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In this study, coupled bromate-oscillators constructed by adding 1,4-cyclohexanedione (1,4-CHD) to the ferroin-
catalyzed Belousov-Zhabotinsky 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 ferroin-MA-BZ mechanism, whereas the 1,4-CHD-bromate 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

As one of the best understood chemical oscillators,1-13 the
Belousov-Zhabotinsky (BZ) reaction has been frequently
employed as a model system to gain insight into various
nonlinear spatiotemporal behaviors.14-26 For example, spatially
extended BZ reactions catalyzed by ferroin or ruthenium have
been investigated extensively in the past two decades, which
led to observations of various types of pattern formation.27-31

The classic BZ reaction is the oxidation and bromination of
organic substrates, malonic acid (MA), by acidic bromate in
the presence of metal ion catalyst.1 When MA was replaced by
a different organic substrate or when two or more substrates
are present simultaneously, the BZ reaction is found to exhibit
quite different nonlinear behavior, including the occurrence of
complex oscillations and/or dramatic changes in the frequency
and amplitude of oscillation.32-37

In this study, we investigated the oscillatory behavior of the
ferroin-catalyzed BZ reaction in the presence of a second
substrate, 1,4-cyclohexanedione (1,4-CHD). As reported in the
literature,5 1,4-CHD alone is capable of forming a chemical
oscillator with bromate in an acidic environment. Therefore, in
addition to a new route of regenerating reduced metal catalysts
(i.e. ferroin), the presence of 1,4-CHD in the ferroin-MA-
bromate reaction also implements new autocatalytic feedbacks,
such as reactions of hydroquinone and bromine dioxide radi-
cals.38,39As a result, the mixed BZ system studied here consists
of two bromate oscillators that are coupled together through
such reagents as bromine dioxide, ferroin/ferriin, bromine, etc.
Forming a coupled oscillatory system is an essential difference
between this study and earlier investigations of BZ reactions
using two or more organic substrates,32-37 in which kinetic
effects are mainly caused by competitions on the regeneration
of ferroin. As shown in the following, the presence of coupled
nonlinear feedbacks leads to the occurrence of non-oscillatory
evolution and bursting phenomena. Interestingly, the critical

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

2. Experimental Procedures

All reactions were carried out in a thermostated cylindrical
glass vessel, where temperature was controlled at (25.0( 0.1)
°C by a circulating water bath (Fisher Scientific). The volume
of the reaction mixture was kept constant at 30.0 mL throughout
this study. There was about a 1-cm gap between the solution
and the bottom of a Teflon lid. To avoid the influence of oxygen,
nitrogen gas was continuously flowed into the gap at a speed
of about 0.05 L/min. To examine whether flowing inert gases
above the solution surface affects the reaction kinetics, for
example, via inducing the loss of volatile species such as
bromine, etc., argon was supplied at a much lower flow rate
and no difference in the behavior was recorded. Reactions were
followed by a platinum electrode coupled with a Hg|Hg2SO4|K2-
SO4 reference electrode. A personnel computer, interfaced
through a PowerLab/4SP instrument (ADInstruments), was used
to collect Pt potentials.

For experiments illuminated by light, a fiber-optic halogen
lamp (Fisher Scientific, Model DLS-100HD, 150W) with dual
bifurcated fibers and continuously variable light levels was used
as the light source. The two optical fibers were positioned at
the opposite sides of the cylindrical glass reactor and about 1
cm away from the external wall of the reactor. The light intensity
was measured with an optical photometer from Newport. No
temperature change was observed when the reaction mixture
was illuminated by light, indicating that observed effects were
caused by photochemical reactions.

