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ABSTRACT 

The polymerization kinetics of the divinyl monomer N,N’-methylene- 
bisacrylamide (MBA) in aqueous acetic acid with the manganic acetate- 
glycerol (GLY) redox system was investigated. The rate of polymeriza- 
tion, R,, was proportional to [monomer] 
The rate of manganic ion disappearance, R ,  , was directly proportional 
to [Mn(III)] and [GLY] but independent of monomer. Based on these 
results, a reaction mechanism which involves complex formation between 
Mn(OH)2+ and GLY, cyclopolymerization of the growing radicals, and 
mutual termination was proposed. The rate of polymerization was com- 
pared with those for analogous monovinyl monomers. 

[Mn(III)] O.’ and [GLY] O.’. 
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84 RATHNASABAPATHY ET AL. 

I NTR ODUCTl ON 

N,N'-Methylenebisacrylamide (MBA), a symmetrical nonconjugated di- 
vinyl monomer, is normally expected to give rise to crosslinked insoluble 
polymers, but we previously reported the conditions for homogeneous gel- 
free polymerization of this divinyl monomer with various redox systems 
[l-31. For such cases, Butler and Ingley [4] proposed a novel chain propa- 
gation mechanism known as cyclopolymerization. In the polymerization of 
monovinyl monomers, trivalent manganese has proved itself as a potential 
initiator, either alone or in the presence of activators [5-81. The mechanism 
for the oxidation of a multitude of organic substrates involving trivalent man- 
ganese was reported by Waters and Littler [9]. The kinetics of polymeriza- 
tion of methyl methacrylate by the Mn(II1)-glycerol redox pair was studied 
by Nayak et  al. [16]. Rout e t  al. used the same redox system in 30% acetic 
acid for the polymerization of acrylonitrile [ 101. 

The objective of the present investigation was to study the kinetics of 
polymerization of the divinyl monomer (MBA), with the Mn(OAc)3 -glycerol 
redox pair in 30 vol% aqueous acetic acid in the presence of added Hz SO4 
and to elucidate the reaction mechanism. 

EXPERIMENTAL 

N,N'-Methylenebisacrylamide was recrystallized from acetone at 40°C [ I ]  . 
Manganese(II1) acetate dihydrate was prepared by the standard procedure 
[ 11 1. The polymerization procedure, the method of estimating monomer dis- 
appearance by bromometry [12], and the rate of manganic ion disappearance 
by cerimetry [13] were all as reported earlier [l-31. The experiments were 
carried out under homogeneous condition in 30 vol% aqueous acetic acid 
containing Hz SO4 for the following reasons: (a) this divinyl monomer has 
very low solubility in water which is very much enhanced in aqueous acetic 
acid; (b) the homogeneity of the reaction mixture could be maintained even 
for very high conversions; and (c) the disproportionation which Mn(OAc)3 
may undergo in water, 2Mn(III) * Mn(1I) + Mn(IV), is very much suppressed 
in acidic solutions [ 141 . 

Under our polymerization conditions the steady state was attained within 
10 min, as evidenced by plots of conversion vs time. 
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RESULTS AND DISCUSSION 

Rate of Monomer Disappearance 

The rate of monomer disappearance, R,, which was taken to be equal to 
the rate of polymerization, increased linearly with increasing monomer con- 
centration (12.5-75 mmol/L), other factors being kept constant. Plots of 
R, vs [MBA] 3/2 were also linear and passed through the origin, showing 
that the order with respect to monomer is 1.5 (Fig. 1). The rate of polym- 
erization increased linearly with increasing glycerol (GLY) concentration 

lo2 [MB$ mai' L 
OE -. 
0 0.2 0.4 06 0 . 8  
I 1 I 

C I 5.0 10.0 15.0 20.0 23.0 

ABC -+ 

FIG. 1. Dependence of R p  on [Monomer]. A, B, and C are plots of R p  
vs [MBAI 3/2;  D and E are plots of Rp-2 X [MBA12 vs [MBAI-'. [H'I = 
0.1 mol/L; temperature = 4OoC; [ HOAc] = 30 ~01%;  1.1 = 0.5 mol/L; [GLY 1 
= 0.1 mol/L. (A, D): [Mn(III)] = 2.52 mmol/L. (B): [Mn(III)] = 5.1 
mmol/L. (C, E): [Mn(III)] = 4.88 mmol/L. 
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I I 

0 0.05 0.10 0.1 5 0.20 
ABC 

FIG. 2. Dependence of R, and Rm on [GLY]. A and B are plots of 
Rm-' vs [GLYI-';  C and D are plots of Rp-* vs [GLYI-'. [H'] = 0.1 
mol/L; temperature = 4OoC; [ HOAc] = 30 ~01%;  p = 0.5 mol/L. 

