
l i t e r  ~. The oscillation pa ramete r s  are influenced to the g rea tes t  degree by the initial concentrations of sulfuric  
acid and cys te ine  hydrochloride;  consequently, changes in these concentrations may be an important  factor  in 
regulating the per iodic  regime in the potass ium ioda t e -hyd rogen  p e r o x i d e - c y s t e i n e  h y d ro ch lo r i d e - su l fu r i c  
acid system. 

1, 

2. 

3. 

4. 

5. 

L I T E R A T U R E  C I T E D  

K. B. Yats imirski i ,  L. P. Tikhonova, and A. S. Kovalenko, "Application of synchronous recording of three  
pa rame te r s  in studying osci l la tory  chemical  r eac t ions , ,  Teor.  ]~ksp. Khim., 13, No. 3, 416-420 (1977). 
V. A, Vavilin and A. M. Zhabotinskii , , 'Oscillatory react ion of hydrogen peroxide decomposi t ion, ,  in: 
Oscillating P r o c e s s e s  in Biological and Chemical  Systems [in Russian], Nauka, Moscow (1967), p. 440. 
I. MatSuzaki, J. H. Woodson, and H. A. Liebhafsky, "pH and tempera ture  pulses during the per iodic  de-  
composition of hydrogen peroxide , ,  Bull. Chem. Soc. Jpn., 43, No. 10, 3317 (1970). 
K. R. Sharma and R. M. Noyes, "Oscillations in chemical  sys tems.  7. Effects  of light and of oxygen on 
the B r a y - L i e b h a f s k y  react ion,"  J. Am. Chem. Soc,, 97, No. 1, 202-204 (1975). 
K. R. Sharma and R. M. Noyes, "Oscillations in chemical  sys tems.  13. A detailed molecular  mechanism 
for  the B r a y - L i e b h a f s k y  react ion of iodate and hydrogen peroxide ,"  J. Am. Chem. Soc., 9_~8, No. 15, 4345- 
4361 (1976). 

O S C I L L A T I O N S  OF  B R O M I N E  C O N C E N T R A T I O N  

IN B E L O U S O V -  Z H A B O T I N S K I I  R E A C T I O N  

A, S .  K o v a l e n k o  a n d  L. P ,  T i k h o n o v a  UDC 543.420~62 

Free  bromine may play an important  role in the mechanism of the Belousov -Zhabots inki i  oscillating 
chemical  reaction,  which takes place in a sys tem consisting of bromate,  malonic acid, cerium(III, IV), and sul-  
furic acid. The information available in the l i tera ture  re la t ive to the presence  of a percept ible  concentrat ion 
of free bromine in this oscillating react ion is contradictory,  Franck  and Geise le r  [1] believe that the oscillations 
of optical density in the 500 nm region that are observed in the react ion of b r o m a t e - m a l o n i c  ac id -ce r ium(HI ,  
IV) are due mainly to oscillations of f ree  bromine concentration. Inthe oscillating react ion of b r o m a t e - m a l i c  
ac id -ce r ium(I I I ,  IV), free bromine can be ext rac ted  with chloroform,  which cannot he done successful ly  when 
the malic acid is replaced by malonic [2l, F ro m  these observations it has been concluded that there is no free 
bromine present  in the react ion with malonic acid. In [3], oscillations of optical density that were reg i s te red  in 
the 400-600 nm region in the react ion of b r o m a t e -  malonic a c i d -  cerium(HI, IV) were attributed to oscillations 
in the concentrat ion of cerium(IV) ions and BrO 2" radicals .  However, in the calculations it was assumed that 
free bromine does not contribute to the oscillations of optical densi ty in the 401 nm region. It was shown in [4] 
that the exper imenta l  absorpt ion spec t rum in the 400-550 nm region that is obtained in the p rocess  of the osci l -  
lating react ion of b r o m a t e - m a l o n i c  a c i d -  cerium(III, IV) is not consistent  with the absorpt ion spec t rum of BrO 2" 
radicals ,  but with the absorption spec t rum of free bromine, the concentrat ion of which was found to be 1 �9 10 -4 
mole/ l i fe  r. 

The goal of the presen t  work has been to determine the amplitude of bromine concentrat ion oscillations 
and to findthe dependence of the amplitude on the initial concentrat ions of bromate and malonic acid. 

