
Biophysical Chemists 3 (1975) 241-248 
0 North-Holland Publishing Company 

SYNCHRONiZATLON LN TWO INTERACTING OSCULATORY SYSTEMS 

Milos MAREK and Ivan STUCHL 
Depzrrmenr of Ckemied Engineering. Prague Inrfifure of Chemical TechhoIagy. 
l’rague 6. Suchbriturovu 5. Czecizodovakia 

Received 30 January 1975 

Nonlirxear phenomena arising from the interaction of two oscillating systems of chemical reactions arc studied cxpcri- 
mentally. The system of fwo connected flow-through continuous stirred tank reactors (1~11s) with conrrofied cschansc of 
reaction mixture is used. The Belousov reaction (oxidation of malonic acid by bromate in sulphutic acid with ceric/ccrous 
ions as catalyst) served as made1 system. The frequency of oscillations was controlled by change of the reaction tcmpera- 
ture. Phenomena such as synchronization of oscillations at a common frequency, synchronization at multiples of a com- 
mon frequency, rhythm splitting and amplitude amplification were observed, depend@ on th- degree of interaction and 
the differences in the ori@nal oscillation frequencies. Mathematical nmdeiting of the above phenomena failed, probably 
due to insufficient knowtedge of a kinetic model. 

1. Introduction 

Populations of coupled biochemical oscillators are 
a model which has often been used for theoretical 
explanation of rhythms, spatiotemporal control of 
various developmental processes, contact inhibition 
of cell divisions and other phenomena in living orga- 
nism, see, e.g., the review by Nicolis and Portnow [I] _ 
Basic assumptions involved in the construction of the 
models are: 

(a) individual oscillators are nonlinear and of the 
limit cycle type; 

(b) interaction between oscillators is weak [2,3] _ 
The smallest system where characteristic phenomena 
cai? be studied, is a system of two oscillators_ Thus 
Landahl and Lick0 141 simulated the course of oscil- 
lations in the system of two oscillators on an analog 
computer, with passive exchange of matter, where 
oscillating biochemical reactions including three char- 
acteristic components took place. They observed that, 
with the increase of the degree of interaction, the 
oscillations in the system with slower frequencies 

were driven by the oscillations in the system with 
higher frequencies. Ruelle [5] has shown, that due 
to interaction of two oscillating systems (periods of 
oscillations T1 and r2) oscillations with the periods 
m2”t and nT2 can arise, where m and )z aze small num- 

bers and trim - T1 lT2. 

Burton and Canham [6] have considered the be- 
haviour of coupled oscillarors from the point of view 
of contact inhibition of cell divisions. They have 
shown, that the time course of the concentrations 
of characteristic components is determined by the 
value of the parameter ki = k&, where k describes 

the intensity of exchange between the interacting 
cells and Ti is a characteristic period of oscillations 
in the ith cell. The authors have also shown that in 
the system periodic amplification of amplitudes of 
oscillating componer.ts can occur. Several papers by 
Russian authors were devoted to the problems of 
determining the conditions for synchlonization and 
rhythm splitting [7-q]. They h;ve illustrated with 
different examples that possibilities for synchroniza- 
tion increase with increasing degree of interaction and 
decreasing difference between frequencies of inter- 
actins oscillators, in agreement with ideas proposed 
earlier by Winfree 13 ] _ 

All the above discussed treatments were purely 
theoretical. in our work we have aimed at experimen- 
tal ;rerificatior. of existence and nature of the above 
-mentioned nonhnear phenomena. Two continuous, 
well stirred, flow-through cells (reactorsj connected 
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Fig. 1. Experimental set up of two coupled flow-through stirred cells with exchange of maS_ R: celis (reac:ws); PR: ?hrea phter 
dividing the reactors, the middle one perforated; K: c&me1 electrodes; P: platinum electrocies; A, 5: storage of feed solutions; 
C: pumps; Ti , Tz: independent temperature control in reactors: D !, D2: processing of the electrical signal, 2r.Z~: line recorders; 
AU: dig&al data recording. 

