according to the original descriptfofrour
extensions of the previous mo#kinclude the following: (i)
The product P (HOBr) in the Oregonator scheme is replaced
by V (BrMA). (ii) Decomposition of V is added to the
Oregonator scheme as the step O6; this step consumes V and
enables its concentration to oscillate in a realistic range with
an appropriate value of the rate constisy (iii) Malonic acid
is not involved in the step O5 and the rate conskapis treated
as an adjustable parameter that does not include the initial
concentration of MA. The relation between the valuekgf
used in our simulations and the concentrations of MA used in
the experiments will be discussed in a separate section. (iv) The
concentration of H is apparently involved in the photochemical
reaction step L1 as revealed by the experinfi@@ne can see
that the present four-variable model can be reduced into the
original three-variable Oregonator model under dark conditions
because the fourth variable V affects the dynamics only under
illumination conditions.

Photochemical Reaction StepThe overall photochemical
reaction in the present model consists of the reaction steps L1
and L2 together with the primary photochemical reaction of
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TABLE 1: Differential Equations for the Four-Variable Photosensitive Oregonator Model

KorAY — kopXY + kgAX — 2k X?
—KoiAY — ko XY + hkosZ

2o AX — koiZ

KotY + 2k XY + koX? — kogV

< NO< X

—-X Po(V)

—(Y = Yin) - p.(V)

-Z P.(V) + 2py(V)
=V =Vi) —py(V)

Yin: Concentration of Y in an in-flow solution.
Vin: Concentration of V in an in-flow solution (zero in the present simulations).

Photosensitive Terms

py(V) = all
Kio |y o+ 20
K4 kit
ok H’A
_ ki1
pZ(V) - k Lo kL2
— FHV + —H?A
kit kit

Note: These terms give the same values as those obtained from the coefficiemdp,, respectively,

reported in the literatur&,if the concentration of V is

tivation of G with a rate proportional to the light flu®, and
the reverse reaction is a first-order quenching process with a
rate constank_ . The concentration of the excited state of the

catalyst, E, is assumed to be constant by the steady-state

approximation and can be derived from the steps-LP as
_ )
K_o + Kk HV + k,H?A + K,
)

E

1)
K
Ko\ v 4 Kz,

"k Ky

wherek; is a flow rate. Here it is assumed that the rate constant
k-0 and the productk ,H?A andk ;HV are much larger than
the value of flow rateg®

The rates for the steps L1 and L2 are given by

k A

r, =k HEV (2)

r, = k,HEA ©)

Substitution of eq 1 into egs 2 and 3 yields
HV

roa= D

k- LO

KLy
=p(V)P

kL2
+ HV + —HA
Ky

(4)

%HZA

K10
—C 4+ HV +
Kia

=p,(V)®

ro=

D

%HZA

®)

Equations 4 and 5 indicate that the two rates are functions of
@ and V, since A, H, and the two ratiok, o/k.1 andkio/ki1,

constant and the concentration of H is 0.37%.

TABLE 2: Parameters Used in the Model

ref

rate constants

ko1 =2 (M~3s71) H? 36

kop=3 x 10°(M2s ) H 36

kos=42 (M2s)H 36

koa=3 x 10°(M~ts™) 36

kos=2 x 1073 (s™Y a

K-Lofki1 = 0.0329 (M) b

kLz/kLz =554 (M—l) b
adjustable parameters

h=0.501 c

kos (s7%) d
initial conditions

Xo=0 (M)

Yo=1x 107 (M)

Zo=0(M)

Vo= Vo (M) e

a Assigned arbitrarily in this work. This value enables V to oscillate
in the concentration range of mM 10 mM under the conditions
investigated in this study.Not included in the concentrations of H,
and calculated from the literatute. ¢ Fixed to this value except for
the first simulatiof? in the text.9 Optimized in each simulation. See
the discussion section in the tefiChanged depending on the
experimental conditions.