The bromine concentrations were determined spectrophotometr ical ly ,  using a Specol spec t roco lo r ime te r  
combined with a magnetical ly s t i r r ed  t i t ra t ionuni t  and recording the amplitude of the oscillations in optical 
density at a wavelength of 500 nm. The sensi t ivi ty of the unit was approximately 0.005 units of optical density 
pe r  scale division (2 nm) of the s t r ip  chart  of the KSP-4 automatic potent iometer  that was used to r eg i s t e r  the 
oscillations of optical density, The potent iometer  scale was calibrated on solutions with known concentrat ions 
of f ree  bromine and cerium(W) ions. In determining the amplitude of bromine concentrat ion oscil lations,  the 
amplitude of oscillations of the total optical density was recorded  at a wavelength of 500 nm; and f rom this value, 
there  was deducted the amplitude of oscillations of optical density due to oscillations of the cerium(IV) ion con- 

L. V. Pisarzhevski i  Institute of Physical  Chemistry,  Academy of Sciences of the Ukrainian SSR, Kiev. 
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Fig .  1. C a l i b r a t i o n  da ta  fo r  a u t o m a t i c  p o t e n t i o m e t e r  s c a l e  on 500 nm w a v e l e n g t h w i t h  
r e s p e c t  to  c o n c e n t r a t i o n  of c e r i u m ( W )  ion  (a) and f ree  b r o m i n e  (b); g r a p h  c shows the 
o s c i l l a t i o n s  of t o t a l  o p t i c a l  d e n s i t y  at  500 nm in the r e a c t i o n  of s o d i u m  b r o m a t e  (0.09), 
m a l o n i c  ac id  (0.14), c e r i u m  (III) (0.001), and s u l f u r i c  ac id  (1.5 m o l e s / l i t e r ) .  

F ig .  2. B r o m i n e  c o n c e n t r a t i o n  o s c i l l a t i o n  a m p l i t u d e  as  a func t ion  of o r i g i n a l  c o n c e n -  
t r a t i o n s  of b r o m a t e  and m a l o n i c  ac id .  I n i t i a l  c o n c e n t r a t i o n s  of r e a c t a n t s :  ce r ium(I I I )  
0.001, s u l f u r i c  ac id  1.5, s o d i u m  b r o m a t e  0.035, m a l o n i c  ac id  0.14 m o l e / l i t e r .  

c e n t r a t i o n .  The magn i tude  of the  a m p l i t u d e  of o s c i l l a t i o n s  in ce r ium(IV)  c o n c e n t r a t i o n  was  d e t e r m i n e d  at  a w a v e -  
length  of 320 nm, w h e r e  the c o n t r i b u t i o n  of b r o m i n e  to the  op t i c a l  d e n s i t y  of the  s o l u t i o n  i s  i n s i g n i f i c a n t  {less 
than  1%). The s e n s i t i v i t y  of d e t e r m i n a t i o n  of b r o m i n e  and ce r ium( IV)  c o n c e n t r a t i o n s  a t  a wave l eng th  of 500 nm 
was  1.2 �9 10 .5 and 5.3 - 10 -5 m o l e / l i t e r ,  r e s p e c t i v e l y .  When us ing  th i s  method,  the  a c c u r a c y  in d e t e r m i n i n g  the 
a m p l i t u d e  of b r o m i n e  c o n c e n t r a t i o n  o s c i l l a t i o n s  wi l l  depend  on the r e p r o d u c i b i l i t y  of the  a m p l i t u d e  of ce r ium( IV)  
c o n c e n t r a t i o n  osc i l l a t ions .  Wi th  a 10% change in  the amp l i t ude  fo r  c e r i u m ,  the e r r o r  in d e t e r m i n i n g  the a m p l i -  
tude of b r o m i n e  c o n c e n t r a t i o n  o s c i l l a t i o n s  amoun t s  to 2-3%. 

A l l  of  the  so lu t i ons  u sed  in  th i s  w o r k  w e r e  p r e p a r e d  f r o m  a c c u r a t e l y  we ighed  s a m p l e s  of r e a g e n t s  wi th  a 
qua l i t y  g r a d e  no l o w e r  than  "ch.  d. a . ,  [pure,  fo r  a n a l y s i s ] ,  wi th  subse que n t  d i lu t ion .  The m e a s u r e m e n t s  w e r e  
p e r f o r m e d  in 3 0 - m l  euve t t e s  wi th  a l i gh tpa th  of  2 cm; the  r e a c t i o n  m i x t u r e  vo lume  was  20 ml.  

