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The mechanism of persulphate-initiated aqueous polymerization of methacrylonitrile (MAN) has been 
investigated kinetically at 50C  in an inert atmosphere of nitrogen gas by the conventional gravimetric 
method within the solubility range of the monomer. It has been found that the rate of polymerization (Rp) 
of MAN is proportional to the square root of the initiator concentration [ I ]  and the 1.6 power of the 
monomer concentration [ M ], i.e. 

Rp m [ I ]  0.50± °'°'s [ M] t.~,_-- 0.os 

It has been suggested that both the monomer and the water-soluble monomeric/oligomeric free radicals 
react with the persulphate ions in aqueous solutions (pH 4 to 7), viz. reactions C and D, which would 
then compete with the well established reactions A and B: 

52082- --~ 2SO~.- (A) 

$2082- + H20-- '  2HSO4- + ~O2 at pH 5 to 7 (B) 

$2082- "1- M - ,  " M - O - S O  s -  + SO4-  (C)  

S 2 O f -  + (M~),--, M j - O - S O  3- + SO 4-  j = ! to 10 (D) 

where (M~),,, is a water-soluble monomeric/oligomeric free radical. The separating polymer phase was in 
the aqueous solution as a stable colloid. The distribution coefficient of MAN between the polymer and 
the aqueous phase was found to be 1.8 + 0.2 at 50~C in the presence and absence of electrolytes 
(FK2SO,,]  = 7.5 x 10-3moldm-3) .  The termination rate constants in the aqueous phase (k,,) and 
the polymer phase (kip) have been estimated as k,, = 1.29 x 105dm3 mol -1 s -~ and ktr , = 1.90 x 102 
dm 3 m o l  i s- 1, based on the literature value of kp of MAN as 26 dm s mol- 1 s - i at 50~C. The locus 
of polymerization is partly in the aqueous phase and partly in the polymer phase. 

( Keywords: free-radical polymerization; methacrylonitrile; kinetics) 

I N T R O D U C T I O N  

We have studied the mode  of  decomposi t ion  of potassium 
persulphate in aqueous solution of different monomers  1-3 
and found that the kinetic data  of  the $ 2 0  f - - m e t h -  
acrylonitrile ( M A N )  system could be explained by the 
following elementary reactions 3 : 

82082_ k, , 2 S 0 ~ -  

$2082 + H 2 0  ~ H S O 4 -  + "OH + SO~-  

or  2 H S O 4 -  + 1~O 2 

$ 2 0 8 2 -  + M ~' , ' M  O - S O 3 -  + SO~-  

( M ~ ) ~ + S 2 0 s  2- k,o , M j  0 S 0 3 -  + S O ~  

k5 and klo were estimated as 1.05 x 10 -5 and 1.14 x 10 3 
dm 3 m o l -  1 s -  1 respectively at 50°C. While the aqueous 
polymerizat ion of  acrylonitrile has been studied exten- 
sively by Thomas  et  al. 4, Dain ton  et  al. s, K o n a r  et  al. 6 
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and others; ,  no information is available on the aqueous 
and emulsion polymerizat ion of methacrylonitrile. So we 
are reporting here the persulphate-initiated aqueous 
polymerization of methacrylonitrile in unbuffered aqueous 
solutions (pH = 3.5 to 7) at 50~C in the presence of 
nitrogen gas. 

E X P E R I M E N T A L  

Polymerizat ion of  M A N  has been studied gravimetrically 
in a 1 litre round-bo t tomed  Pyrex flask fitted with a Hg 
seal, stirrer and side tubes for passing nitrogen and for 
extracting solutions under nitrogen pressure for analysis. 
The details of  the experimental procedure have been 
reported elsewhere ~. To avoid complicat ions during 
polymerizations,  no buffer solutions were used. The pH 
of the medium was always above 3.5 and so the 
H +-catalysed decomposi t ion of persuiphate ions was not 
significant s'9. We have found that K2SO 4 (7.5 x 10 -3 
mol d i n - 3 )  has no measurable effect on the rates of 
polymerization.  The polymer formed was a stable colloid. 
Water  was distilled twice from alkaline permanganate  
solutions TM. Both the potassium persulphate (E. Merck, 
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GR grade) and potassium sulphate (BDH,  GR grade) 
were recrystallized three times from doubly distilled 
water. The monomer  was supplied by Fluka (AG. 
stabilized by hydroquinone)  and was washed with dilute 
sodium hydroxide (1%) solution, then thoroughly with 
distilled water to make it free from alkali. It was then 
dried over anhydrous calcium chloride, vacuum distilled 
and the distillate was passed over anhydrous calcium 
chloride and kept overnight. The monomer  was then 
vacuum distilled and fractionated. The middle fraction 
(refractive index 1.401 at 25 C) was collected and stored 
a t  - 5 C .  The monomer  was distilled before use to avoid 
peroxide formation. While acrylonitrile ( C H 2 = C H .  CN ) 
is highly soluble in water (8.5 wt% at 50 C) ~m meth- 
a c r y l o n i t r i l e  ( C H 2 = C ( C H  3 / C . N  ) i s  sparingly soluble in 
water. The measured solubility of MAN is found to be 
about 2.8 wt% at 50 C. Molecular weight was estimated 
from the intrinsic viscosity data in dimethylformamide 
I D M F )  soh.ent at 3 0 C  using the Mark Houwink 
equation ~ 2, i.e. 

