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The dynamical behavior of the chlorine dioxide-iodide reaction has been studied in a system 
consisting of two continuous flow stirred tank reactors (CSTRs). The reactors are 
coupled by computer monitoring of the electrochemical potential in each reactor, which is 
then used to control the input into the other reactor. Two forms of coupling are 
employed: reciprocally triggered, exponentially decreasing stimulation, and alternating mass 
exchange. The reaction, which exhibits oscillatory and excitable behavior in a single 
CSTR, displays neuronlike bursting behavior with both forms of coupling. Reciprocal 
stimulation yields bursting in both reactors, while with alternating mass exchange, bursting is 
observed in one reactor and complex oscillation in the other. A simple model of the 
reaction gives good agreement between the experimental observations and numerical 
simulations. 

I. INTRODUCTION 

The problem of two coupled chemical oscillators has 
been investigated for almost 20 years. A distinction among 
coupled systems is often made according to the nature of 
the coupling.’ The most thoroughly studied experimental 
systems in chemistry are those that are physically coupled 
through mass transportLg Another form of physical cou- 
pling can be accomplished by electrical connection of two 
continuous flow stirred tank reactors (CSTRs) .I0 Such sys- 
tems are analogous to biological neurons coupled through 
gap junctions.” Chemical coupling represents a substan- 
tially different way of linking two (or more) subsystems 
which are capable of independent oscillation and which 
have one or more species in common.’ This form of cou- 
pling resembles in some ways synaptic coupling of neu- 
rons,” with the common species playing the role of the 
neurotransmitter in carrying information from one sub- 
system to the other. 

Coupled chemical oscillators display a wide variety of 
dynamical behavior such as synchronization, frequency 
locking, quasiperiodicity, chaos, birhythmicity, extinction 
of oscillation and rhythmogenesis.” Bursting behavior, i.e., 
regular alternating periods of quiescence and of oscilla- 
tions, is a common feature of neural oscillators. Bursting 
can occur in isolated single neurons, and in pairs or in 
larger networks of synaptically coupled neurons. The sharp 
voltage maxima occurring in bursting neurons are known 
as action potentials; they serve as a means of transmitting 
information from cell to cell. A bursting signal from a 
typical neuron is shown in Fig. 1. 

Bursting can also be found in coupled chemical sys- 
tems, but until now most observations of this phenomenon 
have been made in the Belousov-Zhabotinsky reaction in a 
single reactor system.‘“” Recently, bursting behavior has 
been observed in the chlorine dioxide -iodide reaction in a 
CSTR.” When the excitable steady state in a single flow 
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reactor is stimulated by super-threshold injection of a solu- 
tion of chlorite ion or of chlorine dioxide, transient oscil- 
lations are observed following a period of very low iodide 
concentration. Under periodic stimulation the system pro- 
duces bursts of oscillations resembling those found in neu- 
rons with postinhibitory rebound,20 a situation in which 
immediately after a period of inhibition (hyperpolariza- 
tion), the neuron is for a time more excitable than in the 
absence of inhibition. This dynamical resemblance has en- 
couraged us to attempt to stimulate in chemical systems 
situations that may occur in systems of neurons. For the 
present study we have chosen the chlorine dioxide-iodide 
reaction in a system consisting of two coupled CSTRs. 

One form of coupling introduced here and referred to 
as alternating coupling by mass transfer is a modification 
of physical coupling with mass exchange. We allow mass 
transfer in only one direction at any given time. This ar- 
rangement resembles in some ways the coupling of neurons 
through gap junctions, though the analogy is by no means 
perfect. The other form of coupling that we employ does 
not correspond to either simple physical or chemical cou- 
pling. This configuration, which we call connection by re- 
ciprocal stimulation, is intended to be an approximation of 
mutual inhibitory synaptic connection. 

In this paper, we first describe the experimental and 
numerical realization of these coupling schemes. Next, we 
present experimental and numerical examples of bursting 
behavior observed in this system. The conditions and pa- 
rameters that play the most important role in producing 
bursting behavior are then analyzed together with a com- 
parison of the experimental and numerical results. 

