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Bistable and Oscillating Chemical Reactions 

A. Pacault ~, Q. Ouyang 1, and P. De Kepper 1 

In the last decade the number and the diversity of isothermal oscillating reac- 
tions in homogeneous aqueous solution have tremendously increased. We 
present an updated classified review of these chemical reactions. 
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L'impossibilit6 d'isoler la nomenclature de la science et la science de la nomen- 
clature tient fi ce que toute science physique est n6cessairement form6e de trois 
choses: la s6rie des faits qui constituent la science, les id6es qui les rappellent, les 
roots qui les expriment. Le mot doit faire nai'tre l'id~e, l'id6e doit peindre le fait; 
ce sont trois empreintes d'un m~me cachet; et comme ce sont les mots qui con- 
servent les id6es et qui les transmettent, il en r6sulte qu'on ne peut perfectionner 
le langage sans perfectionner la science, ni la science sans le langage, et que 
quelques certains que furent les faits, quelques justes que fussent les id6es qu'ils 
auraient fait naftre, ils ne transmettraient encore que des impressions fausses, si 
nous n'avions pas des expressions exactes pour les rendres. [Lavoisier, Discours 
prdliminaire du trait~ kl~mentaire de chimie (1789)]. 

1. I N T R O D U C T I O N  

This  ep i s t emolog ica l  c o n c e p t i o n  has  gu ided  o u r  a p p r o a c h  to n o n -  

e q u i l i b r i u m  d y n a m i c s  in  chemica l  systems.  The  use of  a wel l -def ined 

v o c a b u l a r y  tha t  one  of us in i t i a ted  (A. P.) in  the ear ly  1970s a n d  pub l i shed  
in  1979 (t) had  a s igni f icant  inf luence  on  the o r g a n i z a t i o n  a n d  the 

u n d e r s t a n d i n g  of  sca t te red  facts. A p p r o p r i a t e  e x p e r i m e n t a l  c o n d i t i o n s  were 
deve loped  a n d  osc i l l a tory  behav io r s  a n d  different  mu l t i s t ab i l i t y  p h e n o m e n a  
were classified, thus  he lp ing  to p r e v e n t  the  u n f o u n d e d  d iscuss ions  tha t  were 
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still too often the case in this field in the early 1970s. In the same spirit we 
propose here an updated classification of oscillating reactions, whose 
number has tremendously increased in the last few years. 

Homogeneous oscillating and isothermal chemical reactions have not 
only excited the curiosity of kineticists, engineers, chemists, and 
biochemists interested in the rythmic aspects of their evolution, but also 
that of numerous physicists and mathematicians who find the richness of 
their dynamic behavior most appealing. It has not always been that way. 
Before the end of the 1960s the few oscillating reactions known were 
regarded as mere laboratory curiosities, and more often as artifacts 
resulting from poorly controlled experimental conditions. A common 
misinterpretation of the phenomenon led to the belief that such behavior 
transgressed the second law of thermodynamics. 

During the 1970s the number of sceptics was decreasing. Two reasons 
can explain this. First, the progress in the study of the thermodynamics in 
irreversible processes pioneered by Ilya Prigogine and the Brussels 
school. (2'31 They showed that some chemical systems can spontaneously 
develop periodic henomena in time (oscillations) and in space (spatial 
structures) if they have appropriate nonlinear kinetics and evolve far from 
their equilibrium state. The second reason was the elaboration of detailed 
kinetic mechanisms for the few oscillating isothermal reactions known at 
that time. (4 9) From a technical point of view, a decisive improvement in 
the study and the characterization of temporal phenomena (1~ has been 
achieved by the use of continuous stirred tank reactors (CSTR)./12) In such 
devices the continuous supply of reagent and elimination of products make 
it possible to maintain the chemical reaction for as long as necessary far 
from its equilibrium state. 

At the beginning of the 1980s an efficient and practical method was 
proposed(12 15) to elaborate basically different oscillating chemical reac- 
tions. The number and the variety of the reactions increased, but the 
majority of the oscillating reactions were still derived from halogen 
chemistry. The number of oscillating chemical reactions has been increasing 
because they are being sought out. Halogens are no longer necessary and 
now such reactions are known to occur with other elements of the periodic 
table. 