[,7] = K:~', 

where K = 0.306mlg ' and :t = 0.503. 

RESULTS 

Tahh, I shows the reproducibility of results of MAN 
polymerization under a given set of  experimental con- 
ditions. The run was repeated 10 times, and the 
percentage conversion and the ,Q~ of the polymer sample 
were measured as functions of time. It is seen that there 
is always an induction period (IP),  which varies from 
run to run. The IP may be due to the presence of traces 
of dissolved ( ) ,  in the system. It may also be due to the 
slow attack of SO~.- radicals on MAN molecules 
compared to those of acrylates ~3. The end of the 
induction period was signalled by the sudden appearance 
of haziness when scattered blue light was noticed 
(Tyndall scattering). This is taken as zero time for 
polymerization. It is seen that the uncertainty in per- 
centage conversion in a given time is less than 2%. The 
results also indicate that in a given run, percentage 
conversion and ?~, of polymers increased with time. It 
is seen that. if the induction period is identical from run 
to run, the results were highly reproducible ( Table 11. 

The results of  the aqueous polymerization of meth- 
acrylonitrilc initiated by K2S20~ are shown in Figures 

I to 3. k'igure 1 shows the conversion time curves at a 
given concentration of the monomer  10.30 mol d in-3)  
and at various concentrations ofthc initiator (0.5 x 10-3 
to 7.5 x 1 0 3 m o l d m - ~ ) .  The ionic strength ( i~= 
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Figure  I The conversion t imc(t icurvesofmethacryloni tr i le (MAN) 
at 5I)C in aqueous solution. [ M A N ]  lixed at 0 . 3 0 m o l d m  3 
[ K 2 S 2 0 ~ 1  v a r i e s : l A l O . 5  x 10 3 . ( B )  I x I 0 " ,  ( C )  5 x 10 3,11)) 
7.5 x 10- "~ mol dm-~.  Ionic strength v,,as kept constant by adding 
K , S ( ) 4  

Table I 

Time 
I mm I 

45  i t  

h 

75 a 
h 

105 u 
h 

135 a 
h 

165 
h 

Rcprodt,cibilit) of results": [ MAN 

R I R 2 R~ 
I 1 ' -  10m15" 9 m 8"15"  

4.89 4.89 5.76 

1[.13 l l . 8 3  12.48 

5.63 4.63 

1697  18.62 19.43 

7.40 6.1 I 

22.14 23.92 24.44 

7.47 6.02 

2~.47 26.91 

6.36 5.78 

"Time after induction 

] - 0 . 3 0  mol dm "~ : [ K , S 2 0 , ]  

R4 R5 
7 " 3 0  , 6 m 

5.84 7.35 

3.60 

13.07 15.94 

5.79 

20.39 22.69 

6.60 

26.75 26.55 

5.54 

30.17 30.09 

5.34 

period ( I P ) :  a - percentage con',ersion, h = .~-I, x H) 

- 5.0 × I0 -'~ mol d m - ' ~ :  temp.  - 511 (" 

