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ropagation failures, breathing pulses, and backfiring in an excitable
eaction-diffusion system
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We report results from experiments with a pseudo-one-dimensional Belousov-Zhabotinsky reaction
that employs 1,4-cyclohexanedione as its organic substrate. This excitable system shows traveling
oxidation pulses and pulse trains that can undergo complex sequences of propagation failures.
Moreover, we present examples for �i� breathing pulses that undergo periodic changes in speed and
size and �ii� backfiring pulses that near their back repeatedly generate new pulses propagating in
opposite direction. © 2006 American Institute of Physics. �DOI: 10.1063/1.2266993�
hemical reactions far from thermodynamic equilibrium
rovide simple experimental models for the investigation
f self-organization in living organisms. They are ideally
uited to test theoretically predicted phenomena that
ight be present in biological systems but which are in-

ccessible or obscured by the complexity of the involved
rocesses. A prominent example is the propagation of ex-
itation pulses. This type of structure is crucial for or-
hestrating the pumping action of the heart and for re-
aying information in neuronal systems. In the simplest
ase, excitation pulses have a constant shape and travel
teadily through space similarly to a fire spreading
hrough a dry forest. After passage of a refractory period
growth of vegetation), the system locally regains its abil-
ty to support new pulses. This feature gives rise to the
ormation of wave trains and, in two- and three-
imensional media, various types of complex wave pat-
erns such as rotating spirals. Theoretical and numerical
tudies suggest that excitation pulses can undergo insta-
ilities that induce qualitatively new dynamics. These in-
tabilities induce breathing-like, periodic variations in
ulse width and more spectacular behavior in which the
ulse emits new pulses near its back. In this paper, we
eport results obtained from experiments with the well-
nown Belousov-Zhabotinsky reaction. Our observations
rovide examples for breathing and backfiring pulses.
oreover, we describe intricate sequences of propagation

ailures and unexpected variations in pulse duration.

. INTRODUCTION

Excitable systems show a great variety of propagating
ave structures.1,2 The underlying pulse trains are not only

triking solutions of particular classes of partial differential
quations, but they are also found in numerous experimental
ystems. Prominent examples include concentration waves in
hemical reactions3 and propagating action potentials in neu-
onal systems.4 Regardless of the specific nature of the active
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medium, relevant models are typically reaction-diffusion
�RD� equations and pulses are localized perturbations of fi-
nite amplitude. For instance, in the classic Belousov-
Zhabotinsky �BZ� reaction,5,6 excitation pulses are character-
ized by a high concentration of bromous acid that is
accompanied by a trailing refractory zone in which the reac-
tion’s catalyst is being chemically reduced. This refractory
zone is not only defining the directionality of pulse propaga-
tion, but it also influences the specific velocity of subsequent
wavefronts.

The latter dependence is the system-specific dispersion
relation c���, where c is the speed of an infinite wave train
with pulse spacing �. For many experimental systems, the
dispersion relation is a monotonically increasing function,
which, for large wavelengths, converges to a finite velocity.7

This maximal velocity is identical to the speed of the stable
solitary pulse. Nonetheless, various theoretical and experi-
mental studies have revealed different types of anomalous
dispersion relations. Anomalies include nonmonotonic be-
havior such as a single overshoot or damped oscillations,8,9

bistability,10,11 and band gaps.12 Typically, wave trains exist
for every wavelength �or period� above a lower cutoff value.
However, recent studies of BZ-type systems showed a pecu-
liar behavior for which wave trains exist only within a finite
band of wavelengths. This behavior has been coined “wave
tracking.”13,14 It was also reported for an Oregonator-type
model.13

Traveling waves of excitation can undergo diverse types
of propagation failures. A striking example has been reported
for a catalytic surface reaction15 as well as the 1,4-
cyclohexanedione Belousov-Zhabotinsky �CHD-BZ�
reaction.16,17 This type of behavior affects finite wave pack-
ets and is referred to as “wave merging,” because fast, trail-
ing pulses vanish periodically in the wake of a slow moving
frontier pulse. We note that dispersion relations of CHD-BZ
systems with merging and tracking waves have been reported
in Refs. 17 and 18, respectively. Moreover, related phenom-
ena also exist in spatially two- and three-dimensional sys-
tems.

