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The modified Belousov- Zhabotimkii o,cillati on reaction with ethyl e,ter of 3-oxobutanoic 
acid is remarkable in that it does not yield carbon dioxide and the reaction system is closed 
and homogeneous until an emubion of a bromo derivative of the subst rate appears, As long as 
the sys tem is hom ogeneous, it oscillates even in the motionless state and its oscillation behavic ur 
in the absence of oxygen is independent of the intensity of stirring , The results obtained by polaro­
graphy with a rotating platinum electrode are in agreement with th ose obtained by spectrophoto­
metry. 

-------------

The I3elousov- Zhabotinskii (BZ) reaction is an outstanding example of time-space dissipative 
structures. Its homogeneity, which is usually d isturbed by bubbles of carbon dioxide resulting 
from decarboxylation of organic acids, can be emured by effective stirring. If ethyl ester of 3-oxo­
butanoic acid is used as substra te, no CO 2 is evolved during the oscillations of the BZ reaction, 
hence the reaction system is closed and homogeneous as long as no precipitate of a bromo deri­
vative of the substrate is formed. The characteristics of the BZ reacticn with ethyl ester of 3-oxo­
butanoic acid were described by Zhabotinskii 1 

,2, Heilweil and coworkers3
, and Winfree4

. Recent­
ly, in connexion with this reacti on, v,e described the kinetics of oxidation of ethyl ester of 3-oxo­
butanoic acid with CeOV) ions 5 . 

The influence of mechanical s tirring on the BZ reaction has caused SOme controversies in the 
literature. According 10 Farage and Janjic6

, the intensity of stirring influences the oscillation 
behaviour of the I3Z reaction with many organic substrates: the oscillations are diminished ; since 
the stirring influences the "d iss ipative structures" and disturbs the " organization" in time and 
space. According to SflJrensen 15, the oscillations disappear at a certain critical velocity of stirring 
as a rewlt of turbulence. On the other hand, PalOnay and Noszticzius7 state that the effect of 
stirring on the I3Z reaction is due 10 atmospheric oxygen and bears no relation 10 changes of the 
dissipative structure or to the turbulence. Recently, Habashi- Kraycnbuhl and Janjic8 studied 
anew the effect of oxygen and stirring and concluded that both these factors influence the number 
of oscillations and the length of the induction period . The aim of our work was to specify more 
closely the conditions under which the BZ reaction with the 3-oxobutanoic acid ester leads to 
oscillations with special regard 10 the effect of stirring. 

EXPERIMENTAL 

Polarographic measurements were done with an LP 7 type polarograph (Laboratorni Pi'istroje, 
Prague). The electrolytic cell was a Kalousek cell with a separated Hg/ Hg2 S04 electrode filled 
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with I M H 2S04, The cell was provided with a thermostated mantle piece and was tempered by 
mea ns of a U 15 type ultrathermostat (Kombinat Medizin und Labortechnik . GDR). The indi­
cator electrode was a rotating platinum electrode of the type M 22 (Radiometer. Copenhagen). 
The reaction courses were followed by recording the limiting diffusion current of Ce(IV) ions at 
a potential of 0 V.Th! reaction solution ora volume of 15 ml was stirred by a polyethylene ~tirrer 
fa ~tened to the shaft of the rotating platinum electrode. 

Spectrophotometric measurements were done on a SPECORD uv-vrs apparatlls (Carl Zeiss. 
Jena) with 10 mm quartz glass cuvettes; 1M H2 S04 was used as a reference se lution. The cuvette 
filled with 3 ml of the reaction solution was tempered by means of the U 15 ultrathermo>lat. 
The reaction course wa s followed by measuring the absorbancy at 31 000 cm - t corresponding 
to the close proximity of the absorption maximum of Ce(IV) ions (the absorbancies of other 
components were negligible). The reaction solution was stirred by a laboratory microstirrer9 

The experim:ntal points in the diagrams are averages from three independent measurements. 
The chemicals used were of reagent grade and the solutions were prepared from redistilled water. 

RESULTS 

The oscillation behaviour of the studied system depends on its composition. At first, 
we studied the influence of the substrate concentration, which, especially in the low 
concentration region, is critical for the induction period (Fig. 1). The period of the 
first oscillation decreases with increasing substrate concentration (Fig. 2); its depen­
dence on the reciprocal concentration is approximately linear. With increasing 
substrate concentration, whose treshold value is equal to 2 . 10- 3 mol/I, the duration 
of oscillations increases up to a maximum of 210 min at 0·015 mol/I, then decreases 

50 

FIG. 1 

Dependence of induction period on con-
centration of CH3 COCH2 COOC2 H s. 
1M H 2S04; 8. 1O- 4M Ce(S04h; 0'015M 
KBr03 ; 30°C 

200 

FIG. 