througha perforated wall were chosen as a model 
open system. The BeZousov reaction, oxidation of 

malonic acid by bromate in the presence of ceric/ 
cerous ions and sulfuric acid, studied in detail by 
Noyes and coworkers [IO] , was used as modei chem- 
ical system. Under specified conditions undamped 
continuous oscillations of characteristic compcaents 
(cericjccrous ions, bromide ions) with well defmed 
constant period, sharply dependent on temperature, 
can be observed in the single ceils. When the exchange 
of mass between cells is started under specified ccn- 
ditions on the degree of interaction and the differ- 
ence between periods of osciIlators (given by differ- 
eztce in cell’s temperature), different regimes are set 
up. Several such regimes WiII be reported in the sub- 
sequent part of the paper_ 

2. Experimental 

In fig_ 1 the experimental set up of two connected 
reactors is shown schematically, Concentration 
changes of Ce3+/Ce4* ions were followed by recording 

the redox potential in the system which is propor- 
tional to the ratio given above [l l] . pt electrodes 
together with reference calomel electrodes witl-r salt 
bridges were used. Both reactors were machined 
from plexiglass, had an active volume of 150 ml and 
were stirred in such a way, that small changes in 
stirring did not affect the course of oscillations (ap- 
prox_ 500 rpm)_ The same values of concentration 
of reaction components were always used in both rc- 
actors. The reactors were separated by three remov- 

able plates and tile middle one was perforated with 
a variable number of holes, Both heating jacket and 
immersed glass coil were used for the temperature 
control of the reaction mixture. Temperatures of the 
reaction mixtures in both reactors could thus be kept 
constant (nonoscillatory), and at different levels. 
Four dosing pumps were used for inlet of the reac- 
tion mixture separately into both reactors and a con- 
stant level of reaction mixture was maintained in the 
reactors. To start the experiments, the reactors were 
ftied with the reaction mixture and the reaction was 
let to proceed batchwise approximately for ten mi- 
nites. Then dosing of reaction mixture with the same 
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Fig. 2. Dependence of period of oscillations CT,) on temper- 
ature. Concentrations of active components: 0.05 M KBrOa; 
0.001 Ce5’; 0.05 ht malonic acid; 3N tl,S04_ ( -) Tem- 

perature decreased, ( ---) temperature increased. 

concentration as the concentration in the reactor was 
started (two streams separately into each reactor, one 
containing cerous ions and sulfuric acid, the other 
malonic acid and bromate). When the regime of oscil- 
lations stabilized, two outer plates shielding the di- 
viding perforated plate were removed and the course 
of oscillations and temperatures in both connected 
reactors was recorded. Line recorders as well as a dig- 
ital voltmeter connected with a printer were used for 
recording. The temperature was used for setting fre- 
quency of oscillations at the chosen different vaiues 
in the two reactors. The typical dependence of the 
period of oscillations on temperature is shown in fig_ 
2. The extent of exchange of mass through the per- 
forated plate between the reactors was characterized 
by the coefficient K (see mass baIances given Iater), 
determined by using response techniques with NaCl 
as a tracer [121_ 
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Fig. 3. Synchronization of oscillations in two coupled cells. 
Dependence of concentration ratio Ce+‘/Cea’ on time. Con- 
centrations of active components: 0.01 M KBrOs; 0.001 Xl 
Ce4*; 0.032 M malonic acid; 3 N H2S04_ Y - Ce4’/Ce3’; 
residence time 3 = 29.8 min; K = 0.0229. (a) Tempcraturc 
T = 52.5 “C; ori$ral period 7’1 = 52 s. Synchronized r- Tied 
T’ = 48 S. tb) Temperature T = 46” C; original pcriorl ?i = 
98 J. Synchronized period T; = 48 S. 

3. Results 

If the difference between frequency of oscillations 
at given intensity of interaction (relativeIy high) in 
the two reactors is small, synchronization at the same 
frequency of osciilations (driving frequency) in both 
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reactors can occur. This situation is illustrated in fig. 
3 (original recordings are presented in the figures). 
The concentration values are given in the figure cap- 
tions; the residence time in both reactors was 29.8 

min. The original period of oscillations of the first 

reactor (without interaction) was T, = 52 s, of the 
second reactor T2 = 98 s. When the oscillatory regime 
in the interacting reactor became stationary, frequen- 
cies in both reactors were the -me and equal to T; = 
T; = 48 s. Temperatures in both reactors were con- 
stant and different during oscillations. Thus both re- 
actors were synchronized at the highest oscillation 
frequency_ The oscillations, however, occurred at dif- 

ferent levels of the redox potential (i.e., around dif- 
ferent steady states) and with differing amplitude of 

oscillations, as they correspond to different temper- 
atures in the reactors. If single non-interacting reac- 

tors were operated at &en stationary temperatures, 
periods of oscihations were recorded as Tl = 80 s and 
7” = 120 s. A number of similar examples for differ- 
ent values of concentrations and temperatures were 
observed [ 12]_ 

