
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 24 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Journal of Macromolecular Science, Part A
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713597274

Oxygen-Ascorbic Acid-Vanadyl Ion Initiating System. A Kinetic Study of
the Polymerization of Methyl Methacrylate and Acrylonitrile in Aqueous
Sulfuric Acid
G. Gangi Reddyab; T. Nagabhushanamac; K. Venkata Raoad; M. Santappaa

a Polymer Division, Central Leather Research Institute, Madras, India b R and D Division, M/s Cutfast
Abrasive Tools Pvt. Ltd., Madras, India c Department of Chemistry, College of Pure and Applied
Sciences, University of Lowell, Lowell, Massachusetts d Physical Chemistry Department, University of
Madras, Madras, India

To cite this Article Reddy, G. Gangi , Nagabhushanam, T. , Rao, K. Venkata and Santappa, M.(1982) 'Oxygen-Ascorbic
Acid-Vanadyl Ion Initiating System. A Kinetic Study of the Polymerization of Methyl Methacrylate and Acrylonitrile in
Aqueous Sulfuric Acid', Journal of Macromolecular Science, Part A, 17: 8, 1203 — 1224
To link to this Article: DOI: 10.1080/00222338208074394
URL: http://dx.doi.org/10.1080/00222338208074394

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713597274
http://dx.doi.org/10.1080/00222338208074394
http://www.informaworld.com/terms-and-conditions-of-access.pdf


J. MACROMOL. SC1.-CHEM., A17( 8), pp. 1203-1224 (1982) 

Oxygen-Ascorbic Acid-Vanadyl Ion Initiating 
System. A Kinetic Study of the Polymerization 
of Methyl Methacrylate and Acrylonitrile in 
Aqueous Sulfuric Acid 

G. GANGI REDDY,* T. NAGABHUSHANAM,? K. VENKATA R A O , ~  
and M. SANTAPPA 

Polymer Division 
Central Leather Research Institute 
Madras 600020, India 

A B S T R A C T  

The polymerization of methyl methacrylate (MMA) and acrylo- 
nitrile (AN) initiated by the oxygen-ascorbic acid @A)-vanadyl 
ion (VO") system was studied at  40°C in dilute sulfuric acid 
medium. The rate  of polymerization, R was followed gravi- 
metrically and found to be proportional to [ MMA] le3, [ 0 2 1  '*', 
and [ V 0 2 + ]  ' a t  [ V 0 2 + ]  = 4-8 X M in the polymerization 
of MMA. In the polymerization of ANYR was  dependent on 

P 
 AN]^'^, [ o ~ J O - ~ ,  and VO'+ O a t  [vo"+] = 4-10 x M, 
while a t  [ VO ' 3  > 10- M - i t  was proportional to [AN]  '*' , 

P' 

5 . I  

*Present address: R and D Division, M/s Cutfast Abrasive Tools 
Pvt. Ltd., Madras 600073, India. 

?Present address: Department of Chemistry, College of Pure  and 
Applied Sciences, University of Lowell, Lowell, Massachusetts 01854. 

$Present address: Physical Chemistry Department, University of 
Madras, Madras 600025, India. 
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1204 GANG1 REDDY E T  AL. 

[ O Z ] ~ * ~ ,  and [VOa'l-0*6. A slight dependence of Rp on [AA] and 
[ H z S 0 4 ]  was observed in both polymerizations. An increase of 
ionic strength had an accelerating effect on R 

increase in R and then a decrease with temperature w a s  noticed. 
A plausible reaction mechanism with initiation by the primary 
radical R' produced from the dissociation of the O Z - ~ ~ - V O ~ +  
complex and termination by mutual interaction with predominant 
oxidation of R' by VOZt was found to be consistent for the ob- 
served kinetic results at  all [ V02' ] for MMA and for AN a t  low 
[VO"'] . Linear termination was found to be operative a t  high 
[ VO"] in the polymerization of AN. The chain length of the 
polymers was determined viscometrically. 

