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Complex Behavior in Coupled Bromate Oscillators
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In this study, coupled bromate-oscillators constructed by adding 1,4-cyclohexanedione (1,4-CHD) to the ferroin-
catalyzed BelousovZhabotinsky reaction are investigated in a batch reactor under anaerobic conditions.
Various complex behaviors such as sequential oscillations and bursting phenomena are observed. At low
concentrations of ferroin or malonic acid (MA), the development of sequential oscillations is found to depend
on the ratio of [1,4-CHD]/[ferroin] and [1,4-CHD]/[MA] rather than their absolute concentrations. As the
concentration of MA or ferroin was increased gradually, however, the minimum 1,4-CHD concentration required
to induce complex oscillations reaches a plateau. Perturbations by light illustrate that the first oscillatory
window is governed by the ferroifMA —BZ mechanism, whereas the 1,4-CHbBromate oscillator plays a
prominent role during the non-oscillatory evolution and the second oscillatory window. Our conclusion is
further supported by numerical simulations in which sequential oscillations observed in experiments are
qualitatively reproduced by a modified FKN mechanism.

1. Introduction coupling strength (i.e., the ratio of [1,4-CHD]/[MA] and [1,4-
CHD]/[ferroin]) reaches a plateau as the initial concentration

As one of the best understood chemical oscillatot3 the of MA or ferroin is increased continuously.

Belousov-Zhabotinsky (BZ) reaction has been frequently
employed as a model system to gain insight into various
nonlinear spatiotemporal behavidfs2® For example, spatially
extended BZ reactions catalyzed by ferroin or ruthenium have All reactions were carried out in a thermostated cylindrical
been investigated extensively in the past two decades, whichglass vessel, where temperature was controlled at (250)
led to observations of various types of pattern formatioA! °C by a circulating water bath (Fisher Scientific). The volume
The classic BZ reaction is the oxidation and bromination of of the reaction mixture was kept constant at 30.0 mL throughout
organic substrates, malonic acid (MA), by acidic bromate in this study. There was about a 1-cm gap between the solution
the presence of metal ion catalydtvhen MA was replaced by ~ and the bottom of a Teflon lid. To avoid the influence of oxygen,
a different organic substrate or when two or more substrates hitrogen gas was continuously flowed into the gap at a speed
are present simultaneously, the BZ reaction is found to exhibit of about 0.05 L/min. To examine whether flowing inert gases
quite different nonlinear behavior, including the occurrence of above the solution surface affects the reaction kinetics, for
complex oscillations and/or dramatic changes in the frequency €xample, via inducing the loss of volatile species such as
and amplitude of oscillatiof2—37 bromine, etc., argon was supplied at a much lower flow rate
In this study, we investigated the oscillatory behavior of the and no difference in the behavior was recorded. Reactions were

ferroin-catalyzed BZ reaction in the presence of a second followed by a platinum electrode coupled with ajHg>SOs K-
substrate, 1,4-cyclohexanedione (1,4-CHD). As reported in the SQs reference electrode. A personnel computer, interfaced
literature$ 1,4-CHD alone is capable of forming a chemical through a PowerLab/4SP instrument (ADInstruments), was used
oscillator with bromate in an acidic environment. Therefore, in t0 collect Pt potentials.

addition to a new route of regenerating reduced metal catalysts FOr experiments illuminated by light, a fiber-optic halogen
(i.e. ferroin), the presence of 1,4-CHD in the ferroMA— Iamp (Fisher Scientific, Model DLS-100HD, 150W) with dual
bromate reaction also implements new autocatalytic feedbacks bifurcated fibers and continuously variable light levels was used
such as reactions of hydroquinone and bromine dioxide radi- s the light source. The two optical fibers were positioned at
cals3839As a result, the mixed BZ system studied here consists the opposite sides of the cylindrical glass reactor and about 1
of two bromate oscillators that are coupled together through ¢m away from the external wall of the reactor. The light intensity
such reagents as bromine dioxide, ferroin/ferriin, bromine, etc. Was measured with an optical photometer from Newport. No
Forming a coupled oscillatory system is an essential difference temperature change was observed when the reaction mixture
between this study and earlier investigations of BZ reactions Was illuminated by light, indicating that observed effects were
using two or more organic substraf@s3’ in which kinetic caused by photochemical reactions.

