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Periodicity and Chaos in Chemiluminescence: The Ruthenium-Catalyzed
Belousov-Zhabotinsky Reaction
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We investigate the chemiluminescence of the homogeneous Beledbabotinsky (BZ) reaction catalyzed

by tris(2,2’-bipyridine)ruthenium (11) ([Ru(bpy}]?") in a continuous-flow stirred tank reactor where the
chemiluminescence originates from the electronically excited [Rugipydatalyst. At high flow rates, Farey-
ordered as well as complex burst-like states are observed in the pure ruthenium-catalyzed reaction which we
investigated using five different concentration sets. We also characterized the chemiluminescent behavior
when both R&"™ and C&" were present at four different mole fractions. Under conditions of low"Ru
concentrations, we observed two chaotic chemiluminescent states which are reached by a period-adding and
a period-doubling route, respectively. Model calculations with the reaction scheme of Gadratetlfg

were performed with semiguantitative agreement with our experimental observations.

Introduction catalyzed BZ reaction where complex periodic and chaotic
dynamics are observed in the Ru-free nonchemiluminescent
systemt2-15 Since we did not observe any chaotic states in
the pure ruthenium reaction, we addedCim various propor-
tions in order to determine the approximate onset of chaos. In

' the course of these studies we discovered two chaotic states

which are reached via a period-adding and a period-doubling

. - . . route, respectively, at a high mole fraction of cerium (95 mol

reaction can also be use_d n Sp?"“a'_'y distributed systems to%). We performed model calculations with the model of Gao

encode images by partlgl iluminatiror to gnchpr and and Fasterlingt® which we slightly extended. The model is
modulate spiral waves.Earlier, steady-state chemiluminescence based on the Radicalator schéfef the BZ dynamics. When

i 3+
w_aﬁ obj_erver(]j %y Hf_edrculflz_i and Lytiey rfe(:]ucw;]g [R_Iu(bpygj the experimental time-dependent chemiluminescence was equated
with sodium hydroxide. The spectra of the chemiluminescence \ i the R$+ concentrations as calculated by the model,

and the photolumlnescen(;e of .the Corr.espc.md.mg [Ruébpy) semiquantitative agreement between the model and our CSTR
complex appear to be identical which indicates that the experiments was obtained.

chemiluminescence occurs from an electronically excited state
of the [Ru(bpy)]?* complex which is located 2.12 eV above Experimental Section

the ground staté® The same type of chemiluminescence was . .

observed in the synproportionation reaction of [Ru(Bl¥y)and Experimental Setup. The reactor consists of a quartz glass
[Ru(bpy)]** and in reduction reactions of [Ru(bp}3" by cuvette of 3.43 mL volume. The reaction solutions enter the
organic acids such as pyruvic, lactic, or malonic d€iolletta reactor through the top via three Teflon tubes. These tubes end

and Balzarfi observed transient oscillatory chemiluminescence 1USt @bove a Teflon stirrer which is rotated magnetically at a
when the BZ reaction was run in a closed reactor with [Ru- StrTing rate of 800 rpm. The reactor is placed in a dark-box to

(bpy)]2* as a catalyst. These authors showed that the chemi-Prevent external I_ight from entering. A precise syringe pump
luminescence oscillates in phase with the oscillations of the delivers the reaction solutions through three glass syringes.The
RW3*-concentration although the CL intensity is much too low SYNges, the feed lines, and the reactor box are thermostated at

to be seen with the naked eye. However, it can easily be 28:0% 0.1°C. The total emitted lightimax = 620 nm) from
detected with a sensitive photomultiplier. the front window of the cuvette is measured by a photomultiplier