Stock solutions of NaBrO3 (Aldrich, 99%; 1.0 M), malonic
acid (Aldrich, 98%; 0.8 M), and H2SO4 (Aldrich, 98%; 3 M)
were prepared in double-distilled water. Ferroin (Fe(phen)3

2+),
0.025 M, was prepared with FeSO4‚7H2O (Aldrich) and 1,10-
phenanthroline (Aldrich) according to a 1:3 stoichiometric
relationship. 1,4-CHD (Aldrich, 98%) was directly dissolved
in the reaction mixture. Bromate solution was added to the
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reaction solution after 1,4-CHD had dissolved completely. All
chemicals used here were commercial grade and were used
without further purification. Influences of initial concentrations
of 1,4-CHD, MA, BrO3

-, and ferroin on the reaction dynamics
have been studied here, in which their concentrations were
adjusted respectively within the following ranges: 0.015-0.08
M (1,4-CHD), 0.075-0.25 M (MA), 0.07-0.09 M (BrO3

-),
and 3.0× 10-4-8.0 × 10-4 M (ferroin).

3. Experimental Results

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 [H2SO4] ) 0.4 M, [MA] ) 0.085 M, [Fe(phen)32+] ) 4.0
× 10-4 M, and [BrO3

-] ) 0.08 M. As is shown in the figure,
there was a long induction time (>700 s), which grows as 1,4-
CHD concentration is increased. In the absence of 1,4-CHD,
the induction time is shorter than 80 s. During the induction
period, the color of the reaction solution is blue, indicating that
the system is in an oxidized state (i.e., high Fe(phen)3

3+

concentration). The smooth growth in the amplitude of these
oscillations suggests that the system undergoes a supercritical
Hopf-bifurcation. In Figure 1a, only a small amount of 1,4-
CHD is added, and modulations in the frequency of oscillation
can be seen at around 10 000 s after mixing all reactants
together. As 1,4-CHD concentration is increased, more dramatic
changes in the reaction behavior appear in Figure 1b, in which
a long quiescent period develops in the middle of the oscillatory
window. Such a behavior resembles sequential oscillations
reported in earlier investigations. The non-oscillatory evolution
commenced earlier and lasted longer if 1,4-CHD concentration
was increased still (see Figure 1c), suggesting that 1,4-CHD
plays an important role in the development of the sequential
oscillations. In Figure 2, the length of the non-oscillatory period
is plotted as a function of the initial concentration of 1,4-CHD,
in which the period of the non-oscillatory window increases

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
with an extremely slow oscillation frequency are obtained in
the second oscillatory window.

The above influences of 1,4-CHD on reaction behavior could
arise from two sources: (1) 1,4-CHD competes with MA to
react with ferriin, bromine, etc., and (2) the 1,4-CHD oscillator
competes with the classic BZ oscillator for the autocatalyst,
bromine dioxide radicals. If competitions for bromine dioxide
radicals played an important role in inducing the non-oscillatory
evolution, similar effects of increasing 1,4-CHD concentration
should be achieved by decreasing the concentration of ferroin.
In Figure 3, two time series of the mixed BZ reaction are shown
at (a) [Fe(phen)32+] ) 3.0 × 10-4 M and (b) [Fe(phen)32+] )
8.0 × 10- 4M. Other reaction conditions were [H2SO4] ) 0.4
M, [MA] ) 0.085 M, [1,4-CHD]) 0.01 M, and [BrO3

-] )
0.08 M. This figure shows that increasing ferroin concentration
does exhibit opposite effects as increasing 1,4-CHD concentra-
tion on the development of sequential oscillations. Therefore,
as suggested earlier, competitions of the two bromate-based
oscillators through the autocatalytic processes appear to play
an essential role in the occurrence of sequential oscillations.

Figure 1. Time series showing the evolution of the mixed BZ reaction
under different initial concentrations of 1,4-CHD: (a) 0.008, (b) 0.010,
and (c) 0.015 M. Initial values of other reactants are [H2SO4] ) 0.4
M, [MA] ) 0.085 M, [ferroin]) 4.0 × 10-4 M, and [BrO3

-] ) 0.08
M.

Figure 2. Dependence of the non-oscillatory evolution on the initial
concentration of 1,4-CHD. Other reaction conditions are [H2SO4] )
0.4 M, [MA] ) 0.085 M, [ferroin]) 4.0 × 10-4 M, and [BrO3

-] )
0.08 M. They-axis indicates how long the non-oscillatory evolution
lasts. A linear relationship can be seen here.