effects are mainly caused by competitions on the regeneration Stock solutions of NaBr@(Aldrich, 99%; 1.0 M), malonic

of ferroin. As shown in the following, the presence of coupled acid (Aldrich, 98%; 0.8 M), and pSQ, (Aldrich, 98%; 3 M)
nonlinear feedbacks leads to the occurrence of non-oscillatoryWere prepared in double-distilled water. Ferroin (Fe(pkfeh)

evolution and bursting phenomena. Interestingly, the critical 0-025 M, was prepared with Fe$@H,0O (Aldrich) and 1,10-
phenanthroline (Aldrich) according to a 1:3 stoichiometric

* Address correspondence to this author. E-mail: jwang@uwindsor.ca. 'elationship. 1,4-CHD (Aldrich, 98%) was directly dissolved
Fax: 1-519-973-7098. in the reaction mixture. Bromate solution was added to the

2. Experimental Procedures
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Figure 2. Dependence of the non-oscillatory evolution on the initial
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Figure 1. Time series showing the evolution of the mixed BZ reaction I I L L,
under different initial concentrations of 1,4-CHD: (a) 0.008, (b) 0.010, 5000 15000 25000 35000 Sce
and (c) 0.015 M. Initial values of other reactants are§&] = 0.4
M, [MA] = 0.085 M, [ferroin]= 4.0 x 10~* M, and [BrO;"] = 0.08 mv 4
M. 650 b
reaction solution after 1,4-CHD had dissolved completely. All 550
chemicals used here were commercial grade and were used
without further purification. Influences of initial concentrations 450 7 | l | | s | IR
of 1,4-CHD, MA,_BrQ , an(_j ferro_ln on the reaction dynam|cs 5000 15000 25000 35000 Sec
have been studied here, in which their concentrations were Figure 3. Time series of the mixed BZ reaction under different initial
adjusted respectively within the following ranges: 0'9]598 concentrations of ferroin: (a) 30 10 and (b) 8.0x 107* M. Initial
M (1,4-CHD), 0.075-0.25 M (MA), .0-07_0-09 M (BrGs7), compositions of other reactants are; @] = 0.4 M, [MA] = 0.085
and 3.0x 1074-8.0 x 104 M (ferrain). M, [1,4-CHD] = 0.01 M, and [BrQ~] = 0.08 M. Transitions between
simple and complex oscillations appear under this set of reaction

3. Experimental Results conditions.

Figure 1 presents three time series of the mixed BZ reaction
conducted at different initial concentrations of 1,4-CHD: (a)
0.008, (b) 0.010, and (c) 0.015 M. Other reaction conditions
are [HSQy] = 0.4 M, [MA] = 0.085 M, [Fe(phen§'] = 4.0
x 1074 M, and [BrQ;] = 0.08 M. As is shown in the figure,
there was a long induction time- {00 s), which grows as 1,4-

nearly linearly with the 1,4-CHD concentration. It is important
to point out that as 1,4-CHD concentration is increased, both
the first and the second group of oscillations last for a shorter
period of time and their amplitudes also become smaller. When
1,4-CHD concentration is increased to 0.032 M, only two peaks
CHD concentration is increased. In the absence of 1,4-CHD, with an extremt_aly slow _oscillation frequency are obtained in
the induction time is shorter than 80 s. During the induction the second oscillatory window.