R~, R- R. R. RL, 
9"25"  8"50"  8"3/1" 8"' 9"'5" A ' , e rage  

5.IX) 5.24 5.55 4.,',;S 5.49 _+ (/.79 

2.99 2.79 3.13 4- 0.42 

I 1.40 I 1.40 9.96 I _.2.80 I I .~0 12.16 ± 1.60 

5.32 4.33 5.09 5.14 t 0.57 

18.32 17.92 18.02 20.55 17.811 191)7 _+ 1.71 

6.61 6.77 6.43 6.65 .L 0.43 

23.85 23.33 24.03 25.60 23.13 24.37 + 1.49 

6.71 7.77 6.31 6.14 ± 0.86 

27.54 27.74 28.12 30.36 26.93 28.26 _' 1.54 

6.13 7.43 5.79 6.14 z. 0.72 

5 : In  - -  m i n u t e ,  s - second : R .  denotes nth run 
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Figure 2 Estimation of rate at zero time (Rp),= o or zero conversion 
from the intercept of the plot of time average rate (i.e. conversion at 
time t/time t ) versus time t in the early stages of the reaction. Recipe 
same as in Figure I. [MAN] = 0.30 tool dm -3. [K2S208] = 0.5 x 
10-3(A),l  x 10-3(B),5 × 10-~(C)and7.5 x 10-3 moldm-3(D)  
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Figure 3 Conversion-time (t) curves of MAN polymerization at a 
given concentration of the initiator (5.0 x 10 -3 mol dm -3) and at 
various concentrations of the monomer (MAN): (A) [MAN] = 0.16, 
(B) 0.20, (C) 0.24 and (D) 0.30 mol dm -3 

22.5 x 1 0 - 3 m o l d m  - 3 )  was  kept  c o n s t a n t  by a d d i n g  
K2SO4.  Ini t ia l  rates ( b e l o w  10% c o n v e r s i o n )  were  
d e t e r m i n e d  by p lo t t i ng  the  a v e r a g e  ra te  ( p e r c e n t a g e  
c o n v e r s i o n / t i m e )  versus t ime  (Figure 2) and  ex t ra -  

p o l a t i n g  the  resu l t ing  s t ra igh t  l ine to ze ro  t ime.  T h e  
in te rcep t  in Figure 2 gives the  ini t ial  rate.  Figure 3 shows  
the c o n v e r s i o n - t i m e  curves  at  a g iven  c o n c e n t r a t i o n  of  
the in i t i a to r  (5.0 x 1 0 - 3 m o l d m  - 3 )  and  at  va r i ous  
c o n c e n t r a t i o n s  o f  the m o n o m e r  (0.30 to 0.16 mol  d i n - 3 ) .  
Figures 4 and  5 s h o w  the  c o n v e n t i o n a l  o r d e r  p lots  for 
the  in i t i a to r  and  for the  m o n o m e r  respect ive ly .  T h e  o r d e r  
of  the  in i t i a to r  was  found  to be 0.5 +_ 0.05 and  tha t  of  
m o n o m e r  was found  to be 1.6_+ 0.05. T h e  effect of  
m o n o m e r  in jec ted  late  in a run  on  the ra te  of  po lymer i z -  
a t ion  is s h o w n  in Figure 6, w h e n  the  ra te  was found  to 

1,6 C 

1'z' I . / ~ ~  `*lope : 0" 53 

,.lope = 0"58 i A 1"2 ~!Ope = 0"~,5 

~, I ' 0  O 

~'6 0"8 " 0  1"2 1"4 "'6 1"8 2"0 

Log { [I]x'O t' } - - -  

Figure 4 Order plot for the initiator from the rates of polymerizations : 
(A) rate (Rp) defined as [8% conversion/time (rain)l; (B) rate (Rp) 
defined as per cent polymerized in 120 rain ; (C) rate (Rp) between 8% 
and 12% conversion at various initiator concentrations [ I ] (mol dm- 3 ) 
for a given MAN concentration, and the rates were estimated from the 
conversion-time curves 
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F i g u r e  5 Order plot for the monomer from the rates of polymeriz- 
ations: rate (Rp) defined as (percentage conversion/minute) and data 
taken from Figure 3 for 8% to 12% conversion 

o 

x 
r~ 

(z ~ '0  

0 
_I 

0"9 

3 1 8 4  P O L Y M E R ,  1 9 9 1 ,  V o l u m e  3 2 ,  N u m b e r  1 7  



Persulphate-initiated polymerization of methacrylonitrile. S. Guchhait e t  a l .  

35 
• B 

,i 
N 

! 

i ~ I , ,, , I , I 
0 30 60 90 120 150 180 

Time ( w,n ) ~, 

Figure 6 Effect of additional quantity of monomer when injected 
late in a run. Curve A: [MAN]=0 .20moldm 3, [ I ] = 7 . 5 x  
10-3moldm s. Curve B: [MANJ=0.30moldm .3, [ I ] = 7 . 5  x 
10 -smoldm -3. Curvc C: 0.10moldm s MAN injected in control 
run A at about 5°/. conversion. Arrow indicates the injection point of 
additional quantity of monomer 
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Figure 7 Effect of initiator on conversions when injected late in a run. 
CurveA:[MAN] =0.30moldm-'a ,[I]  = 5 × 10-3moldm-3. Curve 
B: [MAN] = 0.30 × 10 3 mol dm -3, [I] = 7.5 x 10 .3 mol dm --~. 
Curve C: 2.5 x 10 3 mol dm s extra initiator injected in control run 
A at about 8.5% conversion. Arrow indicates the injection point of 
additional quantity of initiator 

