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SUMMARY 
The use of a Ce (IV)-thiomalic acid (Ce4+-TMA) redox sys tem 
as an init iator in the polymerizat ion of acrylamide  (M) in an 
aqueous medium has been investigated. The Ce 4+ fo rms  a 
1:1 complex with TMA, decomposing through f ree  radical  
mechanism in an acid medium. F rom 5 to 15% conversion 
the rate equation is 

d[M] = k[M] 3/2 [Ce4+] x [TMA] 
Rp-  dt 

where  Rp is the ra te  of polymerizat ion and x is 0.5 or 1.0 
depending upon the concentration of monomer.  The overal l  
energy of activation has been calculated to be 9.12 k cal. 
deg-I -mol-1(38.12  kJ /mol )  in the investigated range o f _  
t empera tu re  (25o-40~ the degree of polymeriza t ion (P) 
of the po lymer  is d i rec t ly  p ropor t iona l  to [h~.  The number 
of average molecular  weight of the po lymer  remains  
unaffected at lower concentration of Ce 4+ and is found to 
dec rease  at higher concentrations.  

In this investigation the kinetics and mechanism of the 
Ce(IV)-thiomalic acid (TMA) redox sys t em to initiate the 
polymeriza t ion of acrylamide  has been studied. 

Acrylamide (E. Merck) was purif ied by usual  methods. 
Thiomalic acid and cer ic  ammonium sulfate were  used 
withour purif ication.  All solutions were p r e p a r e d  in twice 
dist i l led water .  

The polymeriza t ion p rocedure  adopted was s imi la r  to the 
one used by MISRA et al. [3, 4]. The polymeriza t ion was 
followed by quantitative es t imat ion of the double bonds in 
acrylamide  as descr ibed  [8]. A small  var iable  induction 

0170-0839/79/0001/0671/$ 01.60 



672 

p e r i o d  was  o b s e r v e d  pe rhaps  due tothe r e s idua l  oxygen in 
the thiol solution. C u r v e s  we re  p lo t ted  a f te r  e l iminat ing the 
induction pe r iod .  

The ave rage  mo lecu l a r  weights  of the p o l y m e r s  we re  
d e t e r m i n e d  by v i s c o s i t y  m e a s u r e m e n t s  at 30oC in an aqueous 
medium us ing  the re la t ionsh ip  of DAINTON et  al. [2]. 

[ 'l] 30 o =  6 . 8 x  10 -4 M n 0 " 6 6  

Where  ['/] = in t r ins ic  v i s c o s i t y  of the p o l y m e r  solut ion and 
Mn = m o l e c u l a r  weight of the sample .  

RESULTS 

Cer i c  ammonium sulfate  r e a c t s  with th iomal ic  acid to fo rm  
a ye l lowish  complex  which then d e c o m p o s e s  slowly in an 
acid medium (pH 1.3) producing  a f r ee  r ad ica l  hydrogen ion 
and Ce(III). This  f r e e  r ad ica l  in i t ia tes  the po lymer i za t i on  of 
v inyl  m o n o m e r s .  Bes ides  init iat ing po l ymer i za t i on  the 
p r i m a r y  r ad i ca l s  may undergo  d imer i za t ion  [1] to some  
extent.  It has  a l so  been r e p o r t e d  by SANTAPPA et al. [7], 
that p robab ly  at h igher  concen t ra t ions  of c e r i c  ions the 
t e rmina t ion  of po lymer i za t i on  may be due to ce r i c  ions alone.  
The mode of t e rmina t ion  in the p r o c e s s  of po l ymer i za t i on  
ini t ia ted by Ce 4+ and the organic  subs t r a t e  s y s t e m  has  been  
the sub jec t  of c o n t r o v e r s y .  Var ious  w o r k e r s  have pos tu la ted  
v a r i o u s  m e c h a n i s m s .  In the p r e s e n t  inves t iga t ion  the 
tenta t ive  m e c h a n i s m  may be given as 

fas t  s low Ce3+ H+ 
Ce4++  RSH - "~ [complex]  ~ RS + + (1) 