Wave merging is not the only interesting behavior in the

wake of a steadily moving front of excitation. For example,
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raveling fronts can induce stationary, low-amplitude Turing
atterns.19 Also excitation pulses can show a great variety of
ifurcations and instabilities. Such instabilities include �i�
ackfiring pulses that near their back repeatedly start other
ulses that travel in opposite direction and �ii� “breathing”
ulses that oscillate periodically in shape and speed.20–23

oreover, backfiring �or self-replicating� pulses have at-
racted considerable interest because the “wave emitting”
ulse propagates into a spatially uniform, stable medium and
auses complex periodic or spatiotemporal chaotic behavior
n its wake.20,24

Both backfiring and breathing can be discussed in terms
f traveling wave ordinary differential equations �TWODEs�.
n this description, pulses are homoclinic orbits and the tran-
itions to backfiring and breathing pulses can be explained as
saddle-node bifurcation and a Hopf instability of the stable
ulse solution, respectively. These aspects of pulse bifurca-
ions were discussed in detail for various numerical models
uch as the Gray-Scott model,25 a model for CO oxidation on
t�110� �Refs. 21 and 26�, as well as the complex Ginzburg-
andau equation.27,28

Despite theoretical interest in pulse bifurcations and in-
tabilities in excitable RD systems, we are aware of only a
ew experimental systems that show behavior indicating the
ossible occurrence of the aforementioned pulse instabilities.
or instance, Marek et al.,29,30 and later Sakamoto and
iyakawa,31,32 reported complex pulse dynamics for a BZ

ystem in which oxidation and reduction fronts propagate
ndependently at different speeds. In addition, certain mor-
hological patterns in biology could be the result of backfir-
ng pulses such as the intricate patterns on certain mollusk
hells.33,34 Splitting autowaves were also generated by ex-
osing BZ media to short light pulses35 and electric fields.36

he latter two approaches, however, differ significantly from
ulse instabilities in unperturbed media.

Considering the large number of theoretical investiga-
ions and the broad diversity of models being analyzed, we
ee a need for the experimental demonstration of the pre-
icted pulse instabilities and bifurcations. In this paper, we
re reporting results obtained from experiments with pseudo-
ne-dimensional CHD-BZ systems. In particular, we present
xamples of complex propagation failures, breathing pulses
nd backfiring pulses.

I. EXPERIMENT

Malonic acid, the classic organic substrate of the BZ
ystem, is replaced by 1,4-cyclohexanedione �CHD�. This
ubstitution prevents the formation of detrimental CO2

ubbles37,38 and, more importantly, yields a reaction system
ith nonmonotonic dispersion relations.13,16,17 The redox

atalyst is a binary mixture of an iron bathophenantroline
isulphonate complex with either manganous sulfate, cerous
ulfate, or ceric sulfate. Fe�batho�SO3�2�3

4− is used instead of
erroin, because it has a higher absorption contrast between
he reduced and oxidized state.39 Stock solutions of 2.0 M
aBrO3 �Fluka�, 0.5 M CHD �Aldrich�, 25 mM MnSO4

Fisher�, 25 mM Ce2�SO4�3 �Aldrich�, and 25 mM Ce�SO4�2
Fluka� are prepared in nanopure water �18 M� cm� ob-

nloaded 29 Sep 2006 to 128.186.109.170. Redistribution subject to AI
tained from a Barnstead EASYpure UV unit. The CHD so-
lution is pressed through a Whatman 0.2 �m nylon filter to
filter out solid impurities. The 5 M stock solution of H2SO4

�Riedel-de Haën� is purchased as standardized solutions and
used without further purification. The redox catalyst and in-
dicator Fe�batho�SO3�3�3

4− �25 mM� is prepared by mixing a
3:1 molar ratio of 4,7-diphenyl-1,10-phenanthrolinedisul-
fonic acid disodium salt hydrate �C24H14N2·2NaO3S·xH2O;
Acros� with ferrous sulfate heptahydrate �FeSO4·7H2O;
Fluka� in 25 mM H2SO4.