increase.  Figure 7 shows the effect of  in i t i a to r  injected 
late in a run  on  thc rate of p o l y me r i za t i o n .  Here,  also,  
the rate was found  to increase.  The  v iscos i ty-average  
mo lecu l a r  weight  (/~,.)  of  the po lymer s  was found  to 
increase  in a given ru n  up to l0  to 2 0 %  conve r s ions  
(Tables 1 and  2). The  mo l e cu l a r  weights  of po lymers ,  

however ,  at a g iven  conve r s ion ,  were found  to decrease  
with increase  of  in i t i a to r  c o n c e n t r a t i o n s  (Table  3) bu t  
to increase  with increase  of m o n o m e r  c o n c e n t r a t i o n s  
(Table 2). The  m o l e c u l a r  weight  of  po lymer s  seems to 
be very h igh ;  it m a y  be tha t  K a n d  • in the e q u a t i o n  
[ q ]  = K , ~  are in er ror ,  o r  m a y  no t  be app l i cab le  in this 
system.  Very few da t a  (for p o l y m e t h a c r y l o n i t r i l e  N,N-  
d i m e t h y l f o r m a m i d e  at 30 :C  ) are ava i lab le .  In the m o n o -  
mer  injected expe r imen t s  late in a run ,  .Q, of po lymers  
at a given c o n v e r s i o n  was found  to increase  (Table 4). 
There  was no  m e a s u r a b l e  change  in ,Q~ of po lymers  in 
the in i t i a to r  injected expe r imen t s  late in a r un  ( "fable 5 ). 

D I S C U S S I O N  

T o  exp la in  the resul ts  of  the t he rma l  d e c o m p o s i t i o n  of 
pe r su lpha t e  in a q u e o u s  so lu t i on  in the presence  of  
me thac ry lon i t r i l e ,  the fo l lowing  m e c h a n i s m  has been  
suggested" 

S 2 0 f _  k, ,2S0~.- (1)  

k2 
S O ~ -  + H 2 0  , H S O 4  + ' O H  (2)  

2 O H  k3 ' H z O :  (or  H : O  + ½02) (3)  

k 4 
S O ~ -  + M , M ;  ( =  - O 3 S - O  1(,!) (4) 

S O ~ -  + M (  R H )  k,~ = , H S O ¢ -  + R" (4a) 

S z O f -  + M  ~ ,M~ + S O ~ -  (5) 

all in the a q u e o u s  phase ;  

ktrm 
M ~ +  M ( = R H )  , M j H  + R "  (6)  

M ; + M  k. , M ; +  t (7)  

in water ,  in the par t ic le  a n d  also at the p a r t i c l e - w a t e r  
interface ; 

(M~)w ~ (M ; )p  (8)  

at the p a r t i c l e - w a t e r  interface,  a n d  w h e n  j -- I to 10; 

(Mj)w + P (dead  par t ic le)  - ~  P* (act ive par t ic le )  (9)  

at the part ic le  wa te r  in te r face ;  

Table 2 Variation of molecular weights of polymers" as a function of 
monomer concentration [ M ] 

Time [MJ = 0.16 [M] = 0.20 [M] = 0.24 [M] = 0.30 
(min) moldm 3 moldm s moldm.3 moldm-3 

a = 5.12 3.03 10.37 
60 b 4.25 

90 a = 5.44 8.52 7.85 2(I.43 
h = 0.85 2.49 6.75 

a = 7.75 11.92 14.16 26.39 
120 h 1.04 2.72 6.23 

135 a = 8.64 13.29 17.29 28.81 
b = 0.89 2.79 6.27 

165 a = 17.29 - 31.20 
b = - 0.66 5.35 

210 a = 14.31 
b = 0.30 

"a =pcrcentage conversion,  b = ,'Q, × 10- 5 : [ I J = 7.5 x 10 - s tool dm s 
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Table 3 Variation of the molecular weights of the polymers* as a funct ion o f  the initiator concent ra t ion  [.1], at a given concent ra t ion  o f  monomer ,  
r M ] = 0.30 mol  dm - 3 

T i m e  [ I ]  = 0.5 x 10 -3 [ I ]  = 2.0 x 10 -3 [ I ]  = 5.0 x 10 -3 [ I ]  = 7.5 x 10 -3 
(min )  mol  d m  - 3 mol  d m  - 3 mol  d m  - 3 mol d m  - 3 

a = 1.23 5.17 8.03 10.37 

60 b = - - 4.25 

c = - - 2.07 

a = 2.74 9.74 14.84 20.43 

90 h = - 7.2 6.75 

c = - 2.70 2.62 

a = 4.98 16.22 20.94 26.39 

120 b = 11.60 7.7 6.23 

c = 3.43 2.79 2.51 

a = 6.67 20.86 25.80 30.6 

150 b = 11.09 7.4 5.65 

c = 3.37 2.74 2.39 

a = 9.38 33.95 

160 b = 14.88 5.35 

c = 3.90 2.33 

*a = percentage  convers ion ,  b = / ~ ,  x 10 -5,  c = [ q ]  x 10 -2 ml g -  t 