II. RECIPROCALLY TRIGGERED, EXPONENTIALLY 
DECREASING STIMULATION 

In reciprocally triggered, exponentially decreasing 
stimulation the amount (or strength) of the stimulus de- 

. creases exponentially with time. The initiation of the stim- 
ulus delivered to one reactor cell is triggered by an event in 
the other cell, and the connection is reciprocal, For exam- 
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FIG. 1. Bursting behavior in the transmembrane potential of a neuron in 
the crustacean stomatogastric ganglion (Ref. 13). 

ple, when the concentration of a chosen species in reactor 
1 increases above a certain value, then an additional input 
flow from a supplementary reservoir into reactor 2 is acti- 
vated. The concentration level that causes the beginning of 
stimulation is called the trigger value. The additional flow 
decreases exponentially with time until the concentration 
in cell 2 reaches its trigger value, at which time stimulation 
of cell 2 ceases and stimulation of cell 1 begins. 

A. Experiment 

The chlorine dioxide-iodide reaction in a single CSTR 
possesses two different stable steady states [one with low 
iodide (LI) and one with high iodide (HI) concentration] 
and also shows sustained oscillatory behavior. In narrow 
ranges of parameters, bistability of two steady states, or 
bistability of the HI steady state and the oscillatory state 
are found.21 The HI state shows excitable responses when 
stimulated by chlorine dioxide or by chlorite ion. The LI 
state is not excitable either by these species or by iodide 
ion.lg The response of the chlorine dioxide-iodide reaction 
differs from that observed in most excitable chemical sys- 
tems. Superthreshold stimulations generate transient oscil- 
lations before the system returns to a steady state. The 
number of oscillations depends on the distance of the sys- 
tem from the oscillatory region of the parameter space and 
on the strength of the stimulation.1g By varying flow rate 
and input concentrations of chlorine dioxide and iodide at 
constant H,S04 input (pH = 2)) excitatory and/or oscilla- 
tory conditions were determined in the uncoupled reactor 
cells. 

The experimental arrangement consisted of two ther- 
mostatted (25 kO.2 “C!) plexiglass CSTRs, each of volume 
16 mL. The solutions of chlorine dioxide, sulfuric acid, and 
potassium iodide were delivered separately into the cells by 
peristaltic pumps. Chlorine dioxide was prepared as de- 
scribed by Lengyel et a1.,22 and the other chemicals were 
the highest purity commercially available. The sodium 
chlorite used for stimulation was twice recrystallized. The 
concentration of chlorine dioxide was determined spectro- 
photometrically (E= 1265 cm-’ M-’ at 360 nm); and so- 
lution concentration was checked just before each experi- 
ment was started. The stock solutions were kept at 0 “C to 
avoid evaporation of ClO,. 

A schematic diagram of the computer-controlled ap- 
paratus is shown in Fig. 2. Iodide-selective electrodes with 
calomel reference electrodes were used to monitor each 
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FIG. 2. Two reactor cells coupled by reciprocally triggered, exponentially 
decreasing stimulation. A, B, C-stock solutions of chlorine dioxide, sul- 
furic acid, and potassium iodide; D-solution of 0.01 M NaClOa; PP- 
peristaltic pumps; W-solenoid valve. ISE-iodide-selective electrode 
paired with calomel reference electrode. Dotted lines represent data ac- 
quisition and computer control of the experiment. 

reactor. Low electrode potential corresponds to high [I-]. 
Signals from the electrodes were collected with the PC- 
Mate Lab Master data acquisition system. About 10-20 
min after both reactors were filled, one of the cells was 
stimulated by an additional flow of 0.01 M NaC102. This 
stimulation was controlled as follows. One output channel 
from the computer was used to set the path of the solenoid 
valve SV, the other to control the speed of rotation of the 
supplementary peristaltic pump PP3. At the start of stim- 
ulation, the peristaltic pump was set to its highest speed of 
rotation. The flow rate kf was then decreased exponen- 
tially according to 

kf=kfoe-k(‘-‘o), (1) 

where k,-,, is the initial rate of the additional flow, k is a 
positive number characterizing the rate at which the addi- 
tional flow decreases, and to is the time at which the po- 
tential of the iodide electrode in the triggering (“presyn- 
aptic”) cell drops below the trigger value E, 

1. Results: Two identical cells 
We studied the dynamical behavior of two cells with 

identical parameters ( f 2%) in the excitable range. In Fig. 
3 we show examples of dynamical behavior for three dif- 
ferent trigger values. Regular alternation of quiescent pe- 
riods and periods of oscillation is observed until the trigger 
value exceeds a critical level beyond which only simple 
oscillation occurs in both reactors. The phases in the two 
reactors are shifted by half the bursting period T/2. When 
reactor 1 is oscillating, reactor 2 is in the period of quies- 
cence and vice versa. 