All these latter measurements were performed in the batch. (Thl?_rrll_ Emi). To rlegutce ?Egeo (':nh?tfm Fr:ollts'e Ie;/el, thf Q/K'/Oto'
There are only a few investigations of chemiluminescence in multipier was cooled 16~ with a Feltier element. We
the open systeti. To thoroughly characterize this chemilu- used 1_100 and 1200 V_"’}S cathode voltages. The photomult|pl|er
minescent reaction we undertook a systematic study overawide'C’Otenlt_IaIS v;/ere am_phﬁ;ad a;u: sltgrﬁd O,Elta c;;mputer "zv'stg
range of concentrations and residence times in a continuous->aMP |r;]g Lalestraén%mtg rom2 Od Zozh. cr)]ge er, ov?r d
flow stirred tank reactor (CSTR). One set of concentrations runs which fasted between 2 an ! €ach were perlormed.
corresponds to those given by Bolletta and BalZaamd two Materials. Sulfuric acid (Riedel de-Hag, sodium bromate

other sets correspond to sets that are used in the cerium-(Meer)’ CQ(S_O4)3 (Fluka), and [_Ru(t_)py;]CIg-GHgo (Str_em) .
were used without further purification. The malonic acid

(Merck-Schuchardt) was recrystallized twice from acetone to
* Author to whom correspondence should be addressed. . ! . .
t Present address: Max-Planck-Institiit Dynamik komplexer tech-  '€MOVe trace impuritie¥. The reaction solutions were prepared
nischer, Systeme, Leipziger Str. 44, 39120 Magdeburg, Germany. with highly purified water (Milli-Q, Millipore; specific resistance

The ruthenium-catalyzed BelouseZhabotinsky (BZ) reac-
tion! is a BZ variant which shows chemiluminescence L)
and which interacts with visible ligkt. Perturbation with an
external light source changes the periods of oscillations
produces oscillations from steady states (rhythmogentsis),
annihilates the oscillations (phase de&thJhis light-sensitive

10.1021/jp982454c CCC: $15.00 © 1998 American Chemical Society
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Figure 1. Concentration set 1: Chemiluminescence intensity versus Figure 2. Concentration set 1: Chemiluminescence intensity versus

time atks = 6.3 x 1072 s7! (r = 2.6 min): periodic P2 are observed.

four large excursions per oscillation cycle.

> 10 MQ-cm). The water was equilibrated with air. The three
feed lines contain the following solutions. Concentration set 1
was [(COOH)CH,] = 0.75 M (syringe 1), [HSO4] = 3.00 M
and [Ru(bpyj]Cly6H,0 = 3.0 x 104 M (syringe 2), and
[NaBrOs] = 0.18 M (syringe 3); concentration set 2: [(COQH)
CHy] = 0.75 M, [H,SOy] = 0.60 M and [Ru(bpygCl2-6H,0

= 2.5x 103 M, and [NaBrQ] = 0.30 M; concentration set 3:
[NaBrOs] = 0.42 M; concentration set 4: [NaBgP= 0.75 M;
and concentration set 5: [NaBg[>= 1.50 M. In concentration
sets 2-5, only the bromate concentration was varied. To obtain
reactor concentrations divide by three.

The Gao and Fusterling Model. Gao and Fuosterling'®
proposed a model for the ruthenium-catalyzed BZ reaction with
bromomalonic acid as an organic substrate. The model consists
of 19 reaction steps and 16 variables (Table 1). Two negative
feedback loops are contained in the model. The first is the
reaction of bromide with bromous acid (step 2, Table 1) and
the second loop involves the reaction of organic radicals with
BrO,- radicals (step 14; Table 1§. To account for malonic

acid as an organic substrate we added steps 17, 18, and 19 (Tabl

1) in analogy to steps 11, 12, and 13 of the original ma8el.
Reactions between [Ru(bpyd™ and malonic acid were ne-

glected since they are less important than those in the cerium-

catalyzed BZ reactio® The rate constants were taken from

refs 16 and 20. The numerical integration of the model
equations was performed with the Livermore solver of ordinary
differential equations (LSODE) on a SGHIrix computer.