First oscillation period as function of sub­
strate concentration. 1M H 2S04; 8. 1O- 4M 
Ce(S04h; 0'015M KBr0 3 ; 30°C 
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down to 1·5 min at 0·03 mol/ I (Fig . 3). It is convenient to define a dimensionless 
parameter, q, equal to the ratio of the substrate concentration to the bromate con­
centration. The maximum duration of the oscillations is attained for q = 1. In 

a closed BZ system, the oscillation period increases with the time, the form of this 
dependel:ce challgillg with the substrate concentration (Fig. 4) and with the value 

of q. For q < 1, the oscillation period increases monoton o usly. For q ~ 1, the 
o scillation period initially increases to a maximum and then decreases. The higher 

the value of q, the less pronollnced is the increase o f the oscillation period with the 
lime until it becomes practically constant. 

Bromate ions are an indispensable componellt of the BZ oscillation system; the 
dependence of the main parameters on their cnocentration is given in Table I. At low 

cmlcentrations of bromate ions, the duration of the o scillations as well as their 
number are influenced most profoundly. The maximum duration of the o scillations 

corresponds to 8 .10- 3 mol/ I BrO~ for q = 1. With further increa sing concentration , 
the duration of the oscillations decreases nonlinearly . The time dependence of the 

o scillation period depends on the initial concentration of bl omate ions and analogous­

lyon the initial concentration of the substrate (Fig. 4). 

The main parameters of the BZ reaction depend al so on the initial concentration 

of Ce(IV) SUlphate (Table II). The induction period depends on its concentration in 

200 

DT,min 

FIG. 3 

Duration of oscillations as function of sub­
strate concentration . Experimental condi­
tions as in Fig. 2 
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FIG . 

Dependence of oscillation period on time 
at various substrate concentrations. 1M 
H 2 S04; 8 . 1O - 4M Ce(S04b 0'015M KBr0 3 • 

Conc. of CH 3COCH 2COOC2H s (mol /dm3 ): 

16.10 - 3
; 20'012; 30'015; 40'01 6; 5 0'018; 

30°C 
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the interval from 5.10 - 5 to 2.10 - 4 mol/I; at higher cor.centrations it is very short 
(up to 2 min). The influ e J~ ce of Br- ions was investigated in the presence 0 1':2 . 10 - 4 

mol/I Ce(JV) (Fig. 5). ]n the absence of Br - ions, the induction period was equa l to 
J 000 s, whereas in the pre~ ence of 2,5.10 - 4 mol/I Br - the system began to oscillate 
after 40 s, after five o ~; cillation s the reaction proceeded monotonously for 650 sand 
then again it began to o ~cillat e. When, however, 5. 10 - 4 mol /I Br - was added at 
the beginnirg of the reaction , after an induction peri od of gO s the system o ~ c i lla ted 

without interruptiOJ1. 

T"Il LE I 

Dependence of parametcrs o f HZ reaction on bromatc concentration. 1M-H 2S04; 8 . 1O - 4
M_ 

-Ce(S04) Z: 8. 10 - 3M-CH 3COCH 2COOC2 Hs ; 30' c' stirred soluti on 

KBr03 Ind. period Pe r. of Duration No of osc. 
103 c, m :> l/dm3 1st osc .. 5 min 

- ------ ---~---

75 54 
67 54 149 11 8 

63 5 I 207 7 I 
15 54 48 88 33 

. 25 48 52 33 17 

35 46 67 12 
45 49 102 

TABLE II 

Dependencc of para mcters o f HZ reaction on Ce(lV) concentration. 1M-H 2S04; 0'015M-KBr0 3; 
8. IO - 3rvt-CH 3COCH 2 COOCzH ,; 30D e, stirred solution 

Ce(S04)Z 
103c, mol /dm3 

0'05 
0'1 
0·2 
0'4 

0·8 
1·4 
2·0 
4' 4 
6'0 

Ind . period 
s 

61 00 
3 100 
1000 

55 

70 
70 
90 

145 
180 

Per. of 
1st osc .. s 

35 
45 
55 
40 

50 
60 
70 

140 
335 

Duration 
min 

36·5 
46·0 
62 '0 
69·5 

59·5 
51·5 
41·5 
29 '0 
23'5 

No of 0 5C. 