Figure 3. Time series of the mixed BZ reaction under different initial
concentrations of ferroin: (a) 3.0× 10-4 and (b) 8.0× 10-4 M. Initial
compositions of other reactants are [H2SO4] ) 0.4 M, [MA] ) 0.085
M, [1,4-CHD] ) 0.01 M, and [BrO3

-] ) 0.08 M. Transitions between
simple and complex oscillations appear under this set of reaction
conditions.
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Figure 4 presents a phase diagram of the reaction dynamics
in the ferroin-1,4-CHD concentration plane, in which three
dynamic areas are observed: (I) simple oscillations, (II) bursting
phenomena (such as shown in Figure 5c), and (III) sequential
oscillations. When the ratio of [1,4-CHD]/[ferroin] is low (i.e.,
in region I), only one oscillatory window similar to those shown
in Figures 1a and 2b is observed. The threshold ratio of [1,4-
CHD]/[ferroin] for transition from simple to complex oscillations
is nearly constant over a broad range, indicating that the ratio
of [1,4-CHD]/[ferroin] is more important than their absolute
concentrations. However, as the concentration of ferroin moves
to a higher region, the threshold concentration of 1,4-CHD
appears to reach a plateau. In addition, at high ferroin
concentration, increasing the concentration of 1,4-CHD will
cause the system to exhibit bursting phenomena first, and then

the system moves to the parameter region where only sequential
oscillations can be seen.

Figure 5 shows four time series achieved under different
initial concentrations of MA: (a) 0.10, (b) 0.20, (c) 0.25, and
(d) 0.30 M. Other reaction conditions are [H2SO4] ) 0.4 M,
[Fe(phen)32+] ) 4.0 × 10-4 M, [1,4-CHD] ) 0.012 M, and
[BrO3

-] ) 0.08 M. Notably, complex oscillatory behavior is
observed for all four experiments in which MA concentration
triples. This result illustrates that the effect of MA on the
dynamics of the mixed BZ system is not as dramatic as that of
1,4-CHD. In other words, competitions between 1,4-CHD and
MA for reagents such as bromine, ferriin, etc. are not critical
in the development of the non-oscillatory window. However,
as the concentration of MA is doubled to 0.2 M, a new complex
phenomenon resembling bursting oscillations occurs within the
non-oscillatory window (e.g., between 15 000 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 [H2SO4] ) 0.4 M, [Fe(phen)32+] ) 4.0 × 10-4 M, and
[BrO3

-] ) 0.08 M. Three dynamic regions are observed. Only
simple oscillations with one oscillatory window are observed
in region I, whereas complex reaction behavior is seen in both
region II (sequential oscillations) and region III (burst phenom-
ena). It is interesting to note that at low MA concentration, the
threshold 1,4-CHD concentration required to induce complex
oscillations also appears to increase proportionally with respect
to an increase in the initial concentration of MA. Whether such
a relationship between [1,4-CHD] and [MA] arises from their
competitions for ferroin or reactions with bromine remains to
be understood. Nevertheless, the above phase diagram illustrates
that interactions of 1,4-CHD and MA play an important role in
the development of bursting phenomena, especially under low
MA concentrations.

In addition to those reactants which are known to be involved
in reactions competing with 1,4-CHD and/or products of 1,4-
CHD, bromate and sulfuric acid are also investigated in this
study. Figure 7 presents two time series obtained under different
initial concentrations of bromate: (a) 0.07 and (b) 0.09 M. All
other reaction conditions are the same as those in Figure 1b.
Compared with the result shown in Figure 1b, the non-oscillatory
window appeared earlier and lasted for a much longer time in
Figure 7a as a result of the decreased bromate concentration.
On the other hand, when the concentration of bromate is

Figure 4. Phase diagram showing complex reaction dynamics in the
1,4-CHD-ferroin concentration phase plane. Other reaction conditions
are [H2SO4] ) 0.4 M, [MA] ) 0.085 M, and [BrO3

-] ) 0.08 M.

Figure 5. Time series of the coupled BZ reaction under different initial
concentrations of malonic acid: (a) 0.1, (b) 0.2, (c) 0.25, and (d) 0.3
M. Other reaction conditions are [H2SO4] ) 0.4 M, [1,4-CHD]) 0.012
M, [ferroin] ) 4.0 × 10-4 M, and [BrO3

-] ) 0.08 M.