Experiments are carried out in quasi-one-dimensional,
thin capillaries with an inner diameter of 0.63 mm and a
length of 64 mm �Drummond 20 �l MICROCAPS�. The
capillary tubes are filled after the reaction solution switches
from a spatially homogeneous, oxidized state to a reduced
state. This change marks the end of the system’s induction
time. Depending on the concentrations employed, it occurs
60 to 160 min after starting the reaction by addition of the
catalyst solution. If not stated otherwise, the capillaries are
placed in a horizontal position. Absorption profiles are moni-
tored with a monochrome charge-coupled-device camera
�Uniq UP-2000CL; 1620�1236 pixel, 10 bit per pixel�. The
video signal is digitized using a PC-based frame grabber
�R3-PCI-CL13, Bitflow, Inc.�. Data are acquired, converted
to 8 bit, and saved as bitmap images every 1.0 s using com-
mercial software from Bitflow, Inc. For image analysis we
use programs written in IDL �Interactive Data Language, Re-
search System Inc., Versions 5.2�. All experiments are per-
formed at �23±1� °C.

III. PROPAGATION FAILURES

In this paper, all halftone figures are space-time plots
that comprise the entire photometric data obtained from a
given experiment. The space-time plots are generated by se-
quentially piling up absorption profiles. Accordingly the
horizontal and vertical axes are space and time, respectively
with time evolving in an upward direction. Bright and dark
gray levels correspond to the predominantly oxidized and
reduced state of the catalyst, respectively. For experiments
that involve mixtures of catalysts, the signals result only
from absorption of the iron complex Fe�batho�SO3�2�3

3−/4−

because for visible light cerium and manganese ions have
negligible extinction coefficients.

A typical space-time plot of merging waves is shown in
Fig. 1�a�. As in all following analyses, each oxidation pulse
creates a bright band as it travels through the chemically
reduced medium. The speed of the excitation fronts is in-
versely proportional to the slope of these bands. All pulses
nucleate spontaneously at the ends of the capillary tubes. The
merging dynamics in Fig. 1�a� reveal a slow leading pulse
that is followed by several faster waves. The trailing pulses
have a larger width and vanish close to the back of the lead-
ing pulse �hence the slightly misleading term “merging”�.
During their disappearance the pulse width decreases rapidly.

The typical tracking behavior in Fig. 1�c� is similar to
the examples published by our group in Refs. 13 and 18. We
reemphasize that under these experimental conditions, soli-

tary pulses are unstable and finite wave trains can only ex-
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and through repeated propagation failures. In this process
ach pulse partially “clears the way” for the next pulse
hich, for sufficiently high frequencies, travels slightly far-

her than its predecessor. The corresponding dispersion rela-
ion is hump-shaped and constrained to a finite band of
avelengths.18 Analogous behavior is observed in pseudo-

wo-dimensional media.40

While surveying various reaction conditions with mixed
atalysts, we discovered that merging and tracking behavior
an cause profound variations in pulse width. Figures 1�b�
nd 1�d� show two typical examples in which pulses increase
heir width by a factor of up to 4 prior to vanishing. In the
pace-time plots, this rapid expansion creates the impression
f pipe- or trumpetlike structures that differ significantly
rom the patterns shown in Figs. 1�a� and 1�c�.