Experimental Results

The Ruthenium-Catalyzed BZ Reaction without Cerium.
Concentration Set 1Using concentration set 1 of Bolletta and
Balzan? we exclusively obtained period-1 (P1) chemilumines-
cent oscillations fronks = 1 x 1074 s7! (residence time =
166.7 min) to 2.1x 103 s! (r = 2.1 min). The oscillation
periodsT display a maximumT = 26.8 s atks = 3.1 x 1073
s (r = 5.3 min)). At high flow rates (abovie = 2.1 x 1072
s1 (r = 7.9 min)) the oscillations show a small shoulder
(period-2, one large and one small oscillation) (Figure 1) which
was already seen by Bolletta and BalZanithe closed system
and attributed to the reduction of [Ru(bgl?) by organic
radicals to produce the excited Ru(Il) compféxAt still higher
flow rates above 8.1x 108 s! (r = 2.1 min) complex
oscillations were observed which are composed of small and
large burst-like oscillations. Here, the number of large oscil-
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Figure 3. Concentration set 1: Experimental bifurcation diagram:
Maxima of the oscillations/SS versus flow rate: P1 and P2 oscillations,
%omplex oscillations, and steady state (SS). The chemiluminescence
minima are not shown.

with increasing flow rate. The time serieskat= 8.9 x 1073
s1 (r = 1.9 min) displays four spikes per oscillation cycle
(Figure 2). Irregularities in the distribution of the high-
amplitude bursts are attributed to experimental noise. This
interpretation is based on our data analysis such as attractor
reconstruction and one-dimensional maps. The oscillations
vanish and give way to a steady statdsat 9.9 x 103s1(r
=< 1.7 min). The bifurcation diagram is given in Figure 3.
Concentration Sets 2 and 3Since we did not find any
chaotic dynamics under the conditions of Bolletta and Bafzani
(concentration set 1), we decided to investigate two further
concentration sets at which the cerium-catalyzed BZ reaction
(without Ru) is known to display deterministic cha@s!®
Using concentration set 2 we only found P1 oscillations at all
flow rates (fromks = 1.4 x 1074 s (r = 119.0 min) to 3.7x
1074 s (r = 45.0 min)) (not shown). For concentration set 3,
a relatively broad deterministic chaotic region exists in the pure
cerium-catalyzed BZ reactidff. However, the pure RU
chemiluminescent reaction shows only P1 oscillations at flow
rates below 6.3x 1072 s71 (r = 2.6 min). In a plot of the
oscillation period versus the flow rate, the period of the P1
oscillations displays a maximum kt= 3.1 x 103s™1 (r =
5.4 min) (Figure 4a). At higher flow rates we found RR €

lations decreases and the number of small oscillations increase§.3 x 1073 s71; ¢ = 2.3 min) (Figure 5) and P{= 8.3 x
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Figure 5. Concentration set 3: P2)loscillations aki = 7.3 x 1073
st (zr = 2.3 min).

103 s, ¢ = 2.0 min) (Figure 6) oscillations. When the

a 1% and T state) at = 6.8 x 107357 (r = 2.5 min).

oscillations with higher periods emerge which could not be
resolved any further. Finally, °1oscillations with small
amplitudes follow in a flow rate interval (frorky = 1.27 x
102s ! (r = 1.3 min) to 1.45x 10251 (zr = 1.2 min)) which
give way to a steady state SS at a higher flow ratls 6f 1.45

x 1072571, These observations are summarized in a bifurcation
diagram (Figure 4b).

Concentration Sets 4 and 8/Ne further searched for chaotic
dynamics at higher bromate concentrations in the pur& Ru
reaction. Using concentration sets 4 and 5 we investigated the
flow rate intervals betweek; = 1.6 x 1074 s71 (r = 104.2
min) andks = 6.3 x 1073 s71 (r = 2.6 min). In both cases we
only found P1 (%) oscillations. For concentration set 4, the
oscillation periods increase with increasing flow rate up to
65 s atks = 6.25 x 1072 s~ while for concentration set 5 a
strong decline of the periods occurs firdt,(, =16 s atk; =
2.1 x 1073 s7Y which is followed by a small increasd fax
=18 s atks = 6.25 x 103 s1). In general, higher bromate
concentrations show shorter oscillation periods.