Simple oscillation [Fig. 3 (c)] occurs when the trigger 
value is reached in one reactor before a period of oscilla- 
tions (burst) is established in the other reactor. Stimula- 
tion then causes consumption of iodide ions, and the qui- 
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Exper iments  in  a  s ing le  C S T R  s h o w  that the ch lor ine  
d iox ide- iod ide  react ion possesses  f ive distinct reg ions  of 
dynamica l  behav io r .21  The re  is thus a  w ide  r a n g e  of poss i -  
bi l i t ies for coup l ing  combina t ions  of non ident ica l  cells. 
However ,  wi th rec iprocal ly  t r iggered,  exponent ia l ly  de -  
c reas ing  st imulat ion, the dynamica l  behav io r  of the cou-  
p led  system is pr imar i ly  de te rm ined  by  the t ransient  re-  
sponse  to st imulat ion. Prev ious  exper iments” revea l  that 
p & e  st imulat ion of- the react ion by  chlor i te ion  resul ts in  
th ree types of response:  (a)  t ransient  osci l lat ion fo l lowed 
by  re turn  to the s teady state; (b)  sus ta ined osci l lat ions; 
a n d  (c) re turn  to the s teady state wi thout  any  osci l lat ion. 
W e  expect  qual i tat ively di f ferent dynamica l  behav io r  on ly  
by  coup l ing  cel ls wi th distinct combina t ions  of these re-  

I sponses.  W e  exc lude  condi t ions u n d e r  wh ich  a  s ing le  st im- 
u la t ion resul ts on ly  in  s imp le  re turn  to the s teady state a n d  
per iod ic  st imulat ion is u n a b l e  to gene ra te  burs t ing behav -  
ior. Thus  w e  study the case  in  wh ich  exc i table condi t ions 
a re  es tab l ished in  o n e  reactor  wh i le  in  the o ther  the reac-  
t ion is ma in ta ined  in  the osci l latory m o d e . T h e  exci table 
condi t ions in  cel l  2  w e r e  kept  constant.  T h e  paramete rs  for 
cel l  1  w e r e  the s a m e  as  in  cel l  2, except  for the input  
concent ra t ion of i od ide  ion.  B y  vary ing [I-],,, w e  cou ld  
scan  a  r a n g e  of osci l latory condi t ions in  cel l  1. T w o  exam-  
p les  of burs t ing behav io r  a re  s h o w n  in  Fig. 5. 

FIG. 3. Burs t ing  behav io r  in  two cel ls  coup led  by  rec iproca l ly  t r iggered 
st imulat ion.  Cond i t ions  in  both  cel ls: [ I -Jo=4.2x IO - ’ M , [ClOJ, ,= 1  
X  1 0 B 4  M , f low rate ( rec iproca l  res idence  tim e )  in  reactor  ko=2.2x  1 0 m 3  
s-‘. Init ial rate of add i t iona l  f low k ,n=3 X  1 0 m 4  s-r, rate of dec rease  of 
s t imulat ion k=0 .05  s-‘. T r igger  va lue  E ,= O  m V  (a),  1 5 0  m V  (b),  1 7 5  
mV(c ) .  D a s h e d  l ines co r respond  to t r igger  va lues.  Note  the s imi lar i ty  
be tween  the t races s h o w n  he re  a n d  in  the fo l lowing f igures a n d  the wave  
fo rms of the neura l  osci l la tor  s h o w n  in  Fig. 1  if o n e  s imp ly  reverses  the 
s ign  of the vo l tage in  that plot. 

escent  pe r iod  wi th low iod ide  concent ra t ion is 
reestab l ished.  If the t r igger  va lue  is fur ther inc reased  a b o v e  
the max ima l  va lue  r eached  in  the osci l lat ions, n o  osci l la-  
t ion can  b e  genera ted ,  a n d  the reactors reach  a  s teady state. 
For  such  “ident ical” cel ls wi th the s a m e  st rength of st im- 
u la t ion (ampl i tude,  init ial f low rate, a n d  constant  of expo -  
nent ia l  decay) ,  the burs t ing behav io r  is the s a m e  in  bo th  
reactors,  i.e., w e  h a v e  the s a m e  n u m b e r  of osci l lat ions in  
the burst  a n d  the pe r iod  T b  is the s a m e  in  bo th  reactors 
wi th in exper imenta l  accuracy.  