In  F ig .  i we show c a l i b r a t i o n  da ta  fo r  the  p o t e n t i o m e t e r  s c a l e ,  i n d i c a t i n g  the s e n s i t i v i t y  of d e t e r m i n a t i o n  
of c e r i um( IV)  and b r o m i n e  c o n c e n t r a t i o n s  a t  500 n m  wave leng th ;  a l s o  shown a r e  the  o s c i l l a t i o n s  of t o t a l  op t i c a l  
d e n s i t y  at  th is  wave leng th .  The a m p l i t u d e  of the  ce r ium(IV)  c o n c e n t r a t i o n  o s c i l l a t i o n s  in  th i s  s y s t e m  (Fig.  1) i s  
2 . 8 . 1 0  -5 m o l e / l i t e r ,  tha t  of b r o m i n e  2 . 1 . 1 0  -4 m o l e / l i t e r ,  F o r  such  c o n c e n t r a t i o n s  of ce r ium( IV)  and b r o m i n e ,  
the e x p e r i m e n t a l l y  d e t e r m i n e d  c o n t r i b u t i o n  of b r o m i n e  to the t o t a l  o p t i c a l  d e n s i t y  of the  s o l u t i o n  at  500 nm is  
77%, a t  320 n m  0.3%, and a t  401 n m  ] 3%. This  m e a n s  tha t  the a s s u m p t i o n  made in  [3] tha t  the c o n t r i b u t i o n  of 
b r o m i n e  to  the t o t a l  o p t i c a l  d e n s i t y  at  401 nm is  i n s i g n i f i c a n t  i s  an  e r r o n e o u s  a s s u m p t i o n .  

When  the a m p l i t u d e  of b r o m i n e  c o n c e n t r a t i o n  o s c i l l a t i o n s  i s  d e t e r m i n e d  in  the s a m e  m a n n e r  for  the r e a c -  
t ion  wi th  m a l i c  acid ,  wi th  the s o l u t i o n  c o m p o s i t i o n  the s a m e  as  in [2], m a l i c  a c id  0.26, s o d i u m  b r o m a t e  0.07, 
c e r i u m ( l i D  0.001, and s u l f u r i c  a c id  1.5 m o l e s / l i t e r ,  the va lue  tha t  i s  ob ta ined  i s  a p p r o x i m a t e l y  the s a m e  as  in 
the r e a c t i o n  wi th  m a l o n i c  ac id ,  s p e c i f i c a l l y ,  1 . 9 . 1 0  -9 m o l e / l i t e r .  The a m p l i t u d e  of ce r ium( IV)  ion c o n c e n t r a t i o n  
o s c i l l a t i o n s  in  th i s  r e a c t i o n  i s  2.2 - 10 -4 m o l e / l i t e r .  
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It is known that  in success ive  one-e lec t ron  reduction of bromate ,  the following compounds may be formed:  
BrO( ,  HBrO 2, BrO' ,  HBrO, Br ' ,  Br 2, B r ' ,  Br2-, Br3-. Of these products  f r o m  the reduction~ the following 
will absorb  light in the visible region: Br2, Br~-, Br:3- , BrO2. , BrO. (Table 1), and probably the rad ica l  Br.. 
Br~- an ion- rad ica l s  are  formed in the pulse radi lys is  of solutions containing a fa i r ly  high concentrat ion of 
bromide ions [8, 9]; the fo rmat ion  of this species  in the course  of the osci l la tory  reac t ion  is ve ry  improbable .  
In view of the fact that free bromine is formed v e r y  rapidly  through the reac t ion  

HOBr -+- Br- + H+ :~. Br2 + H~O, (1) 

the equi l ibr ium constant of which K= [HOBr][Br-][H+]/[Br2]--4.10 -~ [] 11, for  a bromine concentrat ion of 2 . 1 0  -4 
mole / l i t e r  and the t ime-coinc ident  [4] minimal  concentrat ion of bromide  ions in the course  of the oscil lat ing 
react ion  approximate ly  I x 10 -~ m o l e / l i t e r  [12], we can es t ima te  the maximal  equi l ibr ium concentrat ion of 
HOBr, which proves  to be ~1 �9 10 -7 mole / l i t e r .  The optical density of such an HOBr solution in the 260 nm 
region is approximate ly  10 "~ mole �9 l i te r  -1 �9 cm- t ;  kmax (HOBr) =262 nm, e =100 [13]. 

Analogously, we can es t imate  the m a x i m u m  concentrat ion of the anion Br.3-. Starting with the value of 
the equi l ibr ium constant for  its format ion react ion K=[Br:3-] / [Br2][Br-]=16.2 [ l l l ,  along with the above- l i s ted  
concentrat ions of bromine and bromide ion, the Br.~- concentrat ion is approx imate ly  3 ' 10 "'~ mole / l i t e r .  The 
optical densi ty of such a Br  3- solution in the 270 nm region is ~10 -4 mole .  l i te r  -~ . cm -1, It is difficult to d e t e r -  
mine the concentrat ions of HOBr and Br 3" in the course of the oscil lat ing reac t ion  by spec t ropho tomet r i c  analysis .  
As possible  evidence that the light absorpt ion in the 500 nm region is caused, apar t  f rom the cerium(IV) ion, by 
free bromine and not by BrO 2. rad ica ls ,  we may offer  the re la t ionships  we found between the bromine concen- 
t ra t ion  oscil lat ion amplitude and the original  concentrat ions of b romate  and malonic acid (Fig. 2). 