Further comparison between the space-time plots also
eveals interesting differences in the timing of subsequent
nnihilation events. This observation is most striking in Fig.
�d� where the propagation failures occur as an alternating
equence of thin and thick pulses. Furthermore, the thin
ulses vanish within the pulse train while the trumpetlike,
nflated pulses disappear at the boundary of the wave train.
onsequently, only the trumpetlike waves drive the expan-

ion of the pattern.
Figure 2 provides additional examples for the great va-

iety of shapes and rhythms that are associated with these
ntriguing dynamics. The example in Fig. 2�a� shows merg-
ng waves, while Figs. 2�b�–2�d� are obtained for tracking
onditions. In all four cases, we find intricate and repeating
equences of short, narrow and long, wide pulses. For in-
tance, Fig. 2�c� shows a firing pattern that can be described

IG. 1. Space-time plots of wave dynamics in the merging �a�, �b� and
racking �c�, �d� regime. Examples of simple wave behavior �a�, �c� and
trumpet”-like wave ends �b�, �d�. Initial concentrations: �H2SO4�=0.60 M;
CHD�=0.20 M �a�, �c�, �d� and 0.22 M �b�; �NaBrO3�=0.33 M �a�, 0.34 M
b�, 0.32 M �c�, and 0.30 M �d�; �Fe�batho�SO3�2�3�=0.10 mM �a�,
.05 mM �b�, and 0.20 mM �c�, �d�; �MnSO4�=0.40 mM �a� and 0.45 mM
b�; and �Ce�SO4�2�=0.30 mM �c�, �d�. The horizontal and vertical axes
pan 15 mm and 500 s �a�, �b� and 4.5 mm and 300 s �c�, �d�, respectively.
s repeating blocks of long, very long, short, medium, and

nloaded 29 Sep 2006 to 128.186.109.170. Redistribution subject to AI
short pulses. None of these complex patterns is stable over
long times, which is probably due to �a� a mild parameter
drift caused by the slow consumption of chemical reactants
and �b� the high density of different firing sequences in the
system’s parameter space. It appears likely that a drift-free
medium would reveal a scenario that is similar to devil’s
staircases which exist in a variety of systems ranging from
Cantor sets41 to quantized spiral tip motion in heterogeneous
excitable systems.39

IV. BREATHING PULSES

Figure 3 shows space-time plots that exemplify a quali-
tatively novel type of pulse propagation. In both experi-
ments, the leading pulses have a constant shape and velocity.
Most of the trailing pulses, however, reveal oscillatory
changes in their width and speed. These changes occur
around mean values that are very similar or identical to the
constant width and speed of the leading pulse. The typical
oscillation period is 22 s. The oscillating or breathing pulses
are susceptible to propagation failures. Typically the pulses
vanish in the oscillation phase for which one would expect a
small or minimal width. Moreover, the leading, oxidation
side of the breathing pulses shows slightly larger variation in
speed than the trailing wake where the pulse switches back
into the chemically reduced state. Our observations indicate
that these velocity changes can be quite pronounced. For
instance, we find minimal and maximal front speeds of 25
and 50 �m/s for the fifth pulse in Fig. 3�a�.

Both experiments shown in Fig. 3 employ a mixture of
manganese ion and iron complex as their catalyst. The mole
ratio of the two species is Mn:Fe=30:1. We suggest that
under these conditions the system dynamics is determined by

FIG. 2. Space-time plots of complex wave dynamics in the merging �a� and
tracking regime �b�–�d�. Initial concentrations: �H2SO4�=0.60 M, �CHD�
=0.20 M, �NaBrO3�=0.27 M �a� and 0.30 M �b�–�d�, �Fe�batho�SO3�2�3�
=0.40 mM �a� and 0.10 mM �b�–�d�, �Ce2�SO4�3�=0.10 mM �a�, and
�Ce�SO4�2�=0.40 mM �b�–�d�. The horizontal and vertical axes span
14.7 mm and 600 s �a�, �b� and 6.3 mm and 700 s �c�, �d�, respectively.
the kinetics of manganese ion while the iron complex merely

P license or copyright, see http://chaos.aip.org/chaos/copyright.jsp
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erves as a redox indicator. Moreover, we note that the large
ron complex �molar mass 1527 g/mol� has a significantly
maller diffusion constant than the small manganese ion.
onsequently, we expect that all dynamically relevant spe-
ies in the experiments �Fig. 3� have essentially identical
iffusion constants.