Table 4 Effect of m o n o m e r  on molecu la r  weights, when injected late 
in a run=: [ I ]  = 7.5 x 10 -3 m o l d m  -3 

m 

Convers ion  Run A, Run B, Run C, 
( % )  ,Q. x 10 -5 /~.  x 10 -~ ,Qv x 10 -5 

7.5 0.8 
10.0 0.95 4.2 4.2 
15.0 0.80 6.1 6.35 
20.0 - 6.7 7.45 
25.0 6.65 7.65 
30.0 5.8 6.50 

*Runs A and B are control  runs with initial m o n o m e r  concen t ra t ion  
0.20 mol  d m -  3 and  0.30 mol  d m -  3 respectively. In run C, some extra 
m o n o m e r  (0.10 mol d m -  ~ ) was injected in the control  run A, at about 
5.0% convers ion  

Table 5 Effect of ini t iator  on molecu la r  weights  of po lymers  when 
injected late in a r u n ' :  [ M ]  = 30 × 10 -2 m o l d m  -3 

Convers ion  Run A, Run B, Run C, 
( % )  ,'¢]'v x 10 -S /~ ,  x 10 - s  /Hv x 10 -'s 

I 0 5.60 4.20 - 
15 7.25 5.80 - 
20 7.70 6.70 8.05 
25 7.50 6.75 7.80 
27.5 7.20 6.45 7.55 
30.0 - 5.81 6.39 

*Runs A and B are control  runs with initial initiator concen t ra t ions  
5 x 10 -3 mol  d m  -3 and 7.5 x 10 -3 mol  d m  -3,  respectively. In run 
C, extra initiator ( 2 . 5 x  1 0 - 3 m o l d m  -3 )  was injected at 8.5% 
convers ion  of run A 

(M~).  + S2Os 2- 

in the water phase; 

(M)w --~ (M)p 

at the particle-water interface; 

2(M~).  h,. ,polymer 

in water; and 

klo 
, ( M j - O - S O 3 - ) , + S O ~ -  ( 1 0 )  

(11) 

(12) 

2(M~)p *'P ~polymer (13) 

in latex particles or between two active particles if they 
coagulate, for i = 1 to any value, say, 1000 or more. 

In this reaction scheme, the following notation is used : 
(M~).  are water-soluble oligomeric free radicals, j = 1 to 
10, according to Dainton et al.S; (M~)p are radicals 
present in the latex particles, which may be water-soluble 
or water-insoluble (if i > 10); if i = j ,  then M~ and M~ 
radicals are the same ; it is assumed that M~ and R" rad- 
icals are indistinguishable with respect to suggested 
chemical reactions ; the radicals M~ having i > 10 would 
be found only in the polymer phaset4; kp and k t 
are assumed to be independent of polymer chain 
lengths 11'tS"t6. The reactions (i) between SO~- and 
(M~). in the aqueous phase, (ii) between two non- 
geminate SO~- radicals and (iii) between the (M~)p and 
SO~- radicals in the latex phase are believed to be not 
significant s. From the proposed reaction model 1's'6': 7-22, 
it is evident that the rate of initiation (Ri) in the aqueous 
phase is given by: 

R, = (2k~ + 2 k s [ M ] .  + kto[M~].)[S2Os2-] Vw (14) 

Total rate of termination (R,) in the aqueous and latex 
phases is given by: 

R, = 2kw[M;].2V~, + 2kt.[M~3w2V. (15) 

where V, and Vp are the volume fractions of the water 
phase and of the polymer phase, respectively, i.e. 

have estimated k s = 1.05 x lO -s  V w + V p =  1.0.  W e  3 

dm3mol - t  s - t ,  kt0 = 1.14 x 103dm3moi -1 s -1, kl = 
1.7 x 1 0 - 6 s  -1  and IMp].  = 10-9 moldm -3. It is seen 
that the initiation due to (10) is negligible compared to 
those due to ( 1 ) and (5) together at a given concentration 
of persulphate and of monomer. Hence neglecting 
reaction (10) in equation (14), we get in the steady state : 

[ M ; ] . =  (kt +kS[M]w)°~[S2Os2-]°SVw°s (16) 
(k,p132Vp + k , . V . )  °'5 
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where fl = [ M ~] p/[ M~] w can have values as high as 1000 
or more 2t and k t would not alter significantly during the 
constant-rate period (believed to be the steady-state rate) 
from 10 to 30% conversion 2°'2~. 