Differential Equations. The present model gives the dif-
ferential equations as shown in Table 1, which are briefly
expressed by

X =A+Fk + PO (6)
where X is the production rate of X, Y, Z, and \A is the
kinetic term of the present moddtk: is a flow term with a
flow rate k;, andP® is the photosensitive term with light flux
(OF

The rate equations of the present model were numerically
analyzed or integrated to simulate the photoinduced behavior
of the Ru(bpyj?™-catalyzed BZ reaction in both batch and flow
systems by using the values of the rate constargad of
parameters as shown in Table 2. In the simulations, the same
solute compositions were used as those in the corresponding

are assumed to be constant. The values of the two ratios can bexperiments except for the initial concentrations of MA and of

obtained from the reported valdéshat included the concentra-
tion of H as described in the discussion section.

the catalys” The value of the stoichiometric factbiwas fixed
to 0.501 throughout all of the simulations except for the first
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Figure 1. Photoinduced behavior in a batch system. (A) Experimental behavior in the potential of a bromide electrode reported by R¥&ddy et al.
under the condition of [Br@] = 0.06 M, [H,SOy] = 0.3 M, [MA] = 0.10 M and [Ru(bpyf*] = 1.32 mM. lllumination intensities in mW/ctm

were (a) 29.6, (b) 5.8, and (c) 2.3. (B) Simulated behavior in LogY obtained from the present model under the conditio® 06AVl, H= 0.3

M, kos = 0.35 s, h = 0.501, ancks = 0 s * with the values of the other constant parameters as listed in Table 2. The values of lighi lin (

M st were (a) 1.0x 1075, (b) 2.28x 1075, and (c) 2.18x 10°%. Arrows indicate the time when the illuminations were started. ((A): Reprinted
with permission from ref. 15, Copyright 1995 American Chemical Society.)

simulatiord? as shown below, and the rate constépi was
optimized in each simulation. The solute concentrations will

Photoinduced Irregular Oscillations in a Batch System.
We have next simulated the photoinduced behavior in a batch

hereafter be indicated by brackets such as [BrMA] used in the system observed by Reddy et'alThey observed photoinduced

experiments and by the capital letter such as V in the
simulations.

I1l. Results

Photoinduced Steady-State Behavior as a Function of
Light Intensities and Initial Concentrations of BrMA in a
Batch System First we have confirmed that the present model
can simulate the photoinduced transitions from oscillatory to

transitions from oscillations to steady-state of a high concentra-
tion of Br~, small amplitude oscillations, and irregular oscil-
lations with fine oscillatory structures, depending on the light
intensities as shown in Figure 1(A). The simulated results by
the present model are also shown in Figure 1(B), which are in
good agreement with the experimental results. In particular, the
photoinduced oscillations of a prolonged period with the low-
amplitude fine structures were reproduced well at the lowest

steady-state behavior as a function of the light intensities and light intensity.

of the initial concentrations of BrMA in a batch systéailhe
concentrations of A= 0.2 M and H= 0.37 M were fixed in
this simulation, and the initial concentrations of BrMAgj\Were
varied according to the experimental conditidAg.he value

of the stoichiometric factolh was 0.51 only in this simulation,
and the value ofkps was 1 si. The batch condition was
represented bl = 0 s™1, and the values of the other parameters

Photoinduction and Photoinhibition of Oscillations in a
Flow System. In flow systems, both photoinhibition and
photoinduction of oscillations have experimentally been ob-
servedt*16 Typical results of the photoinduced behavior ob-
served by Mori et al* are shown in Figure 2(A). The
photoinhibition can be seen at a high light intensity under the
conditions of both the low and the high in-flow concentrations

used are listed in Table 2. The illumination was started at a of BrOz~. On the other hand, the photoinduction can be seen

time of 600 s for 300 s in accordance with the experimental
condition.

only under the low in-flow concentration of BgO. It is also
noted that the redox potential showed low and high values of

The dependence of the photoinduced behavior on the light steady-state under dark and illuminated conditions, respectively.

intensities and on the initial concentrations of BrMA was found
to be in agreement with the reported behavior (not shd#n).
The critical values of light flux for the abrupt transition from
oscillatory to steady-state behavior were 2.9075M s~ (the
experimental valuéj and 5.4x 1076 M s (the simulated
value) under the initial BrMA concentration of 0.05 M. On the
other hand, the critical values of the initial concentration of
BrMA for the abrupt transition were 0.025 M (the experiment),
and 0.03 M (the simulation) under the constant light flux of
6.4 x 10 M s Note that the present model exhibits

All of the photoinduced behavior has been reproduced by the
present model as shown in Figure 2(B). Note that no photoin-
duction of oscillations occurs in the present model if the in-
flow concentration of Br is set to zero. This point will be
discussed in the next section.