One potential concern regarding the occurrence of
reathing and other oscillatory wave structures is the pos-
ible presence of fluid convection. Hydrodynamic flow cells
ithin the capillary tube could be induced by the mild exo-

hermicity of the reaction. To rule out this conceivable source
f breathing dynamics, we compared the wave behavior in
apillaries with inner diameters of �0.20–0.80� mm but
ound no dependence of the breathing period on the capillary
iameter. Moreover, we did not find any systematic differ-
nces between vertical and horizontal reaction systems. The
atter finding is also illustrated in Fig. 3 where the two plots
re obtained from experiments with a horizontal �a� and a
ertical capillary �b�.

The breathing pulses observed here are likely to arise
rom a pulse instability that had been predicted in earlier
heoretical and numerical investigations. In these studies the
reathing motion occurs via a supercritical Hopf bifurcation
f the steadily traveling wave. The resulting pulses are also
eferred to as “modulated traveling pulses”20 or “wobbling
aves.”42 Furthermore, theoretical analyses reveal additional
ifurcations to period-2, period-4, and chaotic behavior.20

ur experiments, however, seem to obey simple periodic
otion, which obviously does not rule out the existence of

IG. 3. Space-time plots of wave dynamics with breathing pulses in a hori-
ontal �a� and a vertical �b� CHD-BZ system. Waves moving to the right
left� in �b� propagate upwards �downwards� in the capillary. Initial concen-
rations: �H2SO4�=0.60 M, �CHD�=0.23 M �a� and 0.22 M �b�, �NaBrO3�
0.33 M �a� and 0.32 M �b�, �Fe�batho�SO3�2�3�=0.05 mM, and �MnSO4�
1.5 mM. The horizontal and vertical axes span 11.1 mm and 300 s �a� and
7.1 mm and 250 s �b�, respectively.
ore complex behavior for other sets of initial concentra-

nloaded 29 Sep 2006 to 128.186.109.170. Redistribution subject to AI
tions. Moreover, it is not clear why only closely spaced
waves undergo the breathing motion while widely spaced
pulses appear to maintain a constant width and speed.

V. BACKFIRING PULSES

Backfiring or wave-emitting pulses are another interest-
ing case of wave dynamics in one-dimensional excitable sys-
tems. This behavior has been predicted by several theoretical
studies which, as discussed in the Introduction, identify the
underlying pulse bifurcation as a saddle-node bifurcation.
We note that backfiring might also be induced by other bi-
furcations, such as pitchfork and transcritical bifurcations,
although the latter cases require particular symmetries in
models and solutions. Furthermore, the term pulse is used
only loosely in this context since the wave-emitting behavior
is characteristic and intrinsic to the coherent traveling
structure.

Figure 4 shows two examples of backfiring pulses. In
both cases, the backfiring structure is the pulselike object
trailing in the wake of the leading pulse. While the leading
and the backfiring pulses travel rightward, all emitted pulses
move leftward. The backfiring periods are 36 and 31 s in �a�
and �b�, respectively. The newly emitted pulses form a wave
train that collides with other incoming pulses. Due to the
specific differences in the periods of these wave trains, we
observe a leftward shifting collision line in Fig. 4�a� and a
rightward moving collision line in Fig. 4�b�.