W e  h a v e  a lso  d o n e  exper iments  wi th di f ferent t r igger  
va lues  for the two cells. T h e  behav io r  f ound  is the s a m e  in  
bo th  cells; the va lue  of E t affects on ly  the p h a s e  shift be -  
tween  the cells. T h e  init ial t ransient  behav io r  is not  s h o w n  
in  Fig. 3, but  in  gene ra l  a  l onger  pe r iod  of burs t ing and /o r  
comp lex  osci l latory behav io r  is p r e c e d e d  by  a  l onger  init ial 
t ransient  per iod.  

T h e  in f luence of the t r igger  va lue  E t a n d  of the rate of 
dec rease  of s t imulat ion k o n  the pe r iod  of burs t ing T b  a re  
s h o w n  in  Fig. 4. T h e  pe r iod  is not  very sensi t ive to E t w h e n  
E t <  1 0 0  m V . For  h ighe r  E , the pe r iod  d e p e n d s  st rongly o n  
the t r igger  va lue.  

T h e  pe r iod  dec reases  signif icant ly as  k increases.  
Sma l le r  k va lues  co r respond  to s t ronger  st imulat ion a n d  
l ead  to a  l onger  pe r iod  of qu iescence,  because  the concen-  
t rat ion of a d d e d  chlor i te ions  dec reases  on ly  s lowly a n d  
m o r e  iod ide  ion  is c o n s u m e d  by  the a d d e d  chlor i te, so  it 
takes l onger  for the system to re turn  to the osci l latory 
m o d e . 

2. Results:  T w o  di f ferent cel ls 

B . Mode l i ng  

Lengye l  et aZ .22  h a v e  p r o p o s e d  a  m o d e l  that accurate ly  
descr ibes  the kinet ics of the ch lor ine  d iox ide- iod ide  reac-  
t ion b a s e d  o n  two overa l l  s to ichiometr ic  p rocesses  

2c102+21-+ Iz+2c10 , ,  

C 1 0 , + 4 1 - + 4 H + - + C l - + 2 1 2 + 2 H 2 0 .  

T h e  rate laws for the two processes  a re  

Rl=k l [CW  P -1 , 

(2)  

&=kz, [ClO;]  [I-][H+] (3)  

+ k z ~ [ClO ,l[I,l[I-l/(u +  [I-1 2 > , 
w h e r e  u  is a  phenomeno log i ca l  pa ramete r  that de te rmines  
the level  of [I-] be l ow  wh ich  substrate inhib i t ion by  iod ide  
ion  b e c o m e s  negl ig ib le .  

U n d e r  the condi t ions of these exper iments ,  the system 
is wel l  character ized by  the concent ra t ions of th ree chem-  
ical spec ies  in  the mode l -C lO, ,  ClO,,  a n d  I-. T h e  m o d e l  
has  b e e n  ana lyzed  in  a  s ing le  C S T R 2 i  a n d  wi th pu lse  st im- 
u la t ion’g  wh ich  g ives r ise to excitabi l i ty a n d  burst ing.  W ith 
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FIG. 4. Dependence of the period of bursting Tb on trigger values (a) 
and on rate of decrease of stimulation (b). Experimental results for two 
identical excitable cells. Points are connected to aid visualization of re- 
sults. 

two coupled CSTRs, there are six variables, and the differ- 
ential rate equations are 

dX’” __=--~I’)+k~)[~~)-~(‘)]-k~)x(i) 
dt 9 

dyw 
-= -R{i) -4p$) +kC$ [ y7) _ fit) 1 -ky) y(i), 

dt 
(4) 

d&i) 
-=~I’)--~~)--~)Z(i)+k~)[zSf:)--Z(i)l 

dt 7 

where X=[ClOz], Y=[I-] and Z=[ClOJ, and i= 1,2 
specifies the reactor cell. The concentration of I, in the rate 
expressions (3) is given by [I-]+f[IJ=[I-1,. The cou- 
pling between cells is represented by the term ky’, the flow 
rate of the stimulation, which is determined as follows. If 
Y”’ crosses its trigger value, fi”, from below at time r 
while ky’ =0, then ky’ is set to 0 and the supplemental 
flow into cell j is initiated by setting 

i (5) 