2. REVIEW ON OSCILLATING A N D  
BISTABLE C H E M I C A L  REACTIONS 

We only consider the case of reactions in a homogeneous medium. 
Among them there is a traditional distinction between thermokinetic and 
isothermal oscillating reactions. In the former, the changes in concentration 
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are associated with important variations in temperature and thus with 
changes in the rate constants. There is a strong coupling between the 
thermal phenomenon and the kinetic process/16) On the contrary, in the 
second type of reaction this coupling is weak. Even if small oscillations in 
temperature can be noticed sometimes, (17/ their effects on the dynamics of 
the reaction can be ignored. 

If we admit with some authors (Is) that the periodicity of the release of 
carbon monoxide observed in 1917 by Morgan in the dehydration reaction 
of formic acid by concentrated sulfuric acid resulted from heterogeneous 
mechanism, then the first homogeneous oscillating reaction was discovered 
by Bray in t921 during his studies on the catalytic action of the iodate/ 
iodine couple on the decomposition of hydrogen peroxide (H202). (~9) 
Though Bray had cautiously demonstrated that this reaction presents 
important oscillations of iodine concentration 02) even in the absence of 
macroscopic visible oxygen release, the homogeneity of this reaction was 
questioned for more than 40 years. A mechanism of the reaction was first 
proposed by Linblad and Degn in 1967. (7) More detailed mechanisms were 
later proposed by Liebhafsky and his collaborators (8'2~ as well as by 
Sharma and Noyes/9) 

The second homogeneous oscillating reaction was discovered by 
Belousov, a Russian biophysicist, during his work on catalytic oxidation of 
the metabolites in the Krebs cycle. In 1951 he observed that the oxidation 
of citric acid by bromate catalyzed by cerium ions in the acid medium 
presented periodic changes in color from yellow [Ce(IV)] to colorless 
[Ce(III)]. This discovery was dimissed by his colleagues, and he could not 
get his results published before 1958. (2l~ At the beginning of the 1960s, 
Zhabotinskii, another Russian scientist, took over Belousov's work, 
replacing cerium by other metallic catalysts or metallic complex and citric 
acid by malonic acid, the organic substrate most commonly used 
nowadays. The reaction is now known as the Belousov-Zhabotinskii (BZ) 
reaction. The Western scientific community was made aware of this 
reaction during a congress in Prague in 1968. In 1972, Field e ta l .  (6) 

presented a detailed mechanism of the reaction that could account for the 
oscillatory behavior in a homogeneous medium. (6) In the second half of the 
1970s, thanks to studies in open reactors, the fantastic richness of behavior 
of oscillating reactions was revealed. (H'22~ 

In 1980, even though the number of research groups interested in this 
type of reaction has increased through out the world, the published 
oscillating reactions were still nothing but variants or hybrids of the two 
previous reactions; the next year the first chlorite oscillating reaction was 
discovered by De Kepper et a/. (13) and they proposed a systematic techni- 
que to discover new oscillating reactions. It makes use of flow reactors and 
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is based on a theoretical work developed by Boissonade. (14'~5) Once this 
step was reached, diversification of oscillating reactions grew. As we shall 
see, the great majority of them are still closely linked to reduction reactions 
of oxyhalogen compounds. 

The first two oscillating reactions that were not based on oxyhalogen 
chemistry were discovered by chance. They are the oscillating autoxidation 
reactions of benzaldehyde found by Jensen in 1983, (231 and sulfide 
oxidation by oxygen in the presence of methylene blue, found by Burger 
and Field in 1984. (24) Other nonhalogen oscillating reactions have since 
been discovered (Fig. lb). ~2s-28) 

3. A CLASSIFICATION OF OSCILLATING REACTIONS 

Many more or less different oscillating reactions are now known. We 
present in Fig. 1 a possible classification of the main oscillating systems so 
far discovered. Regarding the fact that the detailed kinetic mechanism of 
most of these reactions is still unknown, this classification is somewhat 

% 
(a) 

Fig. la. Classification of oscillators based on the halogen chemistry. 
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Fig. lb. 

s * ~7~mlde 

(b) 

Classification of oscillators without halogen compounds. 

arbitrary. It is essentially based on the nature of the chemical elements 
involved. In this figure, the reactions are represented by pairs of boxes 
linked by a continuous line. All of them correspond to redox reactions; 
the reagents in the square boxes are oxidants, those in the round boxes 
are reducers. In some cases the boxes present a double character and 
correspond to a mixture of compounds. The species in the central box are 
regarded as compounds around which the oscillating reactions organize 
themselves and thus form a family. The species on the lines between the 
two boxes are regarded as catalysts of the reaction. The broken lines 
indicate that there might be simple connections between systems linked in 
that way. 