State Diagram and Photoinduced Irregular Oscillations
in a Flow System.The photoinduction of oscillations has also
been demonstrated experimentally in a state diagram spanned
by light intensities and in-flow concentrations of Bas shown
in Figure 3(A)!® Under the constant flow rate condition,

oscillatory behavior from the steady-state in the course of photoinduction occurred in the in-flow concentration of Br

illumination under conditions of near the critical value of the
light flux or near the critical value of the initial concentration
of BrMA. This simulated behavior has not been reported in the
experiments or in the previous modéland it is due to the
change in the concentration of V during the period of illumina-
tion.

ranging from 0.03 mM to 0.07 mM, where the oscillatory region

is interposed by the two boundary curves. We have simulated
this state diagram by a linear stability analysis of the present
model by the Routh Hurwitz method?® and the result is shown

in Figure 3(B). One can find good agreement between the two
state diagrams. We also made a state diagram spanned by light
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Figure 2. Photoinhibition and photoinduction of oscillations in a flow system. (A) Experimental behavior in the potential of a redox electrode
reported by Mori et at* under the following conditions: [}8Qs] = 0.8 M, [MA] = 0.072 M, [Ru(bpy)**] = 0.2 mM, andk; = 2.8 x 103 s7%;
(@) [BrOs] = 0.013 M, (b) [BrQ~] = 0.015 M. lllumination intensities are indicated in the figure. (B) Simulated behavior in Z in the fof(d)of
= (RT/F)Log(Z/(Co — Z)), whereR is the gas constank is the Faraday constant, = 298 K is the absolute temperature, a@glis a total
concentration of the catalyst, obtained from the present model under the following conditien€.8M, Co = 2.0 mM, kos = 0.02 s%, h=0.501
ki =2.8x 10%s™%, and Y, = 5 x 10°® M with the values of the other constant parameters as listed in Table 2;apA13 M, (b) A= 0.015
M. The values of light flux ®) in M s~* were 0, 2.7x 107%, and 3.0x 1075 from left to right. The in-flow concentration of Bris indispensable
to reproduce the photoinduction phenomena as described in the text. Note that the v&juesed in the simulation was higher than that used in
the experiment’ ((A): Reprinted fromChem. Phys. Lett211, Mori, Y.; Nakamichi, Y.; Sekiguchi, T.; Okazaki, N.; Matsumura, T.; Hanazaki, I.,
p 421, 1993, with permission from Elsevier Science.)

flux and a flow rate under a constant in-flow concentration of is different from that of intermittent oscillations and has not
Br~ as shown in Figure 4. The photoinduction of oscillations been reported experimentally so far. The chaotic behavior is
occurs in the flow rate ranging from 0.002 to 0.004% snder shown in the form of the temporal oscillations and of the
the conditions given in the figure caption. attractor in Figure 6. The patterns are typical of chaos that has
Photoinduced irregular oscillations have been observed ex-been induced by flow raté&43 or electrical curredt in the

perimentally over the limited range of the in-flow concentration cerium-catalyzed BZ system, and also induced by light in other
of Br~ as indicated in the caption of Figure 3(A), where the chemical reaction system3#6The present photoinduced chaotic
oscillatory region is interposed by the two boundary cuffes. behavior has been exhibited with the values of the parameters
The reported irregular oscillatory behavior is shown in Figure nearly the same as those used in Figure5.3However, a value
5(A) as a function of light intensities. The oscillations exhib- of kos larger than that used in Figures-3 was necessary to
ited patterns of intermittencd?, i.e., patterns of the type generate the chaotic behavior under the employed conditions.

LniSmlneSwe. . ., where L denotes oscillations with large  Furthermore, it can be generated only under the condition of
amplitude and S denotes oscillations with substantially smaller the high in-flow concentrations of Brand of the high flow
amplitudes as compared with L, amd, ml, n2, andm2. . . rates, where the photoinduction of oscillations occurs.

denote the number of the successive oscillations. A regular

period-1 oscillation was also observed as shown in Figure 5(A), |v. Discussion

chart (c), between the two irregular oscillations (Figure 5(A),

charts (b) and (d)). All of the photoinduced behavior has also It is well known that the Oregonator model significantly

been reproduced by the present model as shown in Figuresimplifies the reaction steps involving organic speéme®.