3.2. Syrrchrmization at a tmdriple of the dnhhg 
frcquerlcy 

Ruelle [5] has predicted that when the original 
periods of two oscillating systems are r, and T2 then 

synchronization can occur at the values nT1 and mTz 
were n/n2 h Tt /T3 _ In fig. 4 the results are shown of 
experiments of which the original periods of oscilla- 
tion were T, = 14 s and T2 = 22 s_ When synchroniza- 
tion occurred, the starionary values of the periods 
observed were Ti = 12 s and T; = 24 s, i.e., the higher 
period was twice as high as the lower one. Hence we 

can conclude that if the criginally higher period of 
one of the interacting oscillatory systems is close to 
the small entire multipIe of the lower period, then 
synchronization can occur at that period (relatively 
weak interactions are considrred). 

3.3. Irregular syrtchrorrization at multiples of driving 
fiequerlcy 

When at constant values of the coefficient of in- 

teraction the difference between the frequencies of in- 

teracting oscillators increases, we can observe that orig- 
inally synchronized oscihators will partly desynchronize. 
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Fig. 4. Synchronization at multiples of driving frequency. De- 
pendence of concentration ratio Ce4’/Ce3’ (- Y) on time. 
Concentrations of active components: 0.1 hl KEi103; 0.001 hf 
Ce4+; 0.1 bl malonic acid; 3 N &SOd. Residence time 3 = 
28.8 min. (a) Reactor with higher frequency: original period 
of oscillationS T, = 14 s; period after synchronization Ti = 12 s. 
(b) Reactor with lower frequency: period of oscillation 
Tt=2T,=‘45. 
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Fig. 5. irregular synchronization.-Dependence of concentra- 
tion ratioCe4+/Ce3+(- u) on time. Concentrations of active 
components: 0.01 hl KBrOa; 0.001 hl Ce4+; 0.032 XI malonic 
acid; 3N HaSOa_ Residence time 29.3 min; K = 0.01022. 
(a) Reactor with higher frequency: temperature T = 55” C. 
Original period of oscillations Tt = 70 s; period after syn- 
chronization T; = 60 s. (b) Reactors with lower frequency: 
temperature T= 42OC. Original period of oscillations Ti = 
138 s; periods after synchronization T;t = 60 s; T;z = 120 s. 

We shall observe two different frequencies in the 
reactor with lower frequency of oscillations: one 
which is the same as that for the faster (driving) oscil- 
lator and the other which is a small entire multipIe of 
the driving frequency. Such a case is shown in fig. 5. 
The synchronized frequency is T; = T-& = 60 s. After 
desynchronization we can observe hvo distinct pe- 
riods of oscillations TG1 = 60 s and T;2 = I20 s. When 

the difference between the original oscillation fre- 
quencies is further increased also triple periods Ti3 = 
180 s are observed [I 2]_ 

tam . Jo 180 X0 3&J Z&J ~20 ccw) ,SL’ 

Fig. 6. Rh::thm splitting. Dependence of concentration Ce4+/ 
Ce3+ (- Y) on time. Concentrations of active components: 
0.1 XI KBr03; 0.001 XI Ce’+; 0.1 51 mafonic aicd: 3N H~SO.J; 
K = 0.0277; residence time 3 = 29.8 min. (a) Ori_rinat course 
of oscillations (before interaction) Tt = 14.5 s; Tz = 19.5 s. 
lb) Course of oscillations after interaction. Reactor xvith 
higher frequcttcy, period after interaction Ti = 1 f s; reactor 
with lower frequency, period after interaction Ti = 19.5- 11 s. 