50 
50 
46 
39 

22 
14 
9 

2 to 3 

Collection Czechoslovak Chern. Comm"un. [Vol. 48] [1983] 



Ethyl Ester of 3-0xobuta no ic Acid 3233 

In the presence of the Ce(IV)/Cc(lIl) redox couple, ~ulphuric acid is indi spensable 

for the BZ o scillating system . It s increa sirg concentration cau ses the dura tion of the 

oscillations, their number, ;1!id the period of the fl lS t o scillation to decrease. The 

dependence of the duration of the o ~cillation s o n the reciprocal concentration 0 1" 
H 2S04 is linear in the HlJ1ge from 0·5 to 2 mol / I. With increa sing concentration of 

H 2 S04 , the character of the time deper.de l~ ce of the o scillation p eri od charges: with 

its increasing value , the slo pe o f the corrc~pondirg curves a lw increases (Fig. 6). 

The main parameters of the BZ reactio n depend also on the temperature (Table III) . 

The logarithmic dependence of the induction period , period of the first o scillation, 

and duration of the osc illations on the rec iproca l absolute temperature is linear. 

From the Arrhenius equation, we obtained the correspondirg a pparent activatio n 

parameters. For the induction period, E = 49·9 kJ /mo l, A = 6·9. 106 s - I ; for the 

period of the fir st o scillation. E = 46-4 kl /mol , A = 1·8 . JOb s - I; for the duratio n 

of the oscillatiollS, E = 94·4kJ !mol ,A = 1·2.IO I3
S -

I
. 

The influence of the rate of stirril1g on the BZ reaction p,ua metcrs was studied pola­

rographically with the ro ta ting Pt electrode. 1n the prescnce o f a ir , the rate of stirring 

influences both the duration and number of the o scillations (Table IV) , whereas in 

the nitrogen atmo ~ phere thi s is not the case. Spectrophotometric record s indicated 

that the oscillations in the stirred and in the non stirred system are comparable only 

10 mi n 30 

FIG. 

Influence of Br - ions on the inducti on period. 
1M-H 2S04 ; 2. 1O - 4M-Ce(S04)2; O'OISM­
KBr03 . a Without Br - ions; b 2·S. 10 - 4M 
Br -; c S·S. 1O - 4 M-Br -; 30°C 
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I 

50 min 100 

FIG. 

Oscillation period as functi on of the time a t 
variou s concentrations of H 2S0

4
, 8.7. 10 - 4M 

Ce(S04)2; 0'0ISM-KBr0 3 ; 8. 1O - 3 M-CH
3

. 

.COC!--l2COOC2Hs· Conc. of H 2 S04 (moll 
dm 3

): 1 O'S; 2 0·7S; 3 1'0; 4 I ' S; 52'0; 30°C 
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at elevated temperatures (35-40 DC), or in the initia l stages at lower temperatures as 
long as no precipitate of the bromo derivative of the substrate is formed. If the oscilla­
tions stop to proceed in a motionless system, they can be started again by stirring the 
so lution. 

DISCUSSION 

Based on our results, the ethyl ester of 3-oxobutanoic acid belongs definitely to the 
group of substrates such as 2,4-pentanedione, 2,4-hexanedione, etc ., which are oxi­
dised with Ce(IV) or Mn(HI) ions without evolution of CO 2 and in the presence of 
which the catalyst concentration oscillates even in a nonstirred so lution . The BZ 
oscillation system with the mentioned ester oscillates much lorger than the analogous 
system with 2,4-pentanedione 1o; this is probably r elated to the rate of oxidation of 

TAIlLE III 

D:p;nj-;:nce of parameters of HZ reaction on temperature. 1'5M-H2S04; 4. 1O -4M Ce(S04lz; 
O'OI5M-KBr03; 5 . 1O - 3M-CH3COCH2COOC2Hs; stirred solution 

T. K Ind. per., s Per. of 1st Duration, s No of osc. 
osc., s 

- --------------, 

285 '6 206 170 14250 30 
291·6 125 110 8550 27 
297· 3 80 75 2950 21 

303·1 55 55 1600 17 
308'3 40 40 900 14 
313·1 30 30 500 10 

TABLE IV 

D ependence of duration and number of oscillations on stirring rate. 1M-H2 S04; 8. 1O - 4M_ 
Ce(S04)z; 0'015M-KBr0 3 ; 6. 1O-3M-CH3COCH2COOC2Hs; 30D C 

r.p. min 

900 
1200 
I 700 

Duration, min No of oscillations 

with 02 without 02 with 02 without 02 

82 92 24 24 
79 9 1 22 24 
72 91 19 25 
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the substrates with Ce(IV) ions. The correspondiJlg rate constants are k = 140 1l10 1- I 

dm 3 
S- I for 2,4-pentanedione lo and k = 7·3 m o l - I dnl" S - I fo r the ethyl ester o f 

3-oxobutanoic acid s. 