Figure 6. Phase diagram showing the reaction dynamics in the 1,4-
CHD-MA concentration phase plane. Other reaction conditions are
[H2SO4] ) 0.4 M, [ferroin] ) 4.0 × 10-4 M, and [BrO3

-] ) 0.08 M.
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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-CHD-bromate
oscillator generally has a long induction time (>30 min).5,38

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,40-43 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 ferroin-BZ
oscillator (time series a) and the 1,4-CHD-ferroin-bromate
oscillator (time series b). As shown in Figure 8a, under the

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/cm2. The above constructive impacts of
light could result from light-induced production of bromous acid
and/or photoreduction of Fe(phen)3

2+.31,40 On the other hand,
quenching behavior is observed in the 1,4-CHD-bromate-
ferroin system when the applied light intensity exceeds 50 mW/
cm2. 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/
cm2. 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 9b1). 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 system.41

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 [H2SO4] ) 0.4 M, [1,4-CHD] ) 0.01 M, [ferroin] )
4.0 × 10-4 M, and [MA] ) 0.085 M.

Figure 8. (a) Photoresponses of the ferroin-MA-bromate oscillations,
in which initial compositions of the reaction solutions are [H2SO4] )
0.4 M, [MA] ) 0.085 M, [ferroin]) 4.0 × 10-4 M, and [BrO3

-] )
0.08 M; (b) photoresponses of the 1,4-CHD-bromate oscillations,
where initial compositions of the reaction mixture are [H2SO4] ) 0.4
M, [1,4-CHD] ) 0.01 M, and [BrO3

-] ) 0.08 M. I1 ) 50 mW/cm2,
and I2 ) 100 mW/cm2.

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 [H2SO4] ) 0.4 M, [MA] ) 0.085 M, [ferroin]) 4.0×
10-4 M, and [BrO3

-] ) 0.08 M. I1 ) 50mW/cm2, andI2 ) 100 mW/
cm2.
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As shown in Figure 9b2, within the second oscillatory window
illumination with 50 mW/cm2 light was able to amplify both
the amplitude and frequency of oscillation. Such a behavior is
the same as what appeared in the classic BZ oscillator (see
Figure 8a). However, as the light intensity is increased to 100
mW/cm2 quenching phenomena are observed. Such qualitative
changes in responses to light have been reported in the 1,4-
CHD-bromate and the 1,4-CHD-bromate-ferroin systems,41,42

but not in the classic ferroin-BZ reaction. The above experi-
ments thus suggest that, as the initial concentration of 1,4-CHD
is increased, the 1,4-CHD-bromate oscillator plays an increas-
ingly important role in the non-oscillatory evolution and in the
second oscillatory window.

4. Computational Results

Our model is constructed by combining a mechanism
proposed by Strizhak and co-workers44 for the ferroin-catalyzed
BZ reaction and a model developed by Ko¨rös and co-workers38

for the 1,4-CHD-bromate system. The complete model (Table
1) consists of 43 reaction steps and 17 variables. Most of the
rate constants are taken from the literature without modifica-
tion.38,39,44

Figure 10 presents three time series calculated from the model
listed in Table 1, in which the initial concentration of 1,4-CHD
is adjusted as the only variable: (a) 0.004, (b) 0.010, and (c)
0.015 M. Similar to experimental observation, there is only one
oscillatory window when the concentration of 1,4-CHD is low.
When [1,4-CHD] is increased to 0.010 M, a long period of non-
oscillatory evolution occurs, separating the oscillations into two
parts. This result supports that the complex oscillations seen in
experiments arise from intrinsic reaction dynamics. Consistent
with experimental observation, in the simulation the induction
time of these spontaneous oscillations also increases with respect
to 1,4-CHD concentration. While the model was able to
qualitatively reproduce sequential oscillations induced by the
presence of 1,4-CHD, influences of 1,4-CHD on the duration
of the non-oscillatory evolution could not be reproduced.
Specifically, further increasing 1,4-CHD concentration in the
modeling (see Figure 10, parts b and c) does not prolong the
non-oscillatory period as seen in experiments (see Figure 2).
Further improvement of the model will be pursued in our future
work.