5(B): transition from steady state of a lower redox potential to Detailed mechanistic studies for the BZ reaction have revealed

irregular oscillations (chart (a) to chart (b)), regular period-1 that more reaction steps and different feed back loops are

oscillations (chart (c)), and again transition from the irregular involved in steps O5 and O85! In particular, Zeyer and

oscillations to steady state of a higher redox potential (chart Schneide® succeeded in reproducing most of the oscillatory

(d) to chart (e)). Note that the photoinduced irregular oscillations behavior in the Ru(bpyj*-catalyzed BZ reaction under dark

were intermittent in the present model as well. conditions based on a model consisting of 19 reaction steps and
Photoinduced Chaos in a Flow SysteniThe present model 16 variables proposed by Gao and$terling®® Such a detailed

is also found to generate photoinduced chaotic behavior, whichmodel with the photochemical steps L1 and L2 may reproduce
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Figure 3. State diagram spanned by the in-flow concentration of Br
and light intensities. (A) Experimental results reported by Kaminaga
et al1® under the following conditions: [Br@] = 0.05 M, [H:SQj] =

0.8 M, [MA] = 7.5 mM, [Ru(bpy)**] = 0.1 mM, andk = 3.3 x 1073

s7%; (O)oscillations, ) irregular oscillations, andi) reduced steady-
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Figure 4. State diagram obtained by a linear stability analysis of the

present model spanned by light flux and flow rates under the same
conditions as those in Figure 3(B) except for the in-flow concentration

of Br~ (Yi» = 0.06 mM).

propriate value (2x 1072 s71) of the rate constankog, the
concentration of V oscillate within the range of mMM10 mM
under both dark and illuminated conditions. Though bromide
production is not involved in step O6, BrMA should release
Br~ eventually in the course of the BZ reacti®if150.52.53n

the present model, all such steps producing Bom BrMA or

any other organic species are lumped in step O5.

In the original Oregonator model the rate constksy is
assumed to be proportional to the total concentration of MA
and BrMA?2° This total concentration may be nearly the same
as the initial concentration of MA, therefore we first tried to
simulate the experimentally observed photoinduced behavior
with values ofkos that were defined as the product of a constant
value and the initial concentrations of MA used in the
experiments. However, the simulated behavior gave no agree-
ment with the corresponding experimental results when the value
of kos was defined in this way. The values ks finally used
in the present simulations were neither proportional to nor

state. (B) Simulated results by a linear stability analysis of the present monotonic functions of the initial concentrations of MA as

model under the following conditions: A 0.05 M, H= 0.8 M, kos
=0.59 s, h=0.501,k = 3.3 x 102 s 1 with the values of the other

shown in Figure 7.
Step O5 can be written by two separate steps according to

constant parameters as listed in Table 2. Closed circles and white regionyhe EKN mechanism of the BZ reacti@h5i.e.. the oxidized

indicate steady-states that are locally stable, and locally unstable, respect

tively. ((A): Reprinted fromChem. Phys. Lett279, Kaminaga, A.;
Mori, Y.; Hanazaki, I., p 339, 1997, with permission from Elsevier
Science.)

the experimentally observed photoinduced behavior under

orm of the catalyst can react with both MA and BrMA:

(09
(03)

Z + M — products
Z+V —Y + products

conditions nearly the same as those used in the experiments. In

contrast to these detailed studies, the major aim of the presen
investigation is to propose a simple model that can exhibit

important features of the photoinduced behavior with a mini-
mum number of adjustable parameters.

The present model has two modifications in the main scheme
of the original Oregonator model; one is the replacement of P

(HOBr) by V (BrMA), and the other is addition of step O6.

The modified steps O1, 02, and O4 are the same as the first

three steps in the four-variable model by @yyi and Field?1:52

while the remaining three steps O3, O5, and O6 in the present

model are different from the remaining four steps in their model.
The variable V plays an important role in constituting a second
feed back loop in their modét:52 however, it does not affect
the dynamics in our model without illumination.