The backfiring pulses in Fig. 4 are observed in CHD-BZ
systems with mixed catalysts. More specifically, the two ex-
amples employ mixtures of manganese ion and iron complex
in �a� and cerium ion and iron complex in �b�. The mole
ratios are Mn:Fe=30:1 and Ce:Fe=1:1, respectively. Since
the latter ratio equals one, we expect that both catalyst spe-

FIG. 4. Examples of backfiring in the CHD-BZ reaction. Initial concentra-
tions: �H2SO4�=0.60 M, �CHD�=0.22 M �a� and 0.20 M �b�, �NaBrO3�
=0.32 M �a� and 0.33 M �b�, �Fe�batho�SO3�2�3�=0.05 mM �a� and
0.25 mM �b�, �MnSO4�=1.5 mM �a�, and �Ce�SO4�2�=0.25 mM �b�. The
horizontal and vertical axes span 11 mm and 300 s, respectively.
cies are relevant for the observed dynamics. Moreover, we

P license or copyright, see http://chaos.aip.org/chaos/copyright.jsp
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id not observe any indications for backfiring pulses in
HD-BZ systems with pure ferroin �Fe�phen�3� or
e�batho�SO3�2�3 catalysts, although the Ce:Fe ratio is much
maller than the Mn:Fe ratio.

Closer inspection of the backfiring pulses in Fig. 4 re-
eals that the wave-emitting structures are segmented. This
nding is more pronounced in Fig. 4�a� where each segment
orresponds to one pulse emission event. Furthermore, the
atter experiment shows an initial breathing motion of the
econd pulse that then changes into the wave-emitting state.

Lastly, we reemphasize that the observed dynamics in
he wake of our backfiring pulses is simple periodic in time.
lthough we cannot rule out more complex behavior for

arger systems and longer lifetimes, the observations clearly
iffer from spatio-temporally chaotic behavior that can be
ssociated with backfiring pulses. In particular, we do not
bserve backfiring of pulses that themselves were created in
ackfiring events.

I. LONG-LIVED OXIDATION STATES

While the observed breathing and backfiring pulses are
ikely to exemplify instabilities that have been predicted for
ne-dimensional excitable media, we also find more unex-
ected dynamics. Figure 5�a� shows a space-time plot of sev-
ral rightward propagation pulses in a Ce/Fe catalyzed
HD-BZ system. The overall dynamics of this system can be

ummarized as “merging” where fast trailing pulses vanish
ear the back of a slowly moving frontier pulse. The space-
ime plot shows two near solitary pulses �i.e., large distance
o predecessors�. The second pulse is followed by several
ast waves. The first four of these trailing pulses show un-
sual variations in pulse width. These variations do not affect
he speed of the pulses’ oxidation fronts but only increase the
ifetime of the oxidation state. Furthermore, these variations
nloaded 29 Sep 2006 to 128.186.109.170. Redistribution subject to AI
can occur several times for a given pulse. They are triggered
by the preannihilation broadening of the pulse itself or the
preannihilation broadening of one of its predecessors as the
initial perturbation locally affects several trailing pulses in an
echo-like fashion.

The phenomenon of pulse broadening is analyzed in Fig.
5�b�. The plot shows the duration of the oxidized state as a
function of the duration of the preceding reduced state. The
analysis is carried out for the trailing pulses that show de-
tectable changes in pulse width. The data from these four
waves are distinguished by different symbols and Roman
numerals. The Roman numeral “I” denotes the first trailing
pulse in Fig. 5�a�. All four data sets approach a pulse dura-
tion of approximately 16 s for reduction times larger than
50 s. For shorter reduced states the pulse duration increases
to values of more than 60 s. This increase, however, is most
pronounced for the pulse “I” and decreases for the subse-
quent pulses “II”–”IV.” The shortest pulse durations corre-
spond to near-annihilation states. The overall data are remi-
niscent of the system’s anomalous dispersion relation, but it
is unclear why the velocity of oxidation fronts does not
change at all. Furthermore, it is surprising that the velocity of
the reduction front causes the observed variation in pulse
duration and responds sensitively to the preceding reduction
event. Consequently, the observed dynamics are clearly dif-
ferent from the observed breathing behavior �cf. Fig. 4�.