Init iat ion 
M+ 's M (2) 

Propagation 
M ( n _ l  ) + h} ~ ~r (3) 

Te rmina t ion  by coupling 
l~In+ i~Im > ~I(n+m) (4) 

Te rmina t ion  by Ce 4+ 
l~In+Ce 4+ > Ce 3+ + H++ deadpo lymed5)  

D imer i za t ion  
RS+SR > R - S - S - R  (6) 
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RSH rep resen t s  thiomalic acid, RS is the p r i ma ry  radical  
and M is the monomer .  M is the radical  formed by the 
reac t ions  of the p r imary  radical  with the monomer,  and ~In 
r e p r e s e n t s  growing po lymer  radicals .  The polymerizat ion 
of acry lamide  alone with Ce 4+, and complex formation 
between Ce 4+ and acry lamide  have been repor ted  but s eem 
to be negligible under the p resen t  conditions of study. 
Terminat ion react ions  of f ree  radicals  take place by 
coupling. However, the possibi l i ty  of terminat ion by 
disproport ionation cannot be ruled out al together.  

The complex f o r m e d  between Ce 4+ and TMA (step 1) 
is insoluble in water ,  methanol, acetone, chloroform and 
DMF, but it is  easi ly  decomposed in a strong acidic 
medium. It does not melt  up to 3000C. Conductometric  
t i t rat ions shows complex formation,  and the high conduc- 
tance of the complex at equimolar  concentration of metal  
and ligand indicates that it is  an e lec t ro ly te ,  pH m e a s u r e -  
ments  show that on adding ligand (TMA) to the fixed amount 
of Ce 4+ solution the pH inc reases  gradually.  At equimolar  
concentration a sudden break in the pH is observed,  
indicating the re la t ion metal:  ligand as 1:1. The inf rared  
spec t rums  of the ligand and the complex were  r eco rded  
(Table 1). 

TABLE 1 
IR bands of thiomalic acid and its  complex 

Compound -SH ~C=O C-O C-S 
of-COOH str .  

M-O M-S 

TMA 2550 1690 1415 610 - 

Complex - 1650 1400 600 560 480 

M rep re sen t s  Cerium. 

The disappearance of the SH vibrat ion (2550 cm -1) in the 
complex indicates coordination through sulfur.  A sharp 
absorpt ion peak ( C-O ) observed at 1690 cm-1 in the 
ligand shows a shift to 1650 cm -1 in the complex. Also the 
peak of C-O stretching, observed at 1415 cm -1 in the ligand, 
shows a shift to 1400 cm-1 in the complex. These changes 
account for  the involvement of the carboxyl group in the 
complex formation.  The C-S stretching frequency (610 cm-1)  
a l so  shows a shift towards  lower wave number (600 cm-1)  
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in the complex. The metal -oxygen and meta i - su l fur  bonds are  
further  confirmed in the far inf rared  region of the complex, 
where the two peaks are  obtained at 560 and 450 cm -1 
showing metal-oxygen and meta i - su l fur  bonding, respec t ive ly .  

The initial ra te  of polymerizat ion and the conversion 
(in mol/1) inc reases  with increasing monomer concentration.  
The studied range of the monomer concentration is 5 .0  x 
10 -2 to 3 .0  x 10 -1 mol/1 at a fixed concentration of Ce 4+ 
(5.0 x 10 -4 mol/1) and thiomalic acid (4.0 x 10 -3 mol/1). The 
ra te  of polymerizat ion has been found to be proport ional  to 
the 3/2 power of the initial monomer  concentration. This 
indicates a bimolecular  terminat ion mechanism. The 
deviation of the exponent f rom unity to a higher value in the 
persul fa te- in i t ia ted  polymeriza t ion of acry lamide  has been 
explained in t e r m s  of a cage effect  [6]. 