An initial 
P' 

P 

I N  TRODUC TION 

Kinetic investigation on the free radical initiating systems con- 
sisting of oxygen as a component is limited owing to the inhibiting 
effect of oxygen on polymerization through the formation of peroxidic 
radicals by direct addition for  which the relative ease of propagation 
to termination is much less than for the R' radicals [ 1-41. However, 
in a few instances the accelerating effect of oxygen on the rate of 
polymerization was reported to be due to the participation of oxygen 
in the radical production step [ 5-10]. Oxidation of ascorbic acid (M) 
by oxygen in the presence of Cu2+, Fe3', and VOZt was studied by 
Taqui Khan and Martell [ 11, 121. The oxidation path was shown to be 
free radical in nature, going through the dissociation of the oxygen- 
ascorbic acid-metal ion complex. Choosing an initiating system 
consisting of oxygen-ascorbic acid and a metal ion, higher ra tes  of 
polymerization would be expected in the presence of oxygen despite 
i t s  general tendency to scavenge the primary radicals. In our earlier 
communications, results on the kinetics of polymerization of M M  
initiated by 02-AA-CuZf and O2-AA-Fe3+ systems were reported 
wherein the rate of polymerization was observed to be about 5 to 10 
times that in the absence of oxygen [ 13, 141. The effect of Fe3' and 
Cuz on Rp was interesting in that PMMA radicals were susceptible 
for the oxidative termination by Cu2+ while they were resistant to the 
reaction with Fe3' . In this article, results on the polymerization of 
MMA and AN initiated by the Oz-AA-V02+ system are presented. 

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

M a t e r i a l s  

MMA (Rohm and Haas) and AN (LR, BDH) were purified and dis- 
tilled under vacuum and stored at 5°C. Fresh solutions of VOm4.H20 
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OXYGEN-ASCORBIC ACID-VANADYL ION SYSTEM 1205 

(E. Merck) in 0.1 M H2S04 and ascorbic acid (GR Sarabhai M) in 
water were used toprevent their aerial oxidation. High purity oxygen 
(Indian Oxygen Ltd.), sulfuric acid (AR, BDH), and sodium hydrogen 
sulfate (GR, Sarabhai M) were used as such. Benzene and N,N- 
dimethylformamide (AR, BDH) were distilled once before use. Water 
triply distilled over an all-glass quick-fit unit was used for the prepa- 
ration of reagents and solutions. 

M e t h o d s  

Required amounts of water, sulfuric acid, and vanadyl solution 
were taken in the reaction tube with inlet and outlet arrangements 
and thermostated at 40°C. The solution was saturated with oxygen by 
bubbling oxygen at a rate of 50 cc/min for 25 min. Then the monomer 
and AA were added and the solution shaken well for thorough mixing. 
Polymerization (as shown by the appearance of turbidity) started 
within a few minutes depending on the metal ion concentration. Cool- 
ing in freezing mixture was adopted to arrest the reaction. The poly- 
mer  w a s  filtered and dried at  about 70°C to constant weight. R the 

rate of polymerization, was computed from the weight of the polymer. 
Chain lengths (n) of the purified polymers were determined by vis- 

cosity measurements for 0.1% solutions using an Ubbelohde suspended 
level dilution viscometer kept a t  25 f 0.01"C. The Mark-Houwink 
equations relating [ 171 with chain length (n) or molecular weight (M) 
employed were 

P' 

n = 2.81 x 103[17 ]1*32 (for PMMA in benzene at  25°C) [ 151 

[ 171 = 2.43 X 10-4M0'75 (for PAN in dimethylformamide at  25°C) [ 161 

Oxygen concentration in the reaction medium was adjusted by using 
mixtures of N2 and 0 2  in different proportions and was determined 
by Winkler's method [ 171. Oxygen content increased linearly with an 
increase in oxygen composition in the gas mixture (Fig. 1). 