Oscillating chemical reactions may be divided into two large 
categories; oscillators based on halogen chemistry and those that do not 
contain halogen or in which halogen does not play a central part. Note 
that the older oscillating reactions can show transient oscillatory behavior 
when performed in batch conditions, whereas most of the reactions 
discovered after 1980 only exhibit oscillations when performed in a flow 
reactor. In this latter condition nearly all the oscillating reactions also 
present bistability phenomena. 
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4. S Y S T E M S  WITH A HALOGEN C O M P O U N D  

In this category, three major families appear: the bromate family, the 
chlorite family, and the iodate family. 

4.1. The Bromate Family 

4.1.1 Bromate,  Bromide,  Meta l l ic  Ion Reaction 

This oscillating reaction has been called the minimal bromate 
oscillator, as it is supposed to be the core of numerous oscillating reactions 
in the bromate family. The catalyst can be Ce 3 + or Mn 2+ ions. (29'3~ Before 
these oscillations were experimentally observed, Bar-Eli had foreseen their 
existence in such a system on the basis of numerical simulations of a kinetic 
scheme of the reaction. (31~ 

4.1.2. Bromate,  Organic Reducer, Meta l l ic  Ion Reactions 

This group of oscillating reactions contains the first oscillating 
reaction of the bromate family, the BZ reaction. (21'32) Since the reaction 
between the bromate and the organic reducing agent can produce bromide, 
this group is directly linked to the minimal oscillator. The metallic catalysts 
can be: Ce 3+, Mn 2+, Fe(phen)~ +, Fe(bpy)~ § Ru(phen)~ +, Ru(bpy)~+, (33~ 
Cr(bpy)~ +, Co(phen)~ +, and Co(bpy)2+. (34) The organic reducing agent 
commonly used is malonic acid, but other compounds have been used, 
such as malic acid, (35) acetylacetone, (36) ethyl acetoacetate, (37~ cyclo- 
hexanone, cyclopentanone, butanone, and 3-pentanone. (38) In these systems 
the organic substrate plays two fundamental functions, that of a weak 
reducing agent and that of a bromine scavenger by the formation of 
brominated organic products. All of them can present transient oscillatory 
behavior in a closed system. In a great number of them, spatial waves have 
been observed. (39) 

The~e also exists a class of systems in which the reducing agent is 
replaced by two substrates, each playing one of the two previous roles; the 
reducing part may be played by oxalic acid, (4~ tartaric acid, (41'42) 
sugars, (43'44) and mandelic acid. (42) The partial extraction of the bromine 
may be provided either by a stream of inert gas (N2) or by the bromination 
of acetone. In a flow reactor there is no need of providing a bromine 
extraction agent to obtain oscillations; the flow across the reactor is 
sufficient. (44) 

4,1.3. Bromate,  Inorganic Reducer, Meta l l ic  Ion Reactions. 
For the same reason as previously, this system is also linked to 
the minimal oscillator. Only Mn 2§ has been used as a catalyst. The 
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reducing agents may be SO~-, AsO 3-, NH2-NH2, H2PO~- , Sn 2+, 
or I-(45) Usually these reactions only oscillate when performed in a flow 
reactor, but if, as previously, a partial bromine extraction can be ensured, 
some of them may present transient oscillatory behavior in batch 
condition. This is the case for the BrO3-H2POz-Mn;+-N2 (gas) (46/ 
and BrOB-H 2 PO2-Mn2+-(CH3)2 C O J  44~ 