The molecular  weight of the polymer  has been  found to 
increase  with increasing concentration of the monomer.  A 
plot of the ra te  (Rp) vs~ degree  of polymerizat ion (P) gives 
a s traight  line (Fig. 1). Low molecular  

Fig. 1: 
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Plot of the degree  of polymeriza t ion (P) vs.  the ra te  
of polymerizat ion (Rn): [TMA]=4.0 x 10 -3 mol/l~ 
[Ce 4+] = 5 .0  x 10 -4 ~ol /1 ,  [H2SO4]= 0. 125 mol/1, 
T e m p =  3 5 +  0.2~ 

weight po lymers  are  obtained here  (Table 2). 
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TABLE 2 
Effect  of monomer  on mole cular weight of the polymer  

I Ce +] = 5 .0  x 10 -4 mot/ l ,  [TMA] = 4 .0  10 -3 mol/1, 
H2SO4] = 0. 125 mol/1, Temp. = 35 + 0 . 2 o c .  

Expt. [Monomer]xl02 Rpxl03 Mol.Wt. Degree ~x l02  
No. mot/1 mol/1 of poly-  

mer i za -  
lion(P) 

1. 10.0 1.6 2535 35.66 2.80 
2. 15.0 3.2 3158 44.43 2.25 
3. 20 .0  4 .0  3467 48.78 2.05 
4. 25.0 6 .6  3781 53.20 1.88 
5. 30.0 6 .9  4445 62.54 1.60 

The initial ra te  of polymeriza t ion and the limiting conversion 
tend to inc rease  with increasing cer ic  ion concentration at a 
fixed concentration of monomer,  thiomalic acid and sulfuric 
acid (Fig. 2). 
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F i g .  2: T i m e  vs .  % c o n v e r s i o n  cu r ves  f o r  the aqueous 
polymeriza t ion  of acry lamide  with varying init ial  
concentrat ions of Cea+: [Acrylamide]= 5 .0  x 10 -2 
mol/1, [TMA]= 6 .0  x 10-73 " m o l / 1 ,  I n , so4 ]=  0. 125 
mol,/1, Temp. = 35 + 0 2oc~ (e) rceTt+]= 1 0 x l0  -3 
tool/ l ,  (o)iCe4+]=1_25 x 10:3 moi/1, (•) ICe4+] = 
1 . 5 0 x  10 -3mot / I ,  (+)LCe4+] = 1.75 x 10 -3 mot/ l ,  
(r [ C e  4+] = 2 .0  x 10 -;~ mol/1. 

Two se ts  of kinetic runs  at two concentrat ions of monomer  
(5.0 x 10 -2 mol/1 and 25.0 x 10-2 mol / t )  were  ca r r ied  out 



676 

for various initial concentration of Ce 4+. The concentration 
ranges of the catalyst  in both sets  of experiments  were 
appl:oximately s imilar  (1.0 x 10 -3 to 2.0 x 10 -3 and 2.5 x 
10 -4 to 1.5 x 10 .3 mol/1) and the concentrations of thiomafic 
acid were 6.0 x 10 -3 and 4.0 x 10 -3 mol/1, respect ively.  

The ra te  of polymerizat ion showed a half order 
dependence on the catalyst  at the lower monomer concentra-  
tion and a f i r s t  order dependence at the higher monomer 
concentration (Fig. 3). 
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Fig. 3 : Double logari thmic plot of the initial ra te  of 
polymerizat ion vs. the concentrations of ceric 
ammonium sulfate in mol/1 [H2SO4] = 0. 125 mol~l, 
Temp.=35 + 0 .2oc  (e)[Acrylamide]= 5.0 x 10- 
mol/1, [T1V~A] = 6.0 x 10 -3 mol/1, (o)~Acrylamide]= 
25.0 x 10 -z mol/1, [TMA] = 4.0 x 10-3mol/1.  

In the presence of oxygen Ce 4+ alone has been reported 
to initiate polymerizat ion react ions.  However, this was not 
found in the present  investigation. 