period, the color of the reaction solution is blue, indicating that ~ The above influences of 1,4-CHD on reaction behavior could
the system is in an oxidized state (i.e., high Fe(ptfen) arise from two sources: (1) 1,4-CHD competes with MA to
concentration). The smooth growth in the amplitude of these react with ferriin, bromine, etc., and (2) the 1,4-CHD oscillator
oscillations suggests that the system undergoes a supercriticafompetes with the classic BZ oscillator for the autocatalyst,
Hopf-bifurcation. In Figure 1a, on|y a small amount of 1,4- bromine dioxide radicals. If competitions for bromine dioxide
CHD is added, and modulations in the frequency of oscillation radicals played an important role in inducing the non-oscillatory
can be seen at around 10000 s after mixing all reactantseévolution, similar effects of increasing 1,4-CHD concentration
together. As 1,4-CHD concentration is increased, more dramaticshould be achieved by decreasing the concentration of ferroin.
changes in the reaction behavior appear in Figure 1b, in which In Figure 3, two time series of the mixed BZ reaction are shown
a long quiescent period develops in the middle of the oscillatory at (a) [Fe(phenf'] = 3.0 x 1074 M and (b) [Fe(phen}'] =
window. Such a behavior resembles sequential oscillations 8.0 x 10~ M. Other reaction conditions were j80;] = 0.4
reported in earlier investigations. The non-oscillatory evolution M, [MA] = 0.085 M, [1,4-CHD]= 0.01 M, and [BrQ"] =
commenced earlier and lasted longer if 1,4-CHD concentration 0.08 M. This figure shows that increasing ferroin concentration
was increased still (see Figure 1c), suggesting that 1,4-CHD does exhibit opposite effects as increasing 1,4-CHD concentra-
plays an important role in the development of the sequential tion on the development of sequential oscillations. Therefore,
oscillations. In Figure 2, the length of the non-oscillatory period as suggested earlier, competitions of the two bromate-based
is plotted as a function of the initial concentration of 1,4-CHD, oscillators through the autocatalytic processes appear to play
in which the period of the non-oscillatory window increases an essential role in the occurrence of sequential oscillations.
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Figure 4. Phase diagram showing complex reaction dynamics in the Figure 6. Phase diagram showing the reaction dynamics in the 1,4-
1,4-CHD-ferroin concentration phase plane. Other reaction conditions CHD—MA concentration phase plane. Other reaction conditions are

are [{SQ)] = 0.4 M, [MA] = 0.085 M, and [Br@] = 0.08 M. [H2SQy] = 0.4 M, [ferroin] = 4.0 x 1074 M, and [BrO;"] = 0.08 M.
;“:(; : the system moves to the parameter region where only sequential
oscillations can be seen.
550 Figure 5 shows four time series achieved under different
initial concentrations of MA: (a) 0.10, (b) 0.20, (c) 0.25, and
450 (d) 0.30 M. Other reaction conditions are 50, = 0.4 M,
‘ ' ' : ' ' —> [Fe(phen)*] = 4.0 x 10* M, [1,4-CHD] = 0.012 M, and
5000 15000 25000 35000 Sec [BrOs7] = 0.08 M. Notably, complex oscillatory behavior is
mV b observed for all four experiments in which MA concentration
650 triples. This result illustrates that the effect of MA on the
dynamics of the mixed BZ system is not as dramatic as that of
550 1,4-CHD. In other words, competitions between 1,4-CHD and
MA for reagents such as bromine, ferriin, etc. are not critical
450 1 . . . . R in the development of the non-oscillatory window. However,
5000 15000 25000 35000 Sec as the concentration o_f MA is d_oubled to Q.2 M, a new c_orr_lplex
mv phenomenon resembling bursting oscillations occurs within the
650 ¢ non-oscillatory window (e.g., between 15000 and 30 000 s).

Bursting oscillations appear to occur more frequently as the
concentration of MA acid is increased further (see Figure 5c).
Eventually, the bursting oscillations combine to form one large
group of oscillations (Figure 5d), which leads to three isolated
oscillatory windows.