R E S U L T S  AND DISCUSSION 

From qualitative experiments on the polymerization of M U  and 
AN initiated by O2-AA-VO2' system in aqueous sulfuric acid medium 
(0.11-0.21 M) at 40"C, the following observations were made. 1) V02 
alone did not initiate polymerization under the experimental conditions. 
2) AA, in the presence of oxygen, initiated polymerization only after 
a long induction period. 3) AA and V 0 2 +  initiated polymerization in 
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1206 GANG1 REDDY ET AL. 

o2 in gas mixture 

FIG. 1. Relation between [ 0 2 1  in the reaction mixture (50 cc)  and 
percent O 2  in the gas mixture. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
2
0
:
4
9
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



OXYGEN -ASCORBIC ACID-VANADY L ION SYSTEM 1207 
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FIG. 2. Steady-state attainment. A, B: R vs  time. C, D: Per- 
M; [ AA] = 2.0 

M; temperature = 40°C. A, D: [MMA] = 5.63 XlO-' E, 
P 

cent monomer conversion vs  time. [ O2 ] = 8.3 X 
X 

[ VO" r= 8.0 X 
[ VO"] = 1.0 X lo-' - [ HzS04]  = 0.21 IK - 

M; [ HZSO~] = 0.11 M. B, C: [AN] = 0.608 M; - 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
2
0
:
4
9
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



1208 GANG1 REDDY E T  AL. 

the absence of oxygen, but the R was very low M/s). 4) AA 
and V 0 2 '  gave higher rates in the presence of oxygen M/s). 

Steady-state ra tes  were obtained within 10 min for MMA below 
20% conversion and for AN below 10% conversion (Fig. 2). 

P 

I n f l u e n c e  of V a n a d y l  I o n  C o n c e n t r a t i o n  

Variation of [ V 0 2 '  1 was restricted to a narrow range (4-20 X 
M) because of large induction periods a t  low [ V02'  ] and low R a t  
high [ VOZt 1. R remained almost steady for  [ V 0 2 '  1 = 4-8 X M - 
and thereafter decreased. R was found to depend on [ V 0 2  + ] -0'5 for 
MMA and [VOzt 
This complex effect of metal ion concentration on R was similar to 
that observed in 02-AA-Cu" and 02-AA-Fe3' systems in the polym- 
erization of MMA 13, 141. It may be reasonable to assume that a t  
st i l l  lower [ V 0 2 '  1 (<4 X M), a direct  dependence of ra te  with 
varying [ V 0 2 '  1 would have resulted. 

In the aqueous polymerization of AN initiated by the potassium 
peroxydiphosphate-V0" system, a 0.5 order  in [ V 0 2 +  1 a t  low 
[ V02 '  1 and 0.1 to zero  order  a t  high [ V 0 2  '1 was reported [ 181. 
This result  was attributed to a change in  the mode of termination 
from mutual to linear type at  high [ V 0 2 '  1. A decrease in R with 
[ VO" ] was reported in the polymerization of acrylamide [ 191. 
Similar results were obtained for  the effects of Ce4 + [ 201 and Fe3' 
concentrations on vinyl polymerization [ 211. 

P - 

P 
P 

for AN systems in the decreasing region (Fig. 3). 