Experiments with [Ru(bpy)s]SOs4. To ascertain that the

numbers of large oscillations and small oscillations are specified observed lack of aperiodic behavior in the puréRsystem is
by L and S, respectively, an oscillating state may be described not due to the use of the chloride salt of the ruthenium catalyst

as L5. Thus, the P1 state may be denoted Byahd the P2
state . At 6.8 x 102 s we observed a concatenatetil
pattern (between &hnd T state) as part of a Far®sequence

we converted the chloride to the sulfaé&* An amount of 1.0

g (1.34 mmol) of [Ru(bpy]Cl,-6H,0O was dissolved in 16 mL
of water. Forty milliliters d 5 M sulfuric acid was added and

(Figure 7). When the flow rate is further increased, complex the sulfate precipitated. After 24 h the precipitate was filtered
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Figure 8. (a) Chaotic time series (C1) &= 1.28 x 103s™! (r =

13.0 min) reached by a period-adding route, mixed catalysts, mole
fraction R#+ = 0.05. (b) Attractor of C1 obtained from Figure 8a with
the Takens delay method. Delay time: 3 s.

and washed with 96% ethanol and ether. After drying at 50
°C for 2 days, the sulfate (662.4 mg; [Ru(bgHOsH20,
72.5%) was dissolved in 100 mL of water. The concentration
of this stock solution was determined by the absorption at 452
and 460 nm with a UWVIS spectrophotometer (Hewlett-

J. Phys. Chem. A, Vol. 102, No. 48, 1998705

period-adding route. Its chaotic attractor was reconstructed by
the delay method according to Takénhand it is depicted in
Figure 8b (delay timey = 3 s). For increasing flow rate the
period-adding sequence is reversed: P5, P4, P3, and P2 states
of this sequence are shown in Figure-2a Higher periods
could not be resolved further. The oscillation periods decrease
strongly with increasing flow rate (Figure 10).

Interestingly, there is also a period-doubling sequence to chaos
(C2) at the high flow rate end of the (reversed) period-adding
sequence. The period-doubling starts from the P2 state with
increasing flow rate (Figure 10). A'# state can be nicely
resolved ats = 4.7 x 103 st (r = 3.55 min) (Figure 11).
Chaos C2 was observedkat= 4.8 x 1073 s™1 (z = 3.47 min)
(Figure 12a). The deterministic chaotic nature of this aperio-
dicity can be shown by its attractor (Figure 12b) which was
obtained by the method of singular value decomposition (SVD-
method$® and the corresponding one-dimensional map (Figure
12c) which displays an extremum in accordance with chaos
reached by a period-doubling route. We calculated the Haus-
dorff dimension (Iy) of the C2 attractor as [p= 2.15. Thus
Dy is fractal and above 2.0 which is further evidence for the
deterministic origin of the observed aperiodicity C2. The
dimensional analysis was performed by the nearest neighbor
method’ (embedding dimension 15; 500 reference points). A
P1 state was observed at higher flow raties>( 4.9 x 1073
s (Figure 10).

Mole Fraction R@" = 0.20. P1 states are observed at high
flow rates (not shown). With decreasing flow rate the ampli-
tudes of the oscillations become more and more irregular until
aperiodic oscillations emerge lat< 1.6 x 103s™1 (r > 10.4
min). This aperiodic region persists down to the lowest
detection limit. We did not find any extremum in the one-
dimensional maps obtained from the corresponding SVD
attractor. Thus these aperiodic oscillations cannot be uniquely
characterized.

Mole Fraction R&" = 0.50. The dynamics are very similar
to those of the mole fraction 0.20. At high flow rates P1
oscillations are observed. The amplitudes of these oscillations
become irregular as the flow rate is decreased.