To decipher the governing mechanisms in each reaction stage,
during the simulation process we temporarily eliminated one
of the two suboscillators. These calculations show that, within
the first oscillatory window, if concentrations of MA and BrMA
are set to zero (i.e., to remove the ferroin-BZ oscillator),
spontaneous oscillations stop immediately; however, temporarily
setting concentrations of 1,4-CHD and BrCHD to zero does not
affect those spontaneous oscillations. This illustrates that the
first oscillatory window is indeed governed by the classic BZ
oscillator. During the non-oscillatory period, if concentrations
of 1,4-CHD and BrCHD are set to zero, spontaneous oscillations
reappear immediately, illustrating that the 1,4-CHD-bromate
reactions play an essential role in the occurrence of the non-
oscillatory window. If concentrations of MA and BrMA are
temporarily set to zero within the non-oscillatory window, no
spontaneous oscillations could appear unless the concentration
of 1,4-CHD is increased slightly. Close examination reveals that
this is because most of the 1,4-CHD is converted to BrCHD
during the first oscillatory window. Indeed, during the non-
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
at a rate that is sufficient to quench oscillatory behavior.

Within the second oscillatory window, spontaneous oscilla-
tions stop when concentrations of MA and BrMA are set to
zero (i.e. eliminating the classic BZ reaction); on the other hand,
when concentrations of 1,4-CHD and BrCHD are set to zero,
oscillatory behavior lasts for a little longer time. This indicates
that the classic BZ reaction still plays an essential role in the
second oscillatory window, but the presence of BrCHD exerts
important influences on the oscillatory behavior. This conclusion
is consistent with the experimental observation that the second
oscillatory window exhibits subtle responses to light perturba-
tion, in which BrCHD may lead to additional production of Br-

and consequently result in light-induced quenching phenomena.

5. Conclusions

This study investigates the nonlinear dynamics of a mixed
BZ reaction system, in which there are two organic substrates,

TABLE 1

no. reaction rate constant

A. reactions between bromine-containing compounds
1 Br-+ BrO3

- + 2H+f HOBr + HBrO2 0.1a

2 HOBr + HBrO2 f Br- + BrO3
- + 2H+ 3.3

3 HBrO2 + Br- + H+ f 2HOBr 1.6× 10 6

4 2HOBrf HBrO2 + Br- + H+ 2 × 10-5

5 HOBr + Br- + H+ f Br2 + H2O 1.84× 109

6 Br2 + H2O f HOBr + Br-+ H+ b
7 2HBrO2 f BrO3

- + HOBr + H+ 3000
8 BrO3

- + HOBr + H+f 2HBrO2 6.0× 10-9

9 BrO3
- + HBrO2 + H+ f 2BrO2

• + H2O 40
10 2BrO2

• + H2Of BrO3
- + HBrO2 + H+ 4.2× 107

B. reactions with the participation of bromine-containing compounds
and malonic acid derivatives

11 MA + Br2 f BrMA + Br- + H+ 28.65
12 MA + HOBr f BrMA + H2O 8.2
13 BrMA + HOBr f product 0.1
14 2BrMA• + H2O f BrMA + BrTTA 1 × 108

15 BrMA• + BrO2
• + H2O f HBrO2 + BrTTA 5 × 109

16 BrMA• + MA • + H2O f MA + BrTTA 1 × 109

17 MA• + BrO2
• f product 5× 109

18 MA• + BrO3
- + H+ f BrO2

• + product 32
19 BrTTA f Br- + product c
20 BrMA• + BrO3

- + H+ f BrO2
• + BrTTA 32

C. reactions with the participation of the catalyst
21 Fe2+ + BrO2

• + H+ f Fe3+ + HBrO2 10× 108

22 2Fe2+ + BrO3
- + 3H+ f 2Fe3+ + HBrO2 + H2O 0.256

23 2Fe2+ + HBrO2 + 2H+ f 2Fe3+ + HOBr + H2O 1.6
24 2Fe2+ + HOBr + H+ f 2Fe3+ + Br- + H2O 5× 10-3