P 

P 

I n f l u e n c e  of M o n o m e r  C o n c e n t r a t i o n  

R was found to depend on [ and the order  did not change 
P 

with varying [ V 0 2 '  ] (Fig. 4). In the polymerization of MMA initiated 
by the 02-AA-Fe3' system, the order  with respect to [ MMA] re- 
mained steady a t  1.5 under all [ Fe3' ] [ 141. [ AN] was varied in the 
range 0.303 to 1.06 M and the order  was found to be variable: 1.5 a t  
[ V 0 2 ' ]  = 1.0 X 10--and 1.7 a t  [ V 0 2 ' ]  = 1.6 X l ov3  M (Fig. 5). This  
is similar to the result  obtained in  OZ-AA-CU~' ini t iaed polymeriza- 
tion of MMA where the monomer order  increased with an increase in 
[ Cu2* 1. This was explained on the basis of change in  mode of termi- 
nation mechanism [ 131. In the Ce4'-gl cerol  initiated vinyl polym- 
erization, the order  with respect to [My changed from 1.5 to 2.0 a t  
high [ Ce4 '1 [ 221. 
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0.2 
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0.6 1 .o 1.4 - B 
A,B: log [V02']+4 ; C :  [VO'"] r103M 

FIG. 3. Dependence of R on [ V02' 1. A, B: log R vs  log [ V 0 2  'I. P P 
C: l/Rp vs [ V 0 2 +  1. [ AA] = 2.0 x 

[ HzS041 = Q.21 M; temperature = 40°C. A: [ MMA] = 5.63 x 
B, C: [ A N ]  = 0x08 M. - 

M; - [ 0 2  ] = 8.3 x M; - 
M. - 
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C 
/ 

I I I I I I 
L 0.6 0.8 1.0 - A  

0.6 0.8 1.0 1.2 -c B,C 
log [MMA]+2 

FIG. 4. Plots of log R vs log [ MMA] . [ AA] = 2.0 X 

[ 0 2  ] = 8.3 x 
M, LHzSO~] = 0.113. B: [V02'] = 1.4 X 
C: [ V02 '1 = 8.0 X T O - "  M, - [ H Z S O ~ ]  = 0.21 g. 

M; - P 
M; temperature = 40°C. A: [ VO" ] = 8.0 X 

M, - [HzSOa] = 0.11 M. - 
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FIG. 5. Plots  of log R vs log [AN]. [AA] = 2.0 X lo-'  M; - [ 0 2 1  
P 

= 8.3 X 
[ HzS041 = 0 x 1  M. B: [ VOzC ] = 1.0 X 
C: [ V 0 2  '1 = 1.6-x 

M; temperature = 40°C. A: [ V 0 2 " ]  = 1.0 X 10.' M, 
M, [ HzS04] = 0.21M. - 

M, - [HzS04] = 0.21 MY - 
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1212 CANGI REDDY E T  AL. 

TABLE 1. R in Oxygen and in the Absence of Oxygen ([ AA] = 2.0 
X 

P 
M, - [ HzS04]  = 0.21 g) 

In absence 
In oxygen, of 0 2 ,  

R x lo5 R x lo6 
[Monomer] [ VO"] X lo4 P P 

Monomer - M - M M/s M/s 

MMA 0.056 a 2.23 5.00 
AN 0.608 10 7.57 8.50 

I n f l u e n c e  of O x v e e n  C o n c e n t r a t i o n  

R in the presence and in the absence of oxygen is given in Table 1. 
P 

Polymerization in the absence of oxygen may be due to radicals from 
the AA and V 0 2  + reaction [ 121. A constant R was obtained a t  [ OZ ] 
> 6.5 X lo" M for these monomers (Table 2). The order in [ OZ ] 
was observedTo be 0.6 for  MMA. The 0.5 order in [ O Z ]  changed to 
0.7 a t  high [ V 0 2 + ]  for AN (FIG. 6). 

P 

I n f l u e n c e  o f  A s c o r b i c  A c i d  C o n c e n t r a t i o n  

R was found to increase marginally with an  increase in [ AA] 
P 

unlike the CU" and Fe3+ systems where R did not depend on [ AA] 
P 

after a particular concentration (Table 3). The increase in R in the 
present investigation may be attributed to the influence of [ AA] on 
the complex concentration. It is of interest to note that the [ AA] used 
in this system was comparable to the [ 0 2  ] and [ V 0 2  '1 employed. 