(25-200 mmol/L). At higher concentrations of glycerol p 2 5 0  mmol/L), devia- 
tion from normal behavior was observed, which may be attributed to the in- 
crease in the viscosity of the medium, as reported by Nayak et  al. [ 161 and 
Samal et  al. [I71 . Plots of Rf'  vs [GLY] -' were linear with definite inter- 
cepts on the rate axis (Fig. 2), as were also observed for the polymerization 
Gf MBA with the Mn(II1)-ethylene glycol system. The rate of polymeriza- 
tion increased with increasing manganic ion concentration over a wide range 
(2-20 mmol/L) with a half-order dependence on [Mn(lII)] (Fig. 3). 

Further, the plot of R i 2  X [MBA]' vs [MBA] -' was a straight line with 
an intercept on the Y-axis (Fig. l), as was the plot of R,-' X [MBA] vs 
[Mn(JII)] -' (Fig. 4). 
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FIG. 3 .  Dependence of R p  and R m  on [ Mn(III)] . A and B are plots of 
R m  vs [Mn(III)I ; C and D are plots of R p  vs [Mn(III)I lI2. [H+] = 0.1 mol/L; 
temperature = 4OoC; [HOAcl = 30 ~ 0 1 % ; ~  = 0.5 mol/L; [GLYI = 0.1 mol/L. 
(A,  C): [MBA] = 48.0 mol/L. (B, D): [MBA] = 58.0 mmol/L. 

Rate of Manganic ton Disappearance 

The rate of manganic ion disappearance, Rm , was first order with respect 
to [Mn(III)] but independent of monomer concentration. Plots Of R m  vs 
[Mn(III)] were straight lines passing through the origin (Fig. 3). The Line- 
weaver-Burk plots of Rm-' vs [GLY] -' were also linear with intercepts on 
the Y-axis (Fig. 2) showing Michaelis-Menton type kinetics for complex for- 
mation [16]. Such complex formation between aquated Mn(II1) and glycerol 
[ 151 and between ethylene glycol and aquated Mn(II1) [ 17 J was reported 
earlier. 
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FIG. 4. C and D are Arrhenius plots of log R p  and log Rm vs T-' . A and 
X Rp-' vs [ Mli(III)]. [ H+] = 0.1 mol/L; temperature B are plots of [ MBA] 

= 4OoC; [HOAc] = 30 ~ 0 1 % ; ~  = 0.5 mol/L. (A): [MBA] = 48.0 mmol/L. 
(B): [MBAI = 58.0 mmol/L. (C, D): [MBAI = 52.0 mmol/L, [Mn(III)] = 
4.0 mmol/L. 
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Effect of Temperature 

The rates R,  and Rm increased linearly with increasing temperature. The 
overall activation energies for the polymerization and the reduction of 
Mn(II1) were calculated to be 3 1 .O and 39.8 kJ/mol, respectively (Fig. 4). 

Effect of Acid Concentration and Ionic Strength 

The rate of polymerization as well as the rate of manganic ion disappearance 
were unaffected by changes in [H'] (0.025-2.0 mol/L) and ionic strength (0.1- 
1 mol/L). However, at high [H'] e 2 . 5  mol/L) and with a threefold increase 
of the ionic strength, the R, values were found to decrease (Table 1). 

TABLE 1. Effect of Acid Concentration and Ionic Strength on Ratesa 

10sRp,  10' Rm, 
[H'] , mol/L P, mo1-L-l .min-' mo1.L-l. min-' 

0.0125 

0.10 

1 .oo 
2.00 

2.50 

4.00 

0.10 

0.10 

0.10 

0.10 

0.10 

0.10 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.1 

0.25 

0.50 

1 .oo 
2.00 

3.0 

3.78 

3.85 

3.85 

3.85 

3.00 

1.95 

3.52 

3.85 

3.83 

3.85 

3.01 

2.58 

6.03 

6.10 

6.13 

6.13 

5.10 

4.28 

6.08 

6.10 

6.15 

6.10 

5.20 

4.25 

[MBAI = 2.25 mmol/L, [Mn(III)I = 2.65 mmol/L, [GLY] = 0.1 mol/L, a 

4OoC. 
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TABLE 2. Effect of Acetic Acid Concentration and Comparison of Rates 
with Monovinyl Monomersa 