In Figure 6, complex oscillations are characterized in the 1,4-
CHD—MA concentration phase plane. Other reaction conditions
are [HSQ)] = 0.4 M, [Fe(pheng?™] = 4.0 x 10* M, and
[BrO37] = 0.08 M. Three dynamic regions are observed. Only
simple oscillations with one oscillatory window are observed
in region |, whereas complex reaction behavior is seen in both
region Il (sequential oscillations) and region 11l (burst phenom-

Figure 5. Time series of the coupled BZ reaction under different initial ena). It is interesting to note that at low MA concentration, the
concentrations of malonic acid: (a) 0.1, (b) 0.2, (c) 0.25, and (d) 0.3 threshold 1,4-CHD concentration required to induce complex

M. Other reaction conditions are J8Q;] = 0.4 M, [1,4-CHD]= 0.012 oscillqtions alsp appears to increase proportionally with respect
M, [ferroin] = 4.0 x 10 M, and [BrO;"] = 0.08 M. to an increase in the initial concentration of MA. Whether such
a relationship between [1,4-CHD] and [MA] arises from their
Figure 4 presents a phase diagram of the reaction dynamicscompetitions for ferroin or reactions with bromine remains to
in the ferroin-1,4-CHD concentration plane, in which three be understood. Nevertheless, the above phase diagram illustrates
dynamic areas are observed: (I) simple oscillations, (II) bursting that interactions of 1,4-CHD and MA play an important role in
phenomena (such as shown in Figure 5c), and (lll) sequentialthe development of bursting phenomena, especially under low
oscillations. When the ratio of [1,4-CHD]/[ferroin] is low (i.e., MA concentrations.
in region 1), only one oscillatory window similar to those shown In addition to those reactants which are known to be involved
in Figures 1a and 2b is observed. The threshold ratio of [1,4- in reactions competing with 1,4-CHD and/or products of 1,4-
CHD]/[ferroin] for transition from simple to complex oscillations CHD, bromate and sulfuric acid are also investigated in this
is nearly constant over a broad range, indicating that the ratio study. Figure 7 presents two time series obtained under different
of [1,4-CHD]/[ferroin] is more important than their absolute initial concentrations of bromate: (a) 0.07 and (b) 0.09 M. All
concentrations. However, as the concentration of ferroin movesother reaction conditions are the same as those in Figure 1b.
to a higher region, the threshold concentration of 1,4-CHD Compared with the result shown in Figure 1b, the non-oscillatory
appears to reach a plateau. In addition, at high ferroin window appeared earlier and lasted for a much longer time in
concentration, increasing the concentration of 1,4-CHD will Figure 7a as a result of the decreased bromate concentration.
cause the system to exhibit bursting phenomena first, and thenOn the other hand, when the concentration of bromate is
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Figure 7. Time series of the coupled BZ reaction under different initial
concentrations of bromate: (a) 0.07 and (b) 0.09 M. Other reaction
conditions are [HSOy] = 0.4 M, [1,4-CHD]= 0.01 M, [ferroin] =

4.0 x 104 M, and [MA] = 0.085 M.
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Figure 8. (a) Photoresponses of the ferreilA —bromate oscillations,
in which initial compositions of the reaction solutions are$i@] =
0.4 M, [MA] = 0.085 M, [ferroin]= 4.0 x 10* M, and [Br&;] =
0.08 M; (b) photoresponses of the 1,4-CHbBromate oscillations,
where initial compositions of the reaction mixture are$idy] = 0.4
M, [1,4-CHD] = 0.01 M, and [BrQ"] = 0.08 M. 1; = 50 mW/cn#,
andl; = 100 mW/cni.

increased, only modulations in the frequency of oscillation are
seen in Figure 7b. If the initial concentration of sulfuric acid is
increased to 0.5 M with all other conditions the same as in

Figure 1b, complex oscillations disappeared; on the other hand,

if the sulfuric acid concentration is decreased to 0.3 M, the non-
oscillatory window appears earlier and lasts for a longer period
of time, similar to the effect of decreasing bromate concentra-
tion.