P 

I n f l u e n c e  o f  [ H z S 0 4 1  p a n d  T e m p e r a t u r e  

An increase in [ HZSO41 from 0.05 to 0.5 M resulted only in a small 
increase in R (Table 4). In the oxidation ofXA by OZ catalyzed by 

V 0 2 + ,  a direct dependence of the rate on [ HzS04] was reported [ 121. 
Hence the observed minor effect of [ Has041 on R may result from 
the enhanced oxidation of primary radicals by VO'+ o r  termination of 
growing radicals by V 0 2  + o r  both. 

Ionic strength had an accelerating effect on R (Table 5). Bamford, 
Jenkins, and Johnston [ 231 showed that the acrylonitrile radical can 

P 

P 
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OXYGEN-ASCORBIC ACID-VANADYL ION SYSTEM 1213 

TABLE 2. Influence of [ 0 2 1  on R and Chain Length([AA] = 2.0 X 

lo-' M, - [ H z S O ~ ]  = 0.11 M, - temperature = 40°C) 
P 

[ MMA] = 5.63 X 10- [AN] = 0.608 M, 
[ v o 2 + ]  = 8.0 x 1 0 - ~  E i  - 

R x lo5 M/s n R P X lo5 M/s n 

M, 
[ v o 2 + ]  = 1.0 x - M 

[ o,] x lo4 

P 
M 

5.20 1.29 948 4.42 1830 

6.55 1.37 1090 4.78 1760 
7.28 1.27 959 4.59 1690 
8.25 1.33 990 4.84 - 
8.31 1.35 - 5.38 1780 
8.40 1.33 992 4.70 1680 

8.37 1.31 985 5.07 1620 

- 

form complexes with added sal ts  such as LiCl and L a o s ,  and that the 
increase in  R was due to the catalytic effect of salts on the propaga- 
tion step. 

P 
stant a t  35 to 45"C, and then decreased in the polymerization of MMA 
while a decrease in R was noticed above 35°C in the polymerization 
of AN (Table 6). The above thermal behavior may be explained on the 
basis  of the relative magnitudes of two factors: 1) the decrease in the 
stability constant of the complex (02-AA-VOZt complex [ 121) with 
increasing temperature and 2) the increase in (k /k l'')kl value 
(which depends on the nature of the monomer) with increasing tem- 
perature, 

P 
R was observed to increase up to 35"C, remained almost con- 

P 

P t  

C h a i n  L e n g t h  

Chain length (n) increased with [ M] (Fi . 7) and decreased with 
[ OZ ] (Fig. 8), [ AA] (Table 3), and [ H z S O ~ ~  (Table 4) for both MMA 
and AN systems. n values increased with [ V 0 2  1 in the MMA system, 
while a reverse  trend was observed in the AN system (Fig. 9). Chain 
lengths increased with polymerization temperature for MMA while in 
the AN system they decreased (Table 6). Chain lengths remained 
almost independent of [ O Z ]  in the region where R was also independ- 
ent of [ O2 ] (Table 2). P 
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I I I I I I 
0. L 0.8 1 . 2  

log O * ] + L  [ 

FIG. 6. Plots of logR vs log [ 0 2 ] .  A: MMA. B, C: AN. [MI 
P 

= 2.0 x lo-' M; [ HzS04] = 0.21 M; temperature = 40°C. A: [ MMA] 
= 5.63 x 
= 1.0 X 10.' MT - C: [AN] = 0.608 M, - [TO2 '1 = 1.6 x 

M, [ V02'  ] = 8.0 X 7 O w 4  M. B: [AN] = 0.608 M, [ V 0 2  '1 
MT - 
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TABLE 4. Influence of [ HaS04] on R and Chain Length ([ AB] = 2.0 
X 

P 
M, [ O2 ] = 8.3 X M, temperature = 40°C, p = 0.5 M) 