We assume 17-23 [M~]p/[M~]w = [ M ] p / [ M ] w  = ~, 
where ~t is the distribution coefficient of the monomer  
between the polymer phase and aqueous phase under the 
experimental conditions. If j = 1, the above relation is 
not far from being true, because M~ and M have the 
same solubility in water. We get the steady-state rate of 
polymerization (Rp) as : 

Rp = k p [ M ] w ( V ~  + fl~Vp) 

(kl + k5 [M]w)° '5 [S2082-  ]°-5V,,.°-5 
(17) 

X (k,p[~2Vp + k [ W V w  ) 0 " ~ . . . .  

:t has been measured experimentally by the bromometric  
estimation of the monomer  present in the aqueous phase 
containing a known amount  of PMAN polymer (freshly 
prepared) and of monomer  (MAN),  initially at 5ff'C in 
an inert atmosphere of nitrogen for 24 h for equilibration, 
in the presence and absence of an added electrolyte 
(potassium sulphate) at various concentrations. The 
average value of zt at 5ffC was found to be about 
1.8 _+ 0.2 under our experimental conditions, viz. V,,. >> Vp 
or V,, --- 1.0. We consider two cases to solve the equation 
(17). 

Case 1. When aqueous phase polymerization and 
termination are more important  than the corresponding 
reactions in the polymer phase, then at zero time or zero 
conversion, the locus of polymerization would be over- 
whelmingly in the aqueous phase. We assume that the 
rate at zero time or zero conversion would be the 
steady-state rate at zero time, (Rp), = 0. Hence : 

(Rp),= o = kpk(,,°5[M],,.Vw(kx + ks[M] ,v )  °5 

x [ S 2 0 8 z - ]  °5 (18) 

Taking V,,. = 1.0 at zero conversion, and squaring (18), 
we get : 

)i..: 0 / [  M ] W 2 /  (Rp  2 "~ = ( kp , k t w) ( k l  + k s [ M ] w ) [ S 2 0 8 2 - ]  

(19) 

The left-hand side of (19) has been plotted against 
[S2Os 2 ] at a given concentration of monomer in Figure 8 
and the line passed through the origin as required by 
equation (19). Taking kp as 26dm 3 mol -~ s - ]  from the 
literature 12, k I as 1.7 x 1 0 - 6 s  - t  and ks as 1.05 x 
10 -5 dm 3 mol - t  s - l ,  thc estimated value for kt,,, from 
the slope (=2.56 x 10 -S dm  3mol  - ~ s  -2, as obtained 
from Fiqure8)wasfound to be 1.29 x 105 dm 3 mol -  1 s -1. 

Case 2. If the polymerization occurs mainly in the 
monomer-adsorbed PMAN latex particles as postulated 
by the Smi th-Ewar t  or Medvedev theory ~ ,  and the 
aqueous phase termination is negligible, then: 

Rp = kp[M],~(V,,. + ~tflVv) 

(kl + k s [ M ] w ) ° S V ° ' 5 [ S 2 0 8 2 -  10.5 
x (20) 

` ' 5  

Since fl = [ M~] p./[ M;],,. = 1000 or more, then (ctflVp) > 
V,,. and so: 

n p =  kp[M]w:tV°pSkt-p°'5(kt + k s [ M ] w )  °.5 

X V°w'5 [ 8 2 0 8 2  - ] 0"5 

2"4 

2"0 

, 1"6 

x I ' ~  

0"8 

I 
0 o 4  

0 , [ 1 I , I , I 

0 2 4 6 8 ~0 

] x , 0  > 
Figure8 Plot of 2, 2 Ro,,[M]~ of equation ( 1 9 ) v e r s u s  [$20~ 2 ] .  The 
line passes through the origin and has slope 2.56 x l0 s dm 3 mol - 1 s - i 

?_ 

% 
X 

# 

2 0  . . . . . . . . . . . . . .  

16  

1'2 o 
3 

/ ~  o 
~ c ' .  / / ~  a 
+ / /  

0 , ,__ s _1 , ; _ _ . L  I ' I , 
0 I 2 3 z. 5 6 

t v~ vp )'/~ x 10 ~ - - ~  

Figure 9 Left side of equation (21) versus ( VpV~ )o.s. The line passes 
through the origin and has slope 0.24 s - ° ~  : ( ~ )  6% conversion, ( O )  
10% conversion, ( O )  15% conversion, ( A )  20% conversion; data 
corresponding to 15% conversion are not shown in Table 6 

o r  

Rp = kp [M]  p_pV°'5/," - °5 (k l . . t p  + k5 [M ]w) °5 

v O . 5 r q  ~ 2 - - 1 0 . 5  
X - - w  L ~ " 2 " J 8  J 

Since [ M ] p = ~ [ M ] w, rearranging the equation we get : 

Rp 

i-k, + k s E M ] ~ . ) ° s E m ] .  