This algorithm corresponds to the experiments where a 
new stimulation is initiated when the potential of the iodide 
electrode in the stimulated cell drops below Et 

FIG. 5. Bursting behavior in two nonidentical cells coupled by recipro- 
cally triggered stimulation. In both cells:[ClO&= 1 X 10S4 M, ke=2.2 
X10-’ s. Cell 2: [I-]c=4.2x10S4 M; (a) call 1: [1-],=3~10-~ M, 
Et= 100 mV in both cells (b) cell l:[I-]c= 1 X low4 M, Et= 100 mV in 
both cells. Dashed lines correspond to trigger values. 

Examples of numerical simulations of Eqs. (4)-( 5) 
are shown in Fig. 6 for some examples of coupling identical 
cells. The qualitative agreement with the experiments is 
quite good. The numerically obtained dependence of the 
period on the trigger value and on the rate of decrease of 
stimulation k also resembles the experimental observations 
(cf. Figs. 4 and 7). When Yt> 5X low9 M, the period of 
bursting T, is almost constant. For smaller values the pe- 
riod varies significantly with the trigger value. This depen- 
dence is not smooth, but has many plateaus, because the 
sensitivity to stimulation varies with the phase of the os- 
cillatory reaction. As observed experimentally, Tb de- 
creases with increasing k as a result of the weaker stimu- 
lation. 

In Fig. 8 we show the results of simulating the dynam- 
ical behavior of two different cells. The results are in qual- 
itative agreement with the experimental results shown in 
Fig. 5. 

111. ALTERNATING MASS EXCHANGE COUPLING 

The other form of coupling that we investigated as a 
possible source of bursting behavior involved mass ex- 
change between the two reactors. The usual coupling of 
this type utilizes bidirectional convection or diffusive flow, 
but such coupling is not conducive to bursting behavior in 
the chlorine dioxide-iodide reaction system. In the scheme 
we employ, mass exchange occurs only in one direction at 
a time, and the direction of this flow is governed by the 
concentrations in the cells. 

A. Experiments 

The experimental realization of the coupling is shown 
in Fig. 9. The arrangement is similar to that employed in 

J. Chem. Phys., Vol. 98, No. 2, 15 January 1993 

Downloaded 31 Mar 2009 to 129.64.51.79. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



M. Dolnik and I. Epstein: A coupled chemical burster 

8- 
, I 

JC I 
Cl 

8- 

] 
15000 

I 
2000 T Csl 

FIG. 6. Bursting in two identical cells coupled by reciprocally triggered 
stimulation-numerical simulation. Xc= 1 x 10m4 M, Ye=5 X 10m4 M; ke 
=0.005 s-l, k,=O.O005 s-i, k0.05 s-‘, Z,=O.Ol M. Trigger values 
(a) log Y,= -8, (b) log Y,= -9.5, (c) log Y,= -9.7. 

the reciprocal stimulation experiments. Now, however, in- 
stead of controlling a solenoid valve and a peristaltic 
pump, the computer regulates the switching of two sole- 
noid valves. At any given time, only one valve is open, 

OiO - log Yt 

FIG. 7. Coupling of two identical cells-numerical results. Dependence of 
the period of bursting Tb on trigger values Y, and on the speed of the flow 
rate decrease k. 

8 

FIG. 8. Coupling of two different cells by reciprocally triggered 
stimulation-numerical simulation. ke=5 x lo-’ s-‘, Xe= 1 X low4 M, 
log I$“=log fi’)= -8, k,,,=5x 1O-4 s-‘, .Z:“=Z’2’= 1 x 1O-2 s-l. 
For cell 2: Ye=5X10:4 M; for cell 1: Ye=3XlO-‘M (a); Yc=1.2 
x lo-4 M (b). Dashed lines correspond to trigger values. 

Allowing exchange only in one direction. The mass ex- 
change is governed by the speed of the peristaltic pump 
between the reactors, PP3. To avoid changes in the volume 
of solution in the reactors, the maximum flow rate between 
reactors must be less than or equal to the smaller of the two 
input flow rates to the CSTRs. 