Earlier studies have demonstrated that the 1,4-EHidmate
oscillator generally has a long induction time 30 min)>:38
Therefore, oscillations of the first oscillatory window are
presumably governed by the classic BZ reaction mechanism.
To shed light on properties of the nonoscillatory evolution and
the second oscillatory window, illumination was employed as
a means to perturb the mixed BZ reaction. According to existing
literature?®=43 the ferroin-catalyzed BZ reaction and the 1,4-
CHD—bromate oscillator respond differently to light perturba-
tion. Figure 8 presents the photoresponses of the feri®ih
oscillator (time series a) and the 1,4-CHEerroin—bromate
oscillator (time series b). As shown in Figure 8a, under the

J. Phys. Chem. A, Vol. 109, No. 17, 2003053
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Figure 9. Photoresponses of the mixed BZ reaction at different initial
concentrations of 1,4-CHD: (a) 0.01 and (b) 0.02 M. Other reaction
conditions are [HSQy] = 0.4 M, [MA] = 0.085 M, [ferroin]= 4.0 x

104 M, and [BrG;”] = 0.08 M. I; = 50mW/cn#, andl, = 100 mW/
cn?.
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conditions studied here, the ferroin-catalyzed BZ reaction
responds to illumination with significant increases in both the
amplitude and frequency of oscillation. Furthermore, quenching
is not achieved even when the intensity of the applied light is
increased to 100 mW/cinThe above constructive impacts of
light could result from light-induced production of bromous acid
and/or photoreduction of Fe(phef).3%4° On the other hand,
guenching behavior is observed in the 1,4-CHiDomate-
ferroin system when the applied light intensity exceeds 50 mW/
cm?. The two bromate-driven oscillators studied here have
opposite responses to illumination.

Responses of the mixed BZ system to light perturbation are
shown in Figure 9, in which the concentration of 1,4-CHD is
varied: (a) 0.01 and (b) 0.02 M. Figure 9a shows that when
light was used to perturb the second oscillatory window,
significant amplifications in the amplitude and frequency of
oscillation took place. Those variations are similar to what
occurred in Figure 8a. Notably, no quenching behavior was
observed even after the light intensity was increased to 100 mW/
cn?. This result suggests that oscillations within the second
oscillatory window are still dominated by the classic BZ reaction
mechanism. Perturbations on the non-oscillatory window did
not produce any interesting behavior, where no light-induced
oscillations were observed. As the initial concentration of 1,4-
CHD was increased to 0.02 M, significant changes in photo-
sensitivity took place at the latter stage of the non-oscillatory
window, where light-induced oscillations were observed (see
Figure 9bl). Frequencies of those light-induced oscillations
increase with respect to the intensity of the applied light. Such
a scenario is qualitatively the same as what was reported in the
1,4-CHD-bromate-ferroin reaction systerft.
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As shown in Figure 9b2, within the second oscillatory window TABLE 1