= k p k t g ° 5 ~ [ S 2 O s  2- ] ° ' 5 ( V p V w )  0"5 (21) 

By plotting the left-hand side of (21) versus (VpV,,.) °5 
at a given concentration of the initiator (5.0 × 10 - j  mol 
d m - 3 )  and at various concentrations of the monomer  
(Table 6), we get a straight line (Figure 9) passing 
through the origin. From the slope of the line (0.24 s-0.5 ) 
we get k tp= 1.90 x 10 2 dm 3 mo l -  1 s 1 at 50 'C taking 
: t =  1.8 and k p o f M A N  as 26dm 3 m o l - l s - I  
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Table 6 Est imat ion o f  ( Vp V,, ) o. 5 under var ious exper imental  condi t ions ° : [ persulphate ] = 5.0 x 10- 3 mol  dm - 3 ; in i t ia l  monomer ,  [ M ] ~, varies 

[ M ] l  [ M ] ,  Conversion Rp x 10 s (k I + k s [M] , )o .5  Rp x 102 (VpV,,)o.~ 
(mol dm -3) (mol dm  -3) (%)  (mol d m - 3  s - '  ) x 10 3 (s -°'~ ) (kt + k s [ M ] w ) ° S [ M ] *  x 10 2 

(s-0-5) 

0.30 0.282 6.0 0.60 2.16 0.99 3.32 

0.24 0.226 6.0 0.343 2.02 0.75 2.98 

0.20 0.188 6.0 0.220 1.92 0.61 2.72 

0.16 0.150 6.0 0.115 1.81 0.42 2.43 

0.30 0.270 10.0 0.705 2.13 1.23 4.27 

0.24 0.216 10.0 0.401 2.02 0.93 3.85 

0.20 0.180 10.0 0.260 1.90 0.76 3.51 

0.16 0.144 10.0 0.136 1.79 0.53 3.14 

0.30 0.240 20.0 0.834 2.05 1.67 6.08 

0.24 0.192 20.0 0.500 1.93 1.29 5.44 

0.30 0.209 30.0 0.768 1.97 1.86 7.46 

= Vp + V~ = 1.0; Rp = percentage conversion in time t / t ime t; i.e. rate at various conversions 

The results presented suggest that the aqueous polym- 
erization of MAN initially takes place entirely in the 
aqueous phase; but with the progress of the polymeriz- 
ation reactions, the loci of the polymerization would 
gradually shift into the monomer adsorbed PMAN latex 
particles, and the polymerization would continue in both 
phases. 

From Table 4 and Figure 6 it is seen that, when 
monomer was injected late in a run, both the rate of 
polymerization and the ]~v of polymers also increased. 
Since the kinetic chain length (-/) is equal to the rate of 
polymerization divided by the rate of initiation (Rp/R i), 
therefore ]~v would increase if Rp increases and R i 
remains unaltered. Since it is a case of heterogeneous 
polymerization, and polymerization would mainly occur 
in the latex particles, it could be that the increased Rp 
was due to the increase of [ M ] at the reaction site when 
an additional quantity of monomer was injected into the 
system. However, increase of Rp and ,~r would also be 
associated with the increase of the number of particles 
per millilitre (N), as given by the Smith-Ewart  theory 
of emulsion polymerization 11, viz. : 

N = ½kp[M] N 
Up = Qkp[M] N~ ~/A 

where Q = 1/2 according to Smith-Ewart ,  and N A is the 
Avogadro number. 

It is interesting to note that under identical experi- 
mental conditions (same molar concentration of monomer 
and initiator), the initial rate of polymerization of 
acrylonitrile (AN) is about two times faster than MAN 
(Figure 10). The literature value 12 of kp of AN is 
32.5 x l03dm 3 m o l - l s - 1  and that of MAN is 
26 dm 3 mo l - t  s-1 at 30°C. It seems that the presence 
of the methyl group in the I-position of the molecule, 

~H2-~-~(CH3)CN , exhibits the steric barrier in the 
addition of SO~- radical to the monomer molecule. It 
is also to be noted that the presence of methyl group in 
MAN decreases its solubility in water appreciably 
compared to that of AN. Similar observations were also 
recorded by Adhikari 24 in the polymerization of methyl 
acrylate (MA), methyl methacrylate (MMA) and ethyl 
methacrylate ( EMA ), where the initial rate of polymeriz- 
ation of MA was about two times faster than that of 
MMA and the initial rate of polymerization of ethyl 

36 
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o ° ~ 

0 ~ 
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Comparison of rates of polymerizations of the two Figure 10 
monomers, AN and MAN: [M]=0.30moldm -3, [ I ] = 2 ×  
10-3moldm -3 for curves A (AN) and B (MAN); [M]=0.30 
moldm -3, [ I ]=  l x  10-3moldm --~ for curves C (AN) and D 
(MAN) 

acrylate (EA) was about three times faster than that of 
EMA. 