4.1.4. Bromate, Phenol, or Anil ine Derivative Reactions. 
This group is known as the uncatalyzed BZ oscillators. Some of these 
reactions can present a limited number of oscillations in a closed system. 
Triggered chemical waves have been observed. (471 The basic reactions of 
this group are the bromate phenol and the bromate aniline systems. Orb/m 
and K6r6s (481 were the first to study systematically this class of systems and 
they listed a number of aniline and phenol compounds leading to 
oscillatory behavior. Chopin-Dumas (49~ has proposed a criterion for the 
selection of these organic compounds and has significantly increased the 
number of aromatic derivatives leading to oscillating behaviors. Kinetic 
schemes for these reactions have been proposed. (5~ 

4.1,5. The Bromate, Iodide Reaction. This reaction (52) is more 
or less independent from those presented above. An interesting case of 
birythmicity has been studied in detail. (53) A kinetic model of the reaction 
has been proposed by Citri and Epstein. (54) 

4.1.6. Bromate, Inorganic Reductants, Chlorite Reactions. 
This hybrid reaction is regarded by Orbfin and Epstein (5~1 as belonging to 
the bromate family; chlorite plays a role similar to that of the metallic ions 
in the 4.1.3 class. The reductants used are Fe(CN)64-, H3AsO3, Sn ;+, 
so?. 

The bromate iodide-chlorite reaction also belongs to this group. It 
may be interpreted as resulting from a coupling between two oscillators: 
the bromate-iodide and the chlorite-iodide reactions. In the flow reactor 
its dynamical behavior is much richer than the constituent reactions. (56/ 

4.1.7. Bromate, Sulfur Compound Reactions. These two- 
component bromate oscillators were discovered by Simoyi et al. and are 
the most recent expansion of this family. Sulfur compounds may be 
thiocyanate, (57) thiourea, (sS) and sulfide. (591 Among the three the 
SCN--BrO 3 system is the best characterized. (571 

4.2. The Chlorite Family 

4.2.1. The Chlorite Iodide Reaction. This  is a basic reaction 
for the chlorite oscillators. (6~ The chlorite iodate reductant and the chlorite 
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iodine reductant systems are directly associated with this reaction. Epstein 
and Kustin (6~) have proposed a detailed mechanism for this reaction. 

4.2.2. Chlorite,  Iodate, Reductant  Reactions. The first oscil- 
lator discovered with the crossed diagram method belongs to this group~13): 
the C102-IO3-AsO ~- reaction. Besides AsO~-, the other reducing agents 
are Fe(CN)~-, SO~-, $20~-, ascorbic acid, and malonic acid. (62) Note 
that the C10~-IOy-S2032- and C102-IO3-I--CH2(COOH)2 systems 
may exhibit transient oscillations in closed reactors. ~63) This system can 
also present chemical waves similar to those observed in BZ systems. I63) 

4.2.3. Chlorite,  Iodine, Reductant  Reactions. Iodine is 
reduced to iodide; thus these systems are directly linked to the 
chlorite-iodide system. The reducing agents leading to oscillating dynamics 
are Fe(CN) 4 , SO23 -, $2--3(~2-.(64) 

4.2.4. Chlorite,  Iodide,  Oxidant  React ions .  Adding oxidants 
to the chlorite-iodide system enhances the oscillating properties of the 
system. The following oxidants have been used: permanganate, bichromate, 
and persulfate/64) Bromate could be included among them/56) 

4.2.5. Chlorite,  Thiosulfate,  or Thiourea Reactions. Among 
the chlorite oscillators, this is the only group that does not use another 
halogen compound. 16s'66) Their mechanism is still unknown and seems to 
be very complex. 16vl 

4.3. The Iodate Family 

This family is made up of four groups. 

4.3.1. The Iodate ,  Hydrogen  Perox ide  React ion .  This reac- 
tion is one of the basic reactions of the iodate family. It was studied by 
Bray (19) and is acknowledged as the first homogeneous oscillating reaction. 
The reaction can oscillate in closed reactor (19'2~ and in flow reactor, ~7~ 
generally for temperature above 50~ Kinetic mechanisms of the reaction 
have been proposed/7"9"2~ 