Such coupling inevitably introduces a time delay, just 
as does the time required for molecules of neurotransmitter 
to traverse a synaptic gap. We attempted to minimize this 
lag by shortening the tubes between the reactors and by 
using tubes with small diameters at high pump speeds. 
Under these conditions, mass transport between reactors 
required about 3 s, a time much less than a typical period 
of oscillation or bursting. 

The conditions correspond to excitability in cell 1 and 
to stationary or oscillatory behavior in cell 2 for the un- 
coupled system. To elicit a superthreshold response in one 
CSTR, the inflow from the other reactor must contain a 
high level of [ClOJ (or [ClO,]) and a low level of [I-]. 
Since the excitable steady state is characterized by high 
[I-] and low levels of the other two species, coupling two 
CSTR’s in this state by mass exchange does not lead to 
bursting. To obtain a super-threshold response, which can 
then lead to bursting, it is necessary to couple a CSTR with 
excitable conditions with one in either the low iodide 
steady state or the oscillatory state. For simplicity, we 
chose the former alternative. 

-The direction of mass exchange is controlled by the 
potential of the iodide electrode in the excitable cell 1. 
When the potential in cell 1, El, drops below Edown, mass 
exchange is initiated from cell 2 to cell 1. This direction of 
coupling is maintained until E, begins to increase and ex- 
ceeds the more positive value IfuP. At that moment, the 
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FIG. 9. Two CSTRs coupled by alternating mass exchange. Symbols as in 
Fig. 2. 

direction of flow is switched, and the output from cell 1 is 
delivered to cell 2. Some representative examples of the 
dynamical behavior in this configuration are shown in Fig. 
10. 

6. Simulations 

Simulating this type of coupling is more complex than 
the case described earlier. Two new effects are present. 
First, because the intercellular flow contains time-varying 
concentrations of iodide ion and iodine, the number of 
iodine atoms is no longer constant in each reactor. There- 
fore, the system can no longer be accurately described by 
X= [CIO,], Z=[ClOJ and the concentration of a single 
iodine-containing species Y= [II]. It is necessary to. intro- 
duce two additional differential equations for PC’), the con- 
centration of I, in each reactor. A second consideration is 
the time delay caused by mass transport between the cells. 
A rigorous treatment of this effect would require the solu- 
tion of a set of coupled integrodifferential delay equations, 
treating the tubes between the cells as tubular reactors. 
Because the delay in our experiments is relatively short as 
noted above, we have neglected any reaction occurring in 
the tubes during the transfer. We take the time lag explic- 
itly into account and obtain the following set of eight dif- 
ferential delay equations for the system of two coupled 
CSTRs with alternating mass exchange, 

dX”’ 
-= A~ii)+@ [xt) -x(i)] +k..[x(1_ 

JJ 
-x(i)] 

(17) ’ 

-=-~Ii)-4~~)+k~)[Y(oi)-yY(i)] 
dt 

+kjf[ yl~~T)- Y(')], 
(f&i) 
-=Rf) -~:‘)-k~),“~(i)+k..[z~~~~)-z(i)] 

d;ij 

I‘ , 

-=()5R{‘) +2@‘-@p(‘) +kji[p{,‘l-.,,-p(“] 
dt , (6) 

- a C2 
50- A A 

-5o- 

1000 2000 T bl 3000 

FIG. 10. Dynamical behavior in two cells coupled by alternating mass 
exchange-experimental results. $=2.2x 10m3 s-‘, [ClO,]e= 1 X 10m4 M 
in both cells. Alternating flow between reactors k,,=k,,=2X lo-’ SK’, 
threshold values EUp= 130 mV, Edown= - 120 mV. Cell 1: [I-1,=4.4 
x 10e4 M, cell 2: [I-],= 1 X 10e4 M (a), [I-]s=2~ low4 M (b). 

where i, j= 1,2 (i#j) specifies the reactor, the rate Rk are 
given by Eq. (3)) kji is the flow from reactor j into reactor 
i and r is the delay time, i.e., the concentrations in the 
input to cell j at time t correspond to the concentrations in 
cell i at time t-r. Linear interpolation was used in the 
simulations to obtain these values at the required previous 
times. 