The induction peri od is one of the para met er s that quantitatively characterize the 

BZ reaction with the given substrat e. ]n the case of the class ical BZ system with 111 :1·10-

nic acid , the rela tively long induction pel iod is interpreted as the time n eces~a ry for 

the formation of a cert a in quantity of brom o ma lonic acid , who ~ e oxidation leads to 
Br - ions playing a deci sive role in the oscillations II. ]n our system in the presence 

o f CH 3COCH 2COOC2 H s a longer induction period is observed only at low concell­
tration s of Ce(IV) io llS, KBr0 3 , c r the e ~ t('r , which is probably related to a slow 

acculliulati on of a minimum quantity of a bromo deriva tive of' the ester necessary 
for the formati on of the o ~ cillati oJlS. It s oxidation leads to Br - ions, which have 
a key role. This is supported by experiments with the addition o f Br - ions , whereby 

the induction perio d is parti a lly or fully elimil, atcd (Fig. 5). Based on these findings , 
al so in our ca se the process A of the Field- Keres- N oyes mech anism ll can be co n­

sidered , which leads to an increa se of the ~ t o ichi ollie tric factor 9 to a supercri tica l 
value: 

HBr0 2 + HOBr 

2 HOBr 

(A) 
1-10 Br + Br - + 1-1 + 

Br 2 + ester ..... Br-es ter + Br- + H + . 

The other characteristic parameter of the BZ reaction is the period of the first 

oscillation. As already mentioned , it depelld s on the temperature and decreases nOIl­
linearly with increasing substrate concentration. The peri od of the first oscillation 

TI = T; + T ;' , where T; corresponds to oxidation of Ce(lIJ) ion s and T;' to reduction 
of Ce(]V) ion s. ]n our case T; ~ T;', whence it follows that the period of the first 
oscillation is determined by the process C of the FKN mechani sm II , which essentially 

con esponds to the reduction of Ce(]V) ions with the substrate or its bromo derivative. 

The decrease of the value of TI with increasing concentration of the esther can be 
attributed to the fact that the reduction rate of Ce(IV) ions increases at the same time. 
This interpretation is supported by the findi ng that the activation energy of the period 

of the first o scillation, E = 46-4 kJ /mol, lies close to the activation energy for the 
reduction of Ce(IV) ions with the given su bstrate, E = 49 kJ Imol (ref. 5). 

The third characteristic of the BZ reaction is the duration of the o scillations. As 

apparent from Fig. 3, the maximum duration of the oscillations was observed for 
q = 1 (corresponding to equivalent ratio of the reactants). Since the ester of 3-oxo-
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buta noic acid is a two-electron reduction agent S, the indicated ratio represents the 

optimum condition for the formation of HBr0 2 • According to Noyes and cowor­
kers l2

, competitive reactions of Br - a.nd BrO; ions and HBr0 2 , which destabilize 

the stationary state, form the basis of the FKN mechani sm. Hence follows the key 

role o f HBr0 2 with respect to the duration of the oscillat ions. The corresponding 
activa tion energy, E = 94·4 kJ!mol, involves activation energies of a number of ele­

mentary rea.ction steps. It s rather high value suggests that radical interactions in 

the FKN mechanism do not limit the duration of the o scillations. The finding that 
the duration of the oscillations decreases nonlinearly with increasing concentration 

of sulphuric acid probably bears a relation to the shift in the equ ilibrium of Ce(IV) 
com plexes I J: 

CeSO~ + + HSO; = Ce(S04L + H + , (B) 

The shift in the equilibrium in favour o f the Ce(IV) complexes with more coordinated 

sulphate ions leads to retardation of the reduction of Ce(IV) ions. 

T he course of the chemical oscillations can be evaluated as the time dependence 

of the oscillation period (Figs 4 and 6). During a gradual decrease of the substrate 
conoentration, the mean slope of the curves increases, which can be attributed to the 

fact that the organic "fuel" is gradually exhausted. The relative decrease of the s-~o­
strate is the more pronounced the lowel is its initial concentration. 

It follows from our results that the effect of stirring on the BZ reaction with ethyl 

ester of 3-oxobutanoic acid is cOliditioned by the presence of oxygen , who~e transfer 
into the liquid phase is accelerated by convection of the solution . As a rule, oxygen 
influences the course of the BZ reaction 14.15. In nitrogen atmosphere, the studied re­

action is not significantly influenced by stirring ; thi s will probably be true also for 

other substrates that do not undergo decarboxylation. 
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