illumination with 50 mW/cr light was able to amplify both 5 reaction rate constant
the amplitude and frequency of oscillation. Such a behavior is - - —
. ; . A. reactions between bromine-containing compounds
the same as what appeared in the classic BZ oscillator (see; g1 BrOs~ + 2H— HOBr + HBrO, 0.1
Figure 8a). However, as the light intensity is increased to 100 2  HOBr+ HBrO,— Br~ + BrOs~ + 2H* 3.3
mW/cn? quenching phenomena are observed. Such qualitative 3 HBrO, + Br~ + H*— 2HOBr 1.6x 10°
changes in responses to light have been reported in the 1,4-4 2HOBr— HBrO,+ Br-+ H* 2x10°
CHD—bromate and the 1,4-CHEbromate-ferroin systemé!42 5 HOBr+Br +H"—Br+ Hz0 1.84x 10°
but not in the classic ferroinBZ reaction. The above experi- g gg;gﬁ;g?if :;gé':r""_ﬁ gooo
ments thus suggest that, as the initial concentration of 1,4-CHD g gyo,- + HOBr + H*— 2HBrO, 6.0 x 10-°
is increased, the 1,4-CHEbromate oscillator plays an increas- 9  BrO;~+ HBrO2+ H*— 2BrO, + H,0O 40
ingly important role in the non-oscillatory evolution and in the 10 2BrGOs+ H,O— BrOs~ + HBrO, + H* 4.2 x 10
second oscillatory window. B. reactions with the participation of bromine-containing compounds
. and malonic acid derivatives
4. Computatlonal Results 11 MA + Br,— BrMA + Br— + H* 28.65
Our model is constructed by combining a mechanism 12 MA -+ HOBr—BrMA + H,O 8.2
proposed by Strizhak and co-work&or the ferroin-catalyzed ~ 13 BrMA +HOBr— product 0.1
BZ reaction and a model developed byrige and co-workei§ 14 2BrMA‘+ HLO—~ BIMA + BITTA Lx 107
5 BrMA* + BrOy + H,O — HBrO,+ BrTTA 5 x 10°
for the 1,4-CHD-bromate system. The complete model (Table 16 BrMA* + MA* + H,O — MA + BITTA 1x 10
1) consists of 43 reaction steps and 17 variables. Most of the 17 MA* + BrO, — product 5x 10°
rate constants are taken from the literature without modifica- 18 MA® 4 BrOs™ + H*— BrO;* + product 32
tion 38.39.44 19 BrTTA— Br~ + product c
Figure 10 presents three time series calculated from the model 20 BrMA“+ qug + Hf_' Brozu_r ?rTTA 32
listed in Table 1, in which the initial concentration of 1,4-CHD , & reac.t|ons+W|th thf participation of the catalyst
is adjusted as the only variable: (a) 0.004, (b) 0.010, and (c) g% g§é+++BéOz +H—~Fe” + HBO, 10 10°
7 . . : rO;~ + 3H*— 2Feé* + HBrO, + H,O0  0.256
0.015 M. Similar to experimental observation, there is only one 53 >rg+ + HBrO, + 2H*— 2F&* + HOBr + H,0 1.6
oscillatory window when the concentration of 1,4-CHD is low. 24 2F@&++ HOBr+ H*— 2Fé* + Br- + H,O 5x 1073
When [1,4-CHD] is increased to 0.010 M, a long period of non- 25 2Fé* + Br,+ H*—2F&* + 2Br- 100
oscillatory evolution occurs, separating the oscillations into two 26 2Fé" + 2Br~ — 2F&* + Bry + H* see ref 36
parts. This result supports that the complex oscillations seen in 27 Eg: i 'é"'ﬁ/l;'_:,e;t L\L/'%" &;ﬁl H+ %OX 100
experiments arise from intrinsic reaction dynamics. Consistent 59 e+ 4 BrrMA' + Ht— Fe’;r+ + BrMA 3.2 x 10°

with experimental observation, in the simulation the induction . .
D. reactions with 1,4-CHD

time of these spontaneous oscillations also increases with respecty HQ + 2Br0y — 2HBIO, +Q 2% 10
to 1,4-CHD concentration. While the model was able to 37 H,Q+ Br,— Q+ 2Br 1% 10
qualitatively reproduce sequential oscillations induced by the 32 H,Q+ H* + BrOs~ — Q + HBrO,+ H,0O 1.6x 102
presence of 1,4-CHD, influences of 1,4-CHD on the duration 33 HQ -+ HOBr—Q+ Br + H"+ H,0 6 x 10°
of the non-oscillatory evolution could not be reproduced. 34 HQ+2F€"—2Fe" +Q+2H" 6x16
Specifically, further increasing 1,4-CHD concentration in the 32 g:BI—EFJrHH*_;CgEiSI :+ g%;( 182_
modeling (see Figure 10, parts b and c) does not prolong the 37  cHpE+ Br,— BrCHD + H* + Br- 28x 10°
non-oscillatory period as seen in experiments (see Figure 2). 38 CHD+ HBrO, — H,Q + HOBr + H,0 5
Further improvement of the model will be pursued in our future 39 BrCHD+ H*— CHED+ Br~ + 2H" 5x 10°
work. 40 CHED+HT—HQ+H* 8 x 10752
To decipher the governing mechanisms in each reaction stage,41 CHD+ BrO; + H' —~ HzQ + HBrO; + H.0 16107
. X - ; S 2Fé* + CHD — 2F&* 4+ H,Q + 2H* 0.032
during the simulation process we temporarily eliminated one ,3 5rg+ 4 BICHD — Q + Br- + 3H* + 2F&* 0.051
of the two suboscillators. These calculations show that, within _ o
the first oscillatory window, if concentrations of MA and BrMA a|ndicates that the value used here is different from what was used