The simulations were initiated as in the case of recip- 
rocally triggered exponentially decaying stimulation. As in 
the experiments, parameters were chosen to yield excitabil- 
ity in cell 1 and steady state or oscillation in cell 2 for the 
uncoupled system. The direction of mass exchange was 
controlled by the variable y[I-] in the excitable cell with 
parameters YUp and Ydown corresponding to the experimen- 
tal Eup and Edown, respectively. Some numerical simula- 
tions are shown in Fig. 10. Several different time delays 
were employed in the simulations, but the results appear 
insensitive to the value chosen for r so long as r is of the 
order of the actual experimental delay time. 

IV. DISCUSSION AND CONCLUSION 

We have examined two approaches to coupling the 
chlorine dioxide-iodine reaction in a pair of CSTRs. Cou- 
pling by reciprocally triggered stimulation does not belong 
either to the category of physical coupling or of chemical 
coupling, it is more analogous to reciprocal synaptic cou- 
pling between neurons. Information about the state of one 
reactor is used to control external stimulation of the other. 
The behavior of the reaction in the individual CSTRs is 
qualitatively similar to the behavior of a periodically stim- 
ulated reaction in a single reactor,lg but in the coupled 
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FIG. 11. Dynamical behavior in two cells coupled by alternating mass 
exchange-simulations. ko=5X 10W3 s-‘, &=1X 10m4 M in both cells. 
ktz=kzi=5X10-3 s-i, Y,,=3.13X lo-’ M, Y~,,wn=lX1O-g M, time 
delay ~=3 s. Cell 1: Y0=4.7X10-4 M, cell 2: Y,,=1X10-4 M (a), 
Y,=Zx 1O-4 M (b). 

system the frequency of stimulation is controlled internally 
by the system itself. 

We find that, with this form of coupling, bursting oc- 
curs over a wide range of parameters when the uncoupled 
systems are in the excitable or the oscillatory mode. It is, 
however, necessary to administer a stimulus to initiate the 
bursting behavior when excitable steady states have first 
been established in the reactor cells. If the cells are in the 
oscillatory parameter range, no initial stimulus is required 
so long as the trigger value is in the range of the amplitude 
of oscillations. This feature has an analog in neural sys- 
tems. The behavior of two model neurons with postinhib- 
itory rebound linked by reciprocal inhibitory synapses de- 
pends on whether the cells are pacemakers or are silent 
without synaptic input. Pacemaker neurons will fire alter- 
nating bursts over a wide range of parametric values, while 
non-pacemakers require triggering by synaptic input or by 
an inhibitory postsynaptic potential delivered to one mem- 
ber of the neuron pair in order to produce sustained burst- 
ing behavior.20 

Our investigations suggest that bursting in a chemical 
system can be obtained when a reaction exhibits a transient 
oscillation after stimulation of an excitable state. On the 
other hand, systems that show the more common form of 
excitability, with a single large amplitude excursion in re- 
sponse to a superthreshold stimulation, will show only sim- 
ple oscillation when coupled by reciprocally triggered stim- 
ulation. An oscillatory mode in which stimulation can 
cause a large phase shift by transient extinction of the os- 
cillation can also give rise to bursting behavior with appro- 
priate stimulation and/or coupling. 

Bursting is more difficult to achieve when cells are 

coupled by alternating mass exchange.% The amount of 
chlorite exchanged between reactors in this approach is 
significantly lower and produces a smaller effect than sim- 
ple stimulation by a pure solution of chlorite. Only two 
transient peaks were observed in an experiment in which 
an excitable state in one reactor was linked to a CSTR in 
the LI steady state. 

The simulations with our simple models are in good 
qualitative agreement with the results of our experiments. 
It is difficult to achieve quantitative agreement (e.g., the 
same number of oscillations per burst for the same param- 
eter values), especially when the oscillation is very rapid. 
One reason for this difficulty is that the concentration may 
change faster than the response time of the iodide-selective 
electrode. Another difficulty in making direct quantitative 
comparisons between the numerical and experimental re- 
sults is that at very low iodide concentrations the electrode 
responds to species other than I-.23 In general, our simu- 
lations display a higher frequency of oscillation during the 
burst period than do the experiments. 

The results presented here suggest that relatively sim- 
ple inorganic reactions, many of which are well understood 
at a mechanistic level, may provide useful models for un- 
derstanding the dynamics of bursting behavior in much 
more complex arrays of coupled neurons. 
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