3.4. Rhyrhm splitting 

When the conditions for synchronization are not 
fulfilled, we can observe the phenomenon of rhythm 
splitting: owing to the interaction of two osciilating 
systems, rhythm (period) in the slower (driven) oscil- 
lator is frequently splitted into two parts by action 
of the faster oscillator. Such a cast is shown in fig. 6, 
where in the upper part of the figure the original (non- 
interacting) course of oscillations is shown and in the 
lower part of the figure we can observe irregular spht- 
ting of the rhythm of the oscillator with lower fre- 
quency. A number of similar cases with various split- 
ting patterns were *observed at different values of 



Fig. 7.. Amplitude! amplification. Dependence of cone~tra- 
tion ratio Ce4+/CeS’(- r) on time. Concentrations of active 
componenrs: 0.1 hi KErC13; U_OOl M Ce4”; 0.1 M mafonic 
n&d; 3 N H5334 ; residence rime 8 = 29.8 min; K = 0.02 f 6. 
(3f Reacror wirtt h&her frequency: I = 46.3”C; arigbii fre- 
quency of osciltririons Tg = I3 5; perfad after interactinn Ti 
=: 10 FL (b) Reactor with foiver frequency: T = 39°C; orfginal 
frequency of oscillations T2 = 23 s; period after intewction 
Ti = IO S - iIICgUlar. 

3-7.5. Amplitude amp1ificatkm.s 

Under certain conditions, when synchronization 
of frequencies is near& achieved and the degree of 
interaction between the osciuators is rehztivefy high, 
the phenomenon ofamplitude amplification cw be 
observed. In f-q. 7 such a case is shown. Here every 
third (fourth) amplitude of oscillation is amplified 
for the oscillator which was origjr~&y slower_ We czm 
see from the figure. that the per&d ofoscfiation im- 
mediately preceding the ampIi!%d amplitude is higher 
than the other periods. This phenomenon can be com- 
pared with beats, known, e.g., From studies of heart 
frequencies. 

To predict behatiour of coupled chemicai reactors 
one can solve proper mass balance equations with ap- 
propriate reaction rate source turns. The kinetic mesh- 

zmism of the Befousov reaction includes a number of 
eiemeniary reactions and is not yet fidly elucidated 
llOl. Two mostly semiempirical kinetic modeIs for 
description of the ~aurse cf oscilIatians were used in 
model studies [I2 J 1 one proposed by Zhabotinski 
[i3 f and the other based on the mechanism described 
by Noyes and coworkers ilOj * where three active 
c~mpont~nts describe the course ofoscilfations. As 
neither of them was successful in quantitative descrrp- 
tion of tile experimentally observed phenomena, we 
shall only discuss results obtained with the simpler 
one. 

ZiE&otinski et 31. ff3ff proposed the forrowing 
mode1 for de~~r~~t~~n of the concentration &mges 
nf two active reaction components, x (concentration 

ntrle 1 
Parameters for simulation of interacting rextors 

Temperature a B E 

Reacror no. L 46°C 
Reactor no. 2 32°C 

ri expetimenra1 w 14 s. 
Tz enperimentaf R; 31 5. 

2.5 0.05 0.111212 5 x 10-3 13.66 
Ct.6 0.05 0.016 5 x 10-3 30.3 



l%se reaction rate expn.%sions cast be utilized in con- 
structing the mass bajances for the components x and 
y in isothermal cOnt&iUous stirred tank reactors with 
constant volua of reaction mixture, We shall. con- 
sider two ~~nn~~~~d reactors (see fig. ‘1) with i&t of 
re3ction mixture, excfzange of reaction mixture be- 
tween reactors through perforations and outlet of 
reaction mixture. 
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on oscillations, K describes the extent of interac- 
tion between the reactors and F denotes inlet con- 
ditions. xIc;, ylF and xzF, y2r: denote the inlet 
concentrations of active components_ The param- 
eters of chosen experimental example are given in 
table l_ In fig. 8 the oscillatory course of the con- 
centration of component x for the value of K = 
0.0102 s-* is shown. With increasing value of K, 
from zero to K = 0.0102, the period of oscillations 
in the first reactor increases and in the second re- 
actor decreases. For K = 0.0102 the frequencies of 
the oscillations are nearly synchronized, however 
the amplitude of oscillations in the second reactor 
decreases sharply and the shape of the oscillations 
is not similar to the experimentally observed oscil- 
lations_ 
‘. The kinetic model of the Belousov reaction has 

to bc improved before more quantitative agrzz’nent 
between esperimental and simulated phenomena 
can be expected_ 
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