Many of our observations indicate that the oxidized state
can have unusually long lifetimes, but this state does not
appear to be a stable fixed point. Figure 6 shows a space-
time plot revealing complex behavior in the wake of stable,
slow oxidation pulses. In this example, waves are entering
the field of view from both sides. Trailing, fast pulses are
annihilating near the back of their slower counterparts. This

FIG. 5. �a� Space-time plot of echo-like changes in
pulse duration for merging waves. The horizontal and
vertical axes span 25 mm and 600 s, respectively. �b�
Dependence of the pulse duration on the duration of the
preceding reduced state. The Roman numerals I to IV
denote subsequent trailing pulses in �a�. Initial concen-
trations: �H2SO4�=0.60 M, �CHD�=0.20 M,
�NaBrO3�=0.32 M, �Fe�batho�SO3�2�3�=0.20 mM, and
�Ce�SO4�2�=0.30 mM.
annihilation is preceded by an increase in pulse duration
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imilar to the behavior discussed in the context of Figs. 2 and
. Subsequent pulses, however, tend to merge into the trum-
etlike regions causing locally long-lived oxidation states.
his merging of pulses leads to a coherent structure that

etreats via a reversely traveling reduction front. The speed
f these reduction fronts is similar to the typical speed of the
ominant oxidation transitions.

II. CONCLUSIONS

In conclusion, this paper has presented experimental evi-
ence for pulse instabilities that were predicted in earlier
heoretical studies but, to our knowledge, had not yet been
bserved in a chemical system. These instabilities give rise
o breathing and backfiring pulses. Both phenomena intro-
uce a characteristic periodicity in the one-dimensional reac-
ion system without relying on a Hopf bifurcation of the
patially homogeneous medium. Moreover, we have pre-
ented unusual and unexpected features of propagation fail-
res that give rise to intricate rhythms reminiscent of firing
umbers in temporal systems. These propagation failures
lso profoundly alter pulse shapes. This finding is unusual
ecause typical BZ systems show little variation in pulse
uration. Moreover, it appears that the back of the oxidation
ulse can decouple from the motion of the oxidation front,
hus, causing a wealth of complex wave patterns.

Up to now, we have observed breathing and backfiring
ulses only in Ce/Fe and Mn/Fe catalyzed CHD-BZ sys-
ems. Despite thorough exploration of the
e�phen�3-CHD-BZ parameter space and many experiments
ith the Fe�batho�SO3�2�3-CHD-BZ reaction, we did not find

hese instabilities in any, strictly iron-complex catalyzed sys-
em. The redox catalysts employed in this study differ in
edox potential, kinetics, and diffusion constants. In contrast
o Fe�batho�SO3�2�3 and Fe�phen�3, the diffusion constants
f the small cerium and manganese ions are comparable to
hose of the activator HBrO2 and the inhibitor Br−. This simi-
arity of manganese and cerium ion suggests that the ratio of
iffusion constants is an important factor. Specifically, one
an hypothesize that breathing and backfiring pulses occur
nly in CHD-BZ systems where the key species have equal
r similar diffusion constants. Additional measurements and

IG. 6. Complex wave behavior in the CHD-BZ reaction. Initial concen-
rations: �H2SO4�=0.60 M, �CHD�=0.20 M, �NaBrO3�=0.30 M,
Fe�batho�SO3�2�3�=0.25 mM, and �Ce�SO4�2�=0.25 mM. The horizontal
nd vertical axes span 34 mm and 860 s, respectively.
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a detailed characterization of the underlying phase diagrams
are needed to provide more definite insights into the impor-
tance of the catalyst species.

For future experimental studies, it will be also interest-
ing to explore the effects of breathing and backfiring pulses
on two-dimensional wave patterns such as rotating spiral
waves. In particular, it appears likely that the CHD-BZ reac-
tion can be used for the experimental investigation of par-
ticular spiral breakup scenarios. The latter behaviors have
attracted considerable interest because they could be a major
factor in the dynamics of cardiac arrhythmia.43
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