The decomposition step O6 is adapted from Wang &% al.
and Johnson et &f.and can remove V that appears to be able
to grow unrealistically under dark conditioPSWith an ap-

lyvhere M represents malonic acid. The rate of step O5 is equal

to the sum of the total rate of steps 'G&nd O%, thus the
following equation is obtainetf

Kos Z = Kog MZ + ko5 VZ (7)
namely
kos = KosM + kog'V
= k(M, V) (8)

We examined the relation between the valuek®fused in
our simulations and the values of the right-hand side of the
equationk(M, V). This relation is also shown in Figure 7 by
using appropriate values &fs (0.3 M~ s71) andkos' (30 M2

s71) reported in the literaturg:>6 A linear relation was obtained
between the two values for the investigated cases.
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Figure 5. Photoinduced oscillatory behavior under the same conditions
as those in Figure 3 except for the in-flow concentration of Bnd
the light intensities. (A) Experimental results observed by Kamiffaga
with [Br~] = 0.06 mM. lllumination intensities in W were (a) 0.11,
(b) 0.15, (c) 0.20, (d) 0.33, and (e) 0.46. (B) Simulated behavior in Z
in the form of f(Z) = (RT/F)Log(Z/(Co — Z)), whereR is the gas
constant,F is the Faraday constanf, = 298 K is the absolute
temperature, an@y is the total concentration of the catalyst, obtained
from the present model with;Y= 0.06 mM andCo = 5.0 mM?3” Light
flux was applied from a time of 500 s in each simulation, and the values
in M st were (a) 1.0x 1076, (b) 1.74x 1075, (c) 2.80x 1075, (d)
4.99 x 1076, and (e) 1.0x 10°5.

The photochemical reaction steps L1 and L2 respectively
present the inhibitory and the inductory effects of light on the
Ru(bpy)?-catalyzed BZ reactiof+16-1%In the photochemical
step L1, proton is involved as reported in the literatt¥rehich
has not been considered in the previous mé&&t>8In addition,
the rate constarit, » included the constant concentration of H
in the previous modéR-3258To let the rate constants; and
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Figure 6. Photoinduced chaotic behavior in (a) Y, (b) V, and (c)
LogY—LogZ attractor obtained from the present model under the
following condition: A= 0.05 M, H= 0.8 M, kos = 0.99 s, h =
0.501, Y,, = 0.05 mM, andk = 2.7 x 1072 s7%, with the values of the
other constant parameters as listed in Table 2. Light flux was applied
from a time of 500 s and the value was 2.6410°6 M s,

-5.4

ratios, k- o/ki 1 andki»/k 1, by considering the reported value
(0.37 M) of H}2 The values of the parameters as listed in Table
2 are now useful for a system under different solute composi-
tions.

To reproduce the photoinduction of oscillations as demon-
strated in Figure 2, nonzero values of the in-flow concentration
of Br~ (Yin) are indispensable to the present model. Thus we
have used the value of Y= 5 x 10°® M to simulate the
experimental results as shown in Figure 2(A), while no Br
was added in the in-flow solutions experimentally. However,
including the nonzero value ofjyin the simulation may make
sense if we admit a trace amount of Bncluded in the regent
of BrOs™. The value (5x 10°% M) of the Yi, used in the
simulation was 0.03- 0.04% of that (0.015- 0.013 M) of the
BrOs~ used in the experiments. This assumption may indicate
that a trace amount of Brmight be included in the solution of
BrOs;™.

Chaotic oscillations can be exhibited only under high flow
rates and illumination conditions in the present model. Under
dark conditions, the present model is mathematically identical
with the original Oregonator modé&lwhich is known to exhibit
neither complex nor chaotic oscillations even under flow condi-
tions>® Though our model exhibits neither complex nor burst-
like oscillatory behavior as observed experimentally under dark
conditions33 it reproduces photoinduced behavior in good agree-
ment with experimental observations. The present investigation

k> be general, we redefined them so that they do not include shows that the value dos plays an important role to exhibit
the solute concentration. We calculated the values of the two photoinduced chaotic behavior. In general, a low valué&sf
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0.25 : : : 0.25 photoinduction. This model has also generated photoinduced
irregular oscillations observed experimentally in both batch and
0.2 102 flow systems. The present model also predicts that chaotic
- ) ’ oscillations can be exhibited only under certain high flow rates
o and illumination conditions.
N 0.15 1015 2 The essence of the present work is demonstrated in Tables 1
s % and 2. Although there still remain a few uncertainties in the
< 0.1 1014 = reaction mechanisms, the present model is useful to simulate
and control the photoinduced behavior in the Ru(bpy)
0.05 10.05 catalyzed BZ reaction.
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