Mole Fraction R&™ = 0.75. At this high proportion of [Ru-
(bpy)s]?* the aperiodicity described above completely vanishes
and the dynamics are similar to the case of the pure ruthenium
catalyst. We found P1 states exclusively in a large flow rate
range (fromkf = 5.2 x 1075 s71 (z = 320.5 min) toki = 6.3
x 1078 s71 (r = 2.6 min)) (not shown).

Model Calculations without Cerium. All model calcula-

Packard diode array spectrophotometer) using the extinctiontions were performed with the extended Gdgirsterling

coefficientsessy nm= 11900 cntt and €460 nm= 11350 cm!
(T = 23.5°C).

We also determined the bifurcation diagram for concentration
set 3 using the sulfate complex. It is similar to the chloride
catalyst containing the same dynamic statés 14, and 1%).
However, the oscillation amplitudes and periods are larger (by

model® (Table 1) which describes the pure ruthenium-catalyzed
BZ reaction without the occurrence of chaos in agreement with
our experiments.

Concentration Set 1.Model calculations were done in the

flow rate interval fromk; = 1.0 x 1074 s™! (r = 166.7 min) to

5.0 x 1073571 (r = 3.3 min) in steps of 1.0« 104 s 1. At

a factor of ~1.5) than those of the chloride system and the flow rates< 4.2 x 103 s! (r = 4.0 min) P1 oscillations

bifurcation diagram is shifted to higher flow rates withax =
101 s atky = 2.1 x 103 s~ (not shown).

Mixed Ruthenium and Cerium Catalysts. To characterize
the mixed catalytic system we added®Ceo the RE™ catalyst,
while the sum of the [Ru(bpy)?" and C&" concentrations was
kept constant at 2.5 102 M for all four mole fractions

investigated. Concentration set 3 was used for all experiments.

Mole Fraction R@"™ = 0.05. Starting with experiments at
low flow rates a chaotic state {({’was observed & = 1.28 x

emerge. The periods of these oscillations go through a
maximum T = 58 s) atks = 1.8 x 10 3s™* (r = 9.3 min). At
ki > 4.3 x 103 s71(r < 3.9 min) a steady state is obtained. In
contrast to the corresponding experiments (Figure 2), complex
periodic oscillations were not found.

Concentration Sets 2 and 3 he calculations were performed
betweenks = 1.0 x 107 s™1 (r = 166.7 min) and 2.0« 102

s 1 (z = 0.8 min) at intervals ok = 1.0 x 107 s™1. Figure

13 shows the bifurcation diagram. The oscillation periods

103 s71 (r = 18.1 min) (Figure 8a) which is reached by a display a maximumT = 223 s atks = 5.9 x 103s1) as a
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Figure 10. Oscillation periods of the period-adding sequence versus
the flow rate. Mixed catalysts; mole fraction Ru= 0.05. The periods
increase before the onset of the period-added chags T@e labels

Px denote the periodicity of the oscillations; whetés larger than 5:

the exact value ok cannot be resolved. A period-doublet!tate
(Figure 11) is observed & ~ 4.7 x 103 s (T = 205 s) which is
followed by the chaotic state C2 (Figure 12)kat= 4.8 x 103 s™L,

function of the flow rate as in the experiments (Figure 4a), and
only P1 oscillations occur at low flow rates. At high flow rates
P2 (1), P3 (B), P4 (®) oscillations emerge, which are separated
by the concatenated state¥lY, 1! 12, 12 13, respectively, in
accordance with a Farey sequefgeA P3 (12) state is shown
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Figure 11. Mixed catalysts; mole fraction Rt= 0.05: Experimental
time series of P'4 state & = 4.7 x 1072 s (r = 3.54 min) as part
of the period-doubling sequence.

in Figure 14 atkk = 2.2 x 102 s (r = 0.76 min) for
concentration set 3. The oscillation amplitudes are very similar
in both concentration sets while the oscillation periods are larger
at lower bromate concentrations (maximum of the oscillation
period is 295 s ak; = 4.9 x 1073 s71 for concentration set 2)
in semiquantitative agreement with the experiments.
Concentration Sets 4 and 5Model calculations using
concentration sets 4 and 5 were performed betvkeenl.0 x
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TABLE 1: The Model according to Gao and