A C K N O W L E D G E M  ENTS 

RSK thanks CSIR for a Research Grant  (No. 2 /208/85-  
EMRII),  and SG thanks CSIR for a JRF. The authors 
thank the H O D  (Chemistry) and Principal of the College 
for providing research facilities and encouragement. 

REFERENCES 

1 Sarkar, S., Adhikari, M. S., Banerjee, M. and Konar,  R. S. 
J. Appl. Polym. Sci. 1988, 35, 1441 

2 Sarkar, S., Adhikari, M. S., Banerjee, M. and Konar,  R. S. 
J. Appl. Polym. Sci. 1990, 39, 1061 

3188 POLYMER, 1991, Volume 32, Number 17 



Persulphate-initiated polymerization of methacrylonitrile. S. Guchhait et al. 

3 Guchhait, S., Banerjee, M. and Konar. R. S. J. Appl. Polym. 
Sci. submitted 

4 Thomas, W. M., Gleason, E. H. and Mino, G. J. Polym. Sci. 
1957, 24, 43 

5 Dainton, F. S. and Seaman, P. H. J. Polym. Sci. 1959, 39, 279; 
Dainton, F. S.. Seaman, P. H., James, D. G. L. and Eaton, R. S. 
J. Polym. Sci. 1959, 34, 209 

6 Konar, R. S. and Palit, S. R. J. Polym. Sci. (A) 1964, 2, 1971 
7 Thomas, W. M. Fortschr. Hochpolym. Forsch. 1961, 2, 401 
8, Behrman, E. J. and Edwards, J. O. Ret'. Inorganic Chem. 1980, 

2, 179; Wilmarth, W. K., Schwartz, N. and Giuliano, C. R. 
Coord. Chem. Ret'. 1983, 51,243 

9 Kolthoff, I .M.andMiller,  l .K.d .  Am. Chem. Soc. 1951,73,3055 
10 Findley, A. in 'Practical Physical Chemistry' (Ed. J. A. 

Kitchner), 8th Edn., Longmans, London, 1962 
11 Blackley, D. C. in 'Emulsion Polymerization', Applied Science, 

London, 1975 
12 Brandrup, J. and immergut, E. H. ( Eds. )," PoLymer Handbook ', 

2nd Edn., Wiley lnterscience, New York, 1975 
13 McGinniss. V.D. and Kah, A.F.J.  Coatin,qs Tech. 1977,49,61 

14 Harriott, P. J. Polym. Sci. 1971. Part-I, 9. 1153 
15 Odian, G. in '  Principles of Polymerization '. McGraw-Hill, New 

York, 1970 
16 Flory, P. J. in 'Principles of Polymer Chemistry', Cornell 

University Press, Ithaca, NY, 1953 
17 Fitch, R. M. and Tsai, C. H. in 'Polymer Colloids" (Ed. R. M. 

Fitch ), Plenum Press, New York, 1971, Vol. 1, pp. 73 and 103 
18 Nomura, M. in "Emulsion Polymerization' (Ed. I. Piirma), 

Academic Press, New York, 1982. p.191 
19 Hansen, F. K. and Ugelstad, J. in 'Emulsion Polymerization" 

(Ed. I. Piirma), Academic Press. New York, 1982, p. 51 
20 Chang, K. H., Litt, M. H. and Nomura, M. in 'Emulsion 

Polymerization of Vinyl Acetate' (Eds. M. S. EI-Aasser and 
J. W. Van der Hoff), Applied Science, London, 1981, p. 89 

21 Lift, M. and Stannett, V. J. Polym. Sci. 1970, Part-I, 8, 3607 
22 Dunn, A. S. in 'Emulsion Polymerization' (Ed. I. Piirma), 

Academic Press, New York, 1982, p. 221 
23 Morris, E. M. and Parts, A. G. Makromol. Chem. 1976, 177, 1433 
24 Adhikari, M. S., Ph.D. Thesis, Jadavpur University, Calcutta, 

1989 

POLYMER, 1991, Volume 32, Number 17 3189 