According to the mechan i sm accepted in the l i te ra ture  for  the oscil lat ing react ion  [14], bromine is formed 
as a resu l t  of react ion (1) and 

BrO:~- + Br- ,-4- 2H + ~ HOBr -}-- HBrO,,, (2) 

HBrO, q- Br- + H + : 2 HOBr, (3) 

and is consumed in brominat ing the malonie acid 

Br,a + CH~ (COOH)~ --*-BrCH (COOH)~ + BV- + H + . (4) 

The main source  of bromide ions is the react ion  

BrCH (COOH2) + Ce 4§ + FLO--*-CHOH (COOH)., +- Br"- + H + ..~.- CEO'S'; (5) 

and bromide ions a re  also formed as a resu l t  of d i rec t  reduction of bromate  by malonic  acid [12], It has been 
es tabl ished exper imenta l ly  that an inc rease  in the ini t ial  b romate  concentrat ion in the oscil lat ing react ion  leads 
to an inc rease  in the c r i t i ca l  concentrat ion of bromide ions and a lso  an inc rease  in the minimal  ("background") 
concentrat ion of bromide ions [12, 15]. As can be seen f r o m  the examinat ion of react ions  (1)-(3), this may lead 
to an inc rease  in the bromine concentrat ion osci l lat ion amplitude. As the malonic acid concentrat ion is increased,  
the rate  of bromine consumption through reac t ion  (4) inc reases .  However, f rom the bromide  that  is thus formed,  
an equivalent quantity of bromine is formed immedia te ly .  Also, as the malonic acid concentrat ion is increased,  
the minimal  concentrat ion of bromide ions i nc rea se s  as a consequence of reduction of bromate  d i rec t ly  by 
malonic acid [12], which tends to inc rease  the bromine concentration.  On the other hand, an inc rease  in the 
malonic  acid concentrat ion leads to an acce le ra t ion  of the reac t ion  of hypobromous acid consumption 

HOBr + CH., (COOH)~ ~ CHBr (COOH),, .+ H.,O (6) 

and a re ta rda t ion  of bromine accumulat ion through reaction (1). T h e r e f o r e ,  the exper imenta l ly  de te rmined  
amplitude of the bromine concentrat ion osci l lat ions is actual ly  the resul tan t  of many competing react ions:  when 
the initial  malonic acid concentrat ion is increased,  the amplitude inc reases  only up to a cer ta in  l imit  (Fig. 2). 
It should be noted that with a low init ial  concentrat ion of malonic acid (0.0] 4 m o l e / l i t e r ,  Fig. 2), no bromine ia 
detected in the course  of the oscil lating react ion.  

According to the mechan ism descr ibed  for  the oscil lat ing react ion,  the amplitude of the BrO 2. rad ica l  
concentrat ion osci l lat ions should dec rease  with increas ing  init ial  malonie  acid concentration,  since this wilt 
give an inc rease  in the bromide ion concentration,  these ions inhibiting the autocatalyt ic  react ion  of BrO 2. 
rad ica l  accumulation.  The amplitude of cerium(IV) concentrat ion osci l lat ions will a lso dec rease ,  and the 
amplitude of optical density oscil lat ions,  a f t e r  deducting the contribution f rom the cerium(IV) ions, will inc rease ;  
this means that the inc rease  in oscil lat ion ampli tude is not due to BrO 2- rad ica l s  but r a the r  to bromine.  As 
cerium(IV) ions accumulate ,  bromide s t a r t s  to accumulate  rapidly through reac t ion  (5), leading to inhibition of 
the oxidation of cerium(liD by bromate  and a "switching" of the ca ta lys t  oxidation cycle to a ca ta lys t  reduction 
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cycle [14]. However, as can be seen f rom experimental  data reported in [4, 16], the oxidation of cerium(III) is 
interrupted at that instant at which the bromide ion concentration is minimal and the bromine concentration 
reaches a maximum. This means that bromine may serve as an inhibitor for the reaction of cerium(HI) oxida- 
tion by bromate at this par t icu lar  instant of time. It is known f rom the l i terature that free bromine lengthens 
the induction period of the ce r ium(] I I ) -b romate  react ion and re tards  the react ion rate, beginning at a bromine 
conce ntrati on of 1.10 -~ mole/life r [17]. 

The resul ts  f rom our studies have shown that in the course of the Belousov-Zhabot inski i  reaction, osci l -  
lations of bromine concentrat ion occur,  the amplitude increasing with increasing initial concentrations of 
bromate and malonic acid, reaching 2 . 1 0  -4 mole/ l i ter .  The periodical ly accumulated bromine, together  with 
bromide ions, may serve  as a "switching agent~ of the oscillating reaction. 
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