(@) Forsterling 16a.b.c.de
1600 r i
g — ; Br~ + HOBr + H" = Br, + H,0 1)
Z Br- + HBrO, + H* = 2HOBr )
5 1200 t 1 Br~ + BrOs~ + 2H* = HOBr + HBrO, (3)
g HBrO; + H* = H,BrO,* (4a)
= HBrO, + H,BrO, + <= HOBr + BrO;~ + 2H* (4b)
% 800 | HBrO, + BrOs;™ + Hf= Br,O4 + H,O (5')
£ Br,0, == 2Bro;: (5
E RLW2T + BrO,» + HY = R + HBrO, (6)
E ’ 2BrO;~ + 2H" — HBrO, + HBrO, (7)
3 400 BrMA + Rt = BrMA- + R+ + H* (8)
O ﬂ 2BrMA- + H,O — BrMA + BrTA 9)
j BITA — MOA + Br- + H* (10)
BrMA = BrMA-enol (11)
0 ' ' e ' ' ' ' BrMA-enol + Br,— BrMA + H* + Br- (12)
0 1000 2000 3000 4000 BrMA-enol + HOBr — Br,MA + H,0 (13)
Time [s] BrMA- + BrOy — P (14)
(b) P—Br +P,+H*" (15)
P— HBrO, + BITA (16)
To account for malonic acid as the organicsubstrate we added
the following steps?
MA = MA-enol a7)
MA-enol + Br,— BrMA + H* + Br~ (18)
MA-enol + HOBr— BrMA + H,O (29)
aMA, malonic acid; BrMA, bromomalonic acid; TA, tartronic acid;
BrTA, bromotartronic acid; MOA, mesoxalic acid; P and &nidenti-
fied species? The rate constants were chosen according to Gao and
N Forsterling?® For steps 1719 we used the following rate constafts:
ki7=3.0x 1073 S_l, k_17=2.0 x 1% S_l, kig = 1.91 x 1C° L mol—?
s%, andkyg = 8.2 L mol* s, ¢ The following initial concentrations
were chosen for the variables: [Rli=5.2x 10*M and [Br&;7] =
1.0 x 1072 M. All other variables were initialized with 1.8 1078 M.
d CSTR conditions were established by adding the tietfX] , — [X])
to each differential equation, whekgss the flow rate, [X} is the inflow
concentration of variable X, and [X] is the actual concentration of X
at a given time. Only R, BrO;~, and malonic acid were treated as
inflow species. For all other variables [X} 0. ¢ The concentration
of H,O was kept constant at 55.5 M, and Was treated as a parameter.
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Figure 12. (a) Mixed catalysts; mole fraction Ru= 0.05: Chemi-

luminescent chaos C2 kt= 4.8 x 103s! (r = 3.47 min). (b) SVD 104s ! (r = 166.7 min) and 2.0c 102s! (r = 0.8 min) at
attractor corresponding to the C2 time series (Figure 12a).The threejntervals ofk; = 1.0 x 1074 s, They resulted in P1 oscillations
dimensions related to the highest singular values are depicted. Thegt |ow flow rates. The bifurcation diagrams obtained for both

Hausdorff dimension is 2.15 using the nearest neighbor méthod : . . .
(embedding dimension 15; 500 reference points) for dimensional concentration sets are similar to Figure 13. At high flow rates,

analysis. (c) One-dimensional map obtained from the SVD attractor Faréy-ordered patterns occur. The oscillation periods show the
(Figure 12b). The extremum is characteristic for deterministic chaos Same behavior as in the experiments. For concentration set 4

originating from a period-doubling sequence. a maximum of the oscillation period (137 s) occurkat 7.6
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0.0008 . — . mental evidence for homoclinic chaos is already known in the
pure cerium systerf? At molar fractions of R&" higher than
~0.5 the reaction dynamics approaches the dynamics of the pure
ruthenium-catalyzed reaction which so far has shown only