MMA] = 5.63 X M, [AN] = 0.608 M, 
V 0 2 * ]  = 8.0 X 

P 

[vo2+] = 1.0 x 1 F  M 

R x lo4 M/S n 
- - M- Ir 

[ HzSJ 
P 

M R x lo5 M/S n - 
0.05 2.37 695 0.916 2270 
0.10 2.51 637 0.965 2230 
0.15 2.69 608 1.030 - 
0.20 2.63 514 1.080 2110 
0.30 2.88 437 1.110 2130 
0.40 3.17 347 1.190 1890 
0.50 3.46 282 1.210 1630 

TABLE 5. Influence of p on R ([AA] = 2.0 X g, [02]  = 8.3 X P 
M, temperature = 40°C, [ H.&04] = 0.21 2) 

[MMA] = 5.63 x M, [AN] = 0.608 M, 
[VO' '1 = 1.0 X M [vo2 +] = 8.0 x 1 0 - ~  M- - - 

P 
M R X lo5 M/s  

0.1 1.52 1.77 
0.2 1.85 3.34 
0.3 2.09 5.36 
0.4 2.41 6.80 
0.5 2.64 8.76 
0.6 2.78 9.82 

R x lo5 M/S 
P P - 
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TABLE 6. Influence of Temperature on R and Chain Length ([ AA] = 

2.0 X g, temperature = 
40" C) 

P - M, [ HzS04] = 0.21 M, - [ 0.21 = 8.3 X 

~ ~~~ ~ 

[MMA] = 5.63 X lo-' M [AN] = 0.608 M, 
Tempera- [Vo"] = 8.0 X 10 M" - [ VO" 3 = 1.0 x M - 
ture 
(" c, 
25 
30 
35 
40 
45 
50 
55 

R x lo5 M/s n 
P 

R x lo5 M/s n 
P 

1.67 414 7.12 1740 
1.83 488 7.54 1780 
2.02 542 8.02 1790 
2.06 630 7.64 1710 
2.07 645 6.97 1630 
1.85 722 5.60 1410 
1.55 800 5.02 1380 

K i n e t i c  S c h e m e  a n d  R a t e  L a w  

The kinetic results can be explained by the following reaction 
scheme which is similar to that assumed for OZ-AA-CU~ + and 02-AA-Fe3' 
systems with the difference that the complex is a protonated species [ 121. 

(i) Production of primary radicals by the interaction of 0 2 ,  AA, V 0 2  ', and 
H' preceded by the formation of a complex: 

K ki 
0 2  + A A + V 0 2 '  +H '  - complex - R' 

(ii) Initiation: 

R ' + M  - Mi' ki 

(iii) Propagation: 
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0 0.2 0.a 1 . 2  - B,C 
A: [MMA]M B,C:bN] M 

FIG. 7. Plots30f chain length v s  [monomer]. A: MMA, B, C: AN. 
[AA] = 2.0 X 10- M; [Oz] = 8.3 X M; temperature = 4OoC. 
[ HzEQ] = 0.21 &'&-A: [ V02 '1 = 8.0 X m-4 M. - B: [ V02+ ] = 1.0 X 
10-3 M. c: [ V O ~ +  1 = 1.6 x M. - - 
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g g  -0 2.0 4.0 6.0 

[02]x 10' M 

FIG. 8. Plots of chain length vs [ 0 2  1. A: MMA. B: AN. [AA] = 
2.0 x 
5.63 x 10-2M, [ V02 '1 = 8.0 x-10-4 M. - B: [AN] = 0.608 M 1 [ V 0 2  '1 = 

M; [ HzS04] = 0.21 M; temperature = 40°C. A: [ MMA] = 

1.0 x MT - 
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I I I I I I 
0.8 1.6 2 .c 

[V02+] x 104M 

FIG. 9. Plots of chain length vs  [ V 0 2  '1. A: MMA. B: AN. 
[AA] = 2.0 X loh3 M; [ 0 2 1  = 8.3 X M. [ Has041 = 0.21 M; 
temperature = 4 0 ° C  A: [ M U ]  = 5.63 d O - '  M. - €3: [mp= 
0.608 M. - 
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(iv) Termination: 
(a) By mutual interaction: 