The exponent 0.5 indicates a bimolecular terminat ion 
mechanism at lower monomer concentration. But at 
higher monomer concentration the exponent (1.0) may be 
due to the terminat ion of the growing chain with ceric  ions. 

The samples of the polymer for the molecular  weight 
determinat ion were prepared by short  stopping the react ion 
at the point upto which the steady state is observed. The 
average molecular  weight (Mn) of the polymer decreases  
at higher concentrations of Ce 4+ and remains  unaffected 
at lower concentrations.  Comparatively low molecular  
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weight po lymers  (formed to some extent) may be due to one 
of the component thiomalic acids, which is a molecular  
weight modif ier  (Table 3). 

TABLE 3 

Effect of catalyst  on molecular  weight of the polymer .  

f Acrylamide]  = 25.0 x 10 -2 mol/1, [TMA] = 4.0 x 10-3 mol/1 
H2SO4 ] ~ 0. 125 mol/1, Temp. = 35 + 0 .2oc  

Expt. [Ce4+]xl04 Rp Mol. Wt. Degree l x 1 0 2  
No. mol/1 of poly- 

m e r i za -  
tion(P) 

1. 5.0 1.9 3781 53.20 1.88 
2. 7.5 2.8 3840 54.03 1.85 
3. 10.0 3.8 3763 52.94 1.89 
4. 15.0 4.3 2940 41.36 2.42 

The initial ra te  of polymerizat ion and maximum conversion 
both increase  with increasing concentration of activator(TMA) 
within the range (2.0 x 10-3 to 1.0 x 10-2 mol/1) at a fixed 
concentrat ion of monomer  (5.0 x 10 -2 mol/1) and catalyst  
(1.0 x 10 -3 mol/1). (Fig. 4). 
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Fig.  4: T ime  vs.  ~o convers ion curves fo r  the aqueous 
polymerizat ion of acry lamide  with varying initial 
concentration of thiomalic acid (TMA) [Acrylamide]= 
5.0 x 10 -2 mol/1, [Ce4+]= 1.0 x 10-~ mol/1, [H2SO4]= 
0. 125 mol/1, Temp. =35 + 0.20C ~$) [TMA]= 2.0 x 
10-3 mol/~, (o) l IMA] :  4. 0 x 10 -~ mol/1, (A) [TMA]: 
7.0 x 10- mol/1, (+)_[TMA]= 9.0 x 10 -3  mol/1, 
( 0 )  l I M A ]  : 1 . 0  x 10 -2  m o l / 1 .  
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The order  of reac t ion  with r e spec t  to the activator has 
been de termined f rom the double logari thmic plot of Rp vs.  
the concentration of the activator.  The exponent in thlomalic 
acid is near ly  one (1.04). This indicates a f i r s t - o r d e r  
dependence of the ra te  of polymerizat ion on the activator 
concentration. Similar resu l t s  have been repor ted  by 
HUSSAIN et al. [5], in the aqueous polymerizat ion of ac ry la -  
mide initiated by the potass ium persu l fa te /2-mercaptoe t~anol  
redox system.  Below a cer ta in  concentration (2.0 x 10 -~ 
mol/1) of thiomalic acid no polymerizat ion took place (the 
concentration of monomer  and catalyst  were kept constant). 
This indicates that Ce 4+ alone does not initiate a po lymer iza-  
tion in the studied concentration range.  

The effect  of t empera tu re  has been studied between 
25o-45oc. The initial ra te ,  as well as limiting conversion, 
inc reases  with increas ing t empera tu re .  Above 40oC the 
initial ra te  as well as maximum conversion both were found 
to dec rease  probably due to some side react ions .  The 
overall  activation energy calculated f rom the Arrhenius  plot 
was 9.12 k cal. deg -1 mo1-1(38. 12 kJ /mol)  in the t empera -  
ture  range 20 ~ to 40~ This is of the same order  as the 
value found in other s imi lar  redox  sys tems.  
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