0.0006 periodic states in the CSTR.
= The extended model of Gao andrBterling® semiqualita-
g tively describes the experimentally observed phenomena in the
- 0.0004 ] pure Ru system such as the bifurcation structure, the behavior
3 of the oscillation amplitudes, and the oscillation periods for
& different concentration sets as well as the absence of chaos. It
0.0002 - i can be assumed that the Gdgorsterling model does not show
any chaos (at least not in the investigated parameter range)

because the feedback loop involving bromomalonic acid as a
control species in the Gygyi—Field modelg is replaced by a
BrO,-radical control. Only a small part of our simulations have
been shown.
. . . o _ The standard redox potentials of T (E, = 1.44 V)
Eg‘ag it“éte“";uge':"za';g'jt'fgi S‘i?”(‘;e:”‘gaggn ms.ﬁ; 3: Time series of o4 [Ru(bpyd|*/[Ru(bpy}]2* (Eo = 1.26 V) are sufficiently

' ' ' different to affect the rates of the reactions in which the catalysts
are involved. For example, the rate constants for reaction 6
(Table 1) areks = 4.0 x 10° L2 mol=2 st andk_ = O for the
ruthenium system ankk = 6.2 x 10* L2 mol=2 st andk_¢ =
1.2 x 10* L mol~1 s~ for the cerium systerf An important
consequence is that a greater amount of catalyst is oxidized in
the Ru system than in the Ce system.

0 1 L 1 L

0 200 400 600 800 1000
Time (s]

x 1078 s71 (r = 2.19 min) while for concentration set 5 a
minimum (35 sk = 1.0 x 1073 s71) of the oscillation periods
precedes the maximum (72 k; = 1.03 x 102 s71). The
periods decrease with increasing bromate concentrations in
agreement with the experiments. The Farey-ordered complex
periodic oscillations are shifted to higher flow rates for

increasing bromate concentrations. For example, a §3tte The influence of the counterions chloride and sulfate on the
is found atk = 2.10 x 102 5L, k; _ 220 x 102’571 k = reaction dynamics was also studied because chloride was shown

2.40x 102s1 andk = 2.70 x 102 s71 for concentration to ma}rkedly |nf|ugnce the autocatalysis O.f th? BZ sys?éffhe
chloride counterion leads to smaller oscillation amplitudes and
shorter periods. It was further demonstrated that the choice of
the chloride counterion is not the reason for the observed
) o ) absence of complex periodic or chaotic states at low flow rates
The dynamics of the chemiluminescent BZ system is found i, the pure ruthenium system.

to show some similarities with the well-known bifurcation There is an interesting analogy to the peroxidasedase
behavior of the cerium-catalyzed BZ reactiSn:® The main  yeaction where the role of 2,4-dichlorophenol and other phenols
difference between the ruthenium-catalyzed and the cerium-5nq gromatic amines has been investigated recghtly. this
catalyzed reaction is that chaotic states are absent in the purgeaction the occurrence of deterministic chaos is also signifi-
Ru system while the pure cerium-catalyzed system displays cantly influenced by the choice of the phenol or aromatic amine
chaos. However, in the investigation of a cerium-rich mixture 55 the electron carriéf. Complex periodic states such as the

(mole fraction R&" = 0.05), we could characterize two chaotic  ghserved Farey-ordered states are well-known in the manganese-
states ¢ and G which are reached via a period-adding and a 35 gnq cerium-catalyzed BZ reactiéh.

period-doubling route, respectively. The deterministic nature

of the “period-doubling aperiodicity” C2 is evidenced by the  aAcknowledgment. We thank Prof. Frsterling, Dr. A.
Hausdorff dimension which is fractal (D= 2.15) and by an  \iinster, and Dr. M. Hauser for interesting discussions and Mr.

extremum in the corresponding one-dimensional map (Figure \j. Kraus for technical help. We further thank the Deutsche
12c). This chaotic state occurs at a flow rate different from pqrschungsgemeinschatft for financial support.
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