in ref 38.° Discussion regarding the election of these rate constants

are set to zero .("ef" to rem_ove th_e ferrelZ oscillator), ., can be found in ref 3& The concentrations of [ = 0.8 M and [HO]
spontaneous oscillations stop immediately; however, temporarily — 5 56 M are included in the rate constants.

setting concentrations of 1,4-CHD and BrCHD to zero does not . . ) .
affect those spontaneous oscillations. This illustrates that the . Within the second oscnlat.ory window, spontaneous oscilla-
first oscillatory window is indeed governed by the classic Bz 1Ons stop when concentrations of MA and BrMA are set to
oscillator. During the non-oscillatory period, if concentrations 2€© (i-€. eliminating the classic BZ reaction); on the other hand,
of 1,4-CHD and BrCHD are set to zero, spontaneous oscillations WNen concentrations of 1,4-CHD and BrCHD are set to zero,
reappear immediately, illustrating that the 1,4-CHEomate oscillatory behavior lasts for a little longer time. This indicates

reactions play an essential role in the occurrence of the non-that the classm BZ reaction still plays an essential role in the
oscillatory window. If concentrations of MA and BrMA are second oscillatory window, but the presence of BrCHD exerts

temporarily set to zero within the non-oscillatory window, no important influences on the oscillatory behavior. This conclusion
spontaneous oscillations could appear unless the concentratior® cpn3|stent.W|th the e.xpenmental observation that the second
of 1,4-CHD is increased slightly. Close examination reveals that 0Scillatory window exhibits subtle responses to light perturba-
this is because most of the 1,4-CHD is converted to BrcHD tion. in which BrCHD may lead to additional production of Br
during the first oscillatory window. Indeed, during the non- and consequently result in light-induced quenching phenomena.

oscillatory window, temporarily setting BrCHD concentration
to zero alone will be sufficient to revive oscillatory behavior.
This suggests that BrCHD dominates the production of bromide  This study investigates the nonlinear dynamics of a mixed
at a rate that is sufficient to quench oscillatory behavior. BZ reaction system, in which there are two organic substrates,

5. Conclusions
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4 coupling nonlinear feedbacks. It is interesting to note that the
occurrence of complex oscillations also appears to depend on
1.56-5 ] the ratio of [1,4-CHD]/[MA], especially at low concentration
. of [MA], implying that couplings through nonlinear feedbacks
2 also play an important role in the mixed BZ reaction.
Both photoperturbation experiments and numerical simula-
tions suggest that the 1,4-CHibromate reaction plays a critical

. ' ' ' > role during the non-oscillatory evolution. At higher initial
0 5000 10000 15000 20000 concentration of 1,4-CHD, behavior of the second oscillatory
time/sec window is greatly affected by the 1,4-CHibromate oscillator,

as evidenced by the subtle dependence of photosensitivity on
light intensity. The unique photosensitivity, the presence of
complex temporal dynamics, and visible periodic color changes
] in the mixed BZ reaction make it an attractive model system

2¢-5 for exploring novel spatiotemporal behavior, in particular
y L perturbed nonlinear dynamics. Among existing studies of
5e-6 coupled chemical oscillators, the coupled system was usually

> constructed via coupling two identical chemical systems oper-
ated at different reaction conditioA%:#8 In this study, the
coupled system was formed via a combination of different
A oscillatory chemical reactions (i.e. through “internal” couplings).
Results obtained here thus shall be useful for understanding the
i c occurrence of complex dynamics in coupled nonlinear media.
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