4.3.2. lodate, Hydrogen Peroxide, Organic Reductant ,  
Metal l ic  Ion React ions .  The addition of appropriate organic com- 
pounds and of metallic ions to Bray's reaction favors the oscillating 
behavior at ambient temperature and yields another group of oscillating 
reactions. The Briggs-Rauscher reaction (IO3-H202-CHz(COOH)2-Mn 2+) 
is the best known. (71~ The reaction may present in a closed system a limited 
number of fascinating oscillations going from deep blue 03  starch com- 
plex) to golden yellow (I2), passing through colorless (I-).  The reaction 
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has been thoroughly studied in flow reactor in our laboratory. (1~ A 
detailed mechanism of the reaction has been proposedJ 73~ Cerium ions 
have also been used as catalyst. (71"74) Malonic acid may be replaced by 
acetone ~74t and methylmalonic acid. (75) 

4,3.3. The Iodate, Ferricyanide, Sulfite Reaction. This 
system differs from the Bray reaction. It is though to be an Fe(CN) 4-- 
perturbed SO~-- IO 3 bistable reaction.(76) 

4.3.4. The Iodide, Persulfate, Oxalic Acid Reaction. This 
system is considered as belonging directly to the iodate-iodide oscillators, 
but the driving mechanism is unknown. (77) 

5. SYSTEMS WITH NO HALOGEN C O M P O U N D S  

Six groups of oscillating reactions with no halogen have been obser- 
ved. Four of them belong to the sulfur chemistry; among them three are 
based on sulfide oxydation. 

5.1. The Sulfide, Oxygen, Sulfite, Methylene Blue Reac- 
tion. This reaction, discovered by Burger and Field, (24) was the first 
oscillating reaction based on sulfur chemistry. 

5.2. The Sulfide, Hydrogen Peroxide Reaction. This is the 
first hydrogen peroxide sulfur compound oscillator, and was discovered by 
Orbfin and Epstein. (25) As for most sulfur compound systems, little is 
known on its detailed mechanism. 

5.3. The Sulfide, Persulfate, Silver Ion Reaction. Recently 
discovered by Ouyang, (28~ this bistable and oscillating reaction differs from 
the two previous ones. It is almost insensitive to oxygen, but in contrasts 
the introduction of small amounts of H 2 0  2 quenches its oscillatory 
behavior. 

5.4. Thiocyanate or Thiosulfate, Hydrogen Peroxide, Cop- 
per Ion React ions .  The S C N - - H 2 0 2 - C u  2+ system is the only 
halogen-free reaction that can exhibit transient oscillatory behavior in 
batch mode. Bistability and sustained oscillations are obtained in flow 
mode. (26) The $ 2 0 2 - - H 2 0 ; - C u  2+ reaction produces oscillation only when 
performed in a flow reactor. (27) Large pH changes can be observed during 
oscillations, which makes it quite attractive for demonstrations when using 
pH indicators. 

5.5. The Oxalic Acid, Persulfate, Silver Ion Reaction. As 
far as its chemistry is known, this reaction seems to be the simplest organic 
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oscillator. It oscillates in a flow reactor and is among the very rare systems 
that do not exhibit bistability in these operating conditionsJ 28/ 

5.6. Benzadehyde,  Oxygen, Cobalt  Ion, Bromide Reaction. 
The reaction is the autoxidation of benzaldehyde by oxygen, catalysed by 
CO3+/CO 2+ and Br ion. It was discovered by Jensen in a routine test 
reaction for cobalt. (23~ Detailed mechanisms of the reaction accounting for 
the observed phenomena have been proposed. (78) 

6. D ISCUSSION 

This review clearly shows that if the space of constraints is properly 
explored and if the reaction is maintained far from equilibrium, one can 
find a good number of occurrences of chemical bistability and oscillations. 
Note that all these reactions are redox reactions, that atl the species 
appearing during the reaction processes are not known, and that con- 
sequently the proposed mechanisms are often based on imagination rather 
than on facts. However, a description of a sufficient number of reactions 
can lead to a classification, such as the one proposed above, which helps to 
reduce the number of different objects and lead to possible generalizations. 
Such classifications should help in selecting the most relevant kinetic 
features and thus reduce the number of possible variables capable of 
explaining and predicting large bodies of facts. One may hope to determine 
in this way the pertinent fundamental mechanisms. 

The two first steps, description and classification, are now being 
achieved. No doubt this effort will provide a better understanding of the 
general principles underlying these phenomena, which now look so 
familiar, but which seemed so strange not more than 15 years ago. 
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