25 2Fe2+ + Br2 + H+ f 2Fe3+ + 2Br- 100
26 2Fe3+ + 2Br- f 2Fe2+ + Br2 + H+ see ref 26
27 Fe3+ + MA f Fe2+ + MA • + H+ 1 × 10-2

28 Fe3+ + BrMA f Fe2+ + BrMA • + H+ 20
29 Fe2+ + BrMA • + H+ f Fe3+ + BrMA 3.2 × 109

D. reactions with 1,4-CHD
30 H2Q + 2BrO2

• f 2HBrO2 +Q 2× 106

31 H2Q + Br2 f Q+ 2Br- 1 × 104

32 H2Q + H+ + BrO3
- f Q + HBrO2+ H2O 1.6× 10-2

33 H2Q + HOBr f Q + Br- + H+ + H2O 6× 105

34 H2Q + 2Fe3+ f 2Fe2+ + Q + 2H+ 6 × 103

35 CHD+ H+ f CHDE + H+ 2.1× 10-4

36 CHDE+ H+ f CHD + H+ 5.2× 102

37 CHDE+ Br2 f BrCHD + H+ + Br- 2.8× 109

38 CHD+ HBrO2 f H2Q + HOBr + H2O 5
39 BrCHD+ H+f CHED + Br- + 2H+ 5 × 10-5

40 CHED+ H+ f H2Q + H+ 8 × 10-5 a

41 CHD+ BrO3
- + H+ f H2Q + HBrO2 + H2O 1.6× 10-5

42 2Fe3+ + CHD f 2Fe2+ + H2Q + 2H+ 0.03a

43 2Fe3+ + BrCHD f Q + Br- + 3H+ + 2Fe2+ 0.051

a Indicates that the value used here is different from what was used
in ref 38. b Discussion regarding the election of these rate constants
can be found in ref 38.c The concentrations of [H+] ) 0.8 M and [H2O]
) 55.56 M are included in the rate constants.
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namely, 1,4-CHD and MA. As opposed to the vast majority of
previous studies with mixed substrates,32-37 in this study the
second organic substrate, 1,4-CHD, not only participates in
reactions which compete with the first substrate, but also
introduces an additional nonlinear feedback. As is shown in
Figures 1-6, complex behavior such as sequential oscillations
and bursting phenomena is induced by the presence of the
second substrate. The fact that concentrations of 1,4-CHD and
ferroin exhibit opposite effects on the occurrence of a non-
oscillatory window suggests that coupling of reactions R1-R3
may play an essential role in the development of complex
reaction dynamics in the mixed system:

where hydroquinone (H2Q) is a product of 1,4-CHD. Together
with reaction 9 in Table 1, reactions R1, R2, and R3 form three
coupled autocatalytic feedbacks. Dolnik and co-workers have
demonstrated in the ferrocyanide-iodate-sulfite reaction that
coupling the nonlinear feedback step could lead to the control
of the frequency, amplitude, and existence of oscillations.45 In
complement to Dolnik’s work, this study demonstrates that not
only modulations in the frequency and amplitude of oscillation,
but even complicated dynamical behavior can be achieved by

coupling nonlinear feedbacks. It is interesting to note that the
occurrence of complex oscillations also appears to depend on
the ratio of [1,4-CHD]/[MA], especially at low concentration
of [MA], implying that couplings through nonlinear feedbacks
also play an important role in the mixed BZ reaction.

Both photoperturbation experiments and numerical simula-
tions suggest that the 1,4-CHD-bromate reaction plays a critical
role during the non-oscillatory evolution. At higher initial
concentration of 1,4-CHD, behavior of the second oscillatory
window is greatly affected by the 1,4-CHD-bromate 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
for exploring novel spatiotemporal behavior, in particular
perturbed nonlinear dynamics. Among existing studies of
coupled chemical oscillators, the coupled system was usually
constructed via coupling two identical chemical systems oper-
ated at different reaction conditions.46-48 In this study, the
coupled system was formed via a combination of different
oscillatory chemical reactions (i.e. through “internal” couplings).
Results obtained here thus shall be useful for understanding the
occurrence of complex dynamics in coupled nonlinear media.
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