2Mn' ktl polymer 

(b) By metal ions (linear termination): 

Mn' + VOZt kt2 polymer + v3' or V O ~ +  

(v) Primary radical deactivation: 

k2 
R' + V 0 2  products 

k3 
R' + 0 2  products 

The expression for the rate of monomer disappearance (-d[ MI /dt 
= R ) and n of the polymer were derived from the scheme presented 

P 
above assuming stationary state concentrations for free radicals and 
nondependence of rate constants (k and kt) on chain length. 

P 

of the growing radicals, the expression for R may be derived as 
Assuming initiation by R' and termination by the mutual interaction 

P 

(1) 1 m1ki[ 021 [ AA1[ V02' 1 [ H'l [MI 

(ki[M1 + k2[V02' 1 + k3[ 021 

k 
R = L [ M ]  

P 112 
ktl 

Under conditions k2[ V 0 2  '1 >> ki[ M] + k3[ 02], Eq. (1) reduces to 

Equation (2) satisfies the majority of the experimental observa- 
tions a t  low [ V 0 2  '1 (4-8 X M) for MMA and AN. Similar kinetics 
were reported in the polymer iza tk  of MMA and AN initiated by Mn3' 
malonic acid system to explain the independence of R on [ Mn3 '1 [ 241. 

P 
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It may be reasonable to assume the preponderance of metal ion oxida- 
tion of R' over the reaction between R' and monomer. 

The expression for n can be written as 

Experimentally observed direct dependence of n on [MA and inverse 
dependence on [ AA] , [ O 2  1, and [ H2S04] at these [ VO ' 1 confirms 
the above equation, 

by V 0 2 '  similar to the MMA and Fe3' system [ 141. Increase in 
chain length with [ V 0 2  '3  also supports the belief that V 0 2 +  does 
not react with PMMA radicals. The decrease in Rp with [V02  '1 in 
this region while the order in [ MMA] remaining the same, i.e., 1.3, 
parallels the observation made in the polymerization of MMA initiated 
by the 02-AA-Fe3' system at high [ Fea '1. In both cases the results 
could not be explained. However, the variation of the order with 
respect to [AN] from 1.5 to 1.7 a t  high [ V 0 2  '1 indicates that PAN 
radicals a re  likely to interact with V 0 2 ' ,  just as in the polymeriza- 
tion of AN initiated by the potassium peroxydiphosphate and V02+ 
system. Linear termination of polymer chains by oxidative and 
reductive mechanisms [ 281 has been well established. However, the 
specific mechanism of termination, whether oxidative o r  reductive, 
is not certain in the present investigation. In view of the oxidation 
potential required for the process V02+ - V02'  (-1.00 V in 1 M 
acid), Cave11 and Meeks [ 191 have ruled out the possibility of r e d z -  
tion of polyacrylamide radicals by V 0 2  . Similar to terminations 
with Cu2+ and Fe3 +, i t  was assumed that V 0 2 '  also terminates the 
PAN radicals by oxidation. 

linear termination, may be written as 

V 0 2 '  ] > 10.' M, the constancy of the order with respect to 
may be due to Ee fact that PMMA radicals resist oxidation 

The rate expression for monomer disappearance, assuming 

In Eq. (4) the orders  with respect to [ 0 2  1, [ V 0 2 +  1, and [ M] can have 
any values from 0 to 1, 0 to -1, and 1 to 2, respectively, depending on 
the magnitudes of ki, k2, and k terms, thus justifying the fractional 
orders  with respect to [ 02], [ V 0 2 + ] ,  and [AN] observed at high 
[ V 0 2 '  ] in the polymerization of AN. A plot of lm vs  [ V 0 2 + ]  

3 
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(Fig. 3) also gave a straight line with an intercept on the Y-axis, thus 
verifying Eq. (4). 
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