Monomer 
concentration, [HOAc] , lo5 R,, 10' Rm, 

Monomer mmol/L vol% mo1.L-l mmin-' mol*L-' Amin-' 

AA 24.5 

MAA 24.5 

MBA 24.5 

MBA 22.8 

MBA 22.8 

MBA 22.8 

MBA 22.8 

MBA 22.8 

MBA 22.8 

30 

30 

30 

10 

20 

30 

40 

50 

60 

1.70 

0.56 

4.2 1 

3.23 

3.49 

3.86 

3.19 

2.57 

2.22 

5.99 

6.23 

6.13 

5.43 

5.92 

6.13 

6.23 

6.29 

6.54 

[Mn(III)I = 2.65 mmol/L, [GLYI = 0.1 mol/L, [H+l = 0.1 mol/L, 4OoC, a 

p = 0.5 mol/L. AA = acrylamide, MAA = methacrylamide. 

Effect of Acetic Acid Concentration 

The rate of polymerization increased with increasing acetic acid concen- 
tration (10-30 vol%), but above 30 vol% the rate decreased. This may be at- 
tributed to the increase in the viscosity of the medium (Table 2). 

Comparison with Analogous Monovinyl Monomers 

The rates of polymerization of acrylamide (AA) and methacrylamide 
(MAA), measured under the same experimental conditions, were found to 
decrease in the order MBA > AA > MAA (Table 2), i.e., cyclopolymerization 
of MBA is fastest [l-3,20,21]. 

REACTION MECHANISM AND RATE LAW 

The following mechanism (Eqs. 1-7), involving complex formation between 
Mn(II1) and glycerol, followed by intramolecular cyclization, intermolecular 
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propagation, and mutual termination between growing polymer radicals, is 
proposed. Our previous work [ 1-31 established beyond doubt that this di- 
vinyl nonconjugated monomer (MBA) normally undergoes cyclopolymeriza- 
tion. Arguments leading to this conclusion were presented, drawing largely 
from the work of Gibbs and Barton [ 181 , Butler and Angelo [ 191 , and Ziegler 
and Host [20]. 

1.  Hydrolysis of the Mn3+ species 

K h  Mn3+ t H2 0 -= Mn(OH)2+ t H+. 

2. Complex formation 
K 

Mn(OH)'+ t GLY C [Mn(OH)GLY] '+. 

3.  Production of primary free radicals 

kd 
[Mn(OH)GLY] 2+- - R' t Mn2+ + Hi 

where R' represents 'CH(OH)CH(OH)-CH2 OH. 

4. Primary radical oxidation 

k0 R' t Mn(OH2+ - products. 

5. Initiation by R' 

kl 
R ' t M -  M1 

6 .  Propagation 

. kc MI -Mz'. 

Mn + M  -%+I 
kP 

7,  Termination 

(3) 

(4) 

- kt M,' t Ma - polymer. 
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Rate of Polymerization 

Under the assumption of steady-state conditions and radical reactivity in- 
dependent of radical size, the following rate expressions were derived (where 
[Red] denotes the concentration of glycerol, also shown elsewhere as [GLY] ): 

Since the total Mn concentration is given by 

[Mn(III)] T = [Mn(TII)J eq(1 + K[Red]), ( 84  

Eq. (8) becomes 

kpkj’”(kdK [Mn(III)] T [Red] [MBA] 3)1/2 

(ktko [Mn(III)] T t k,kj[MBA] (1 + K[Red])’12 ’ 
Rp = 

or 

kt 
t 

Rp-2 = ktko 
kpZk$cdK[Red] [MBA] kp2kdK[Mn(III)]  red] [MBA]’ 

kt + 
kp2 kd [Mn(III)] T [MBA] ’ ’ 

(9) 

Rate of Manganic Ion Disappearance 

If ko [Mn(III)] eq > > ki[MBA] , 

Rm = 2kdK[Mn(III)] eq [Red]. (12) 

Since the measured rate, R, ,  applies to the total [Mn(III)] , regardless of the 
species and in view of Eq. @a), 
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2kdK [Mn(III)] T [Red] 
R ,  = 

1 t K [Red] 

Calculation of Rate Parameters 

The plot of Rm-' vs [Red] -' with an intercept (Fig. 2) is in agreement 
with Eq. (14). From the ratio slope/intercept, the unimolecular decomposi- 
tion constant of the complex, kd, and its formation constant, K ,  were evalu- 
ated as 10.8 L/mol and 13.4 X 

(Fig. 4) with an intercept equal to  (ktko)f(k,'kikdK[Red]). By using the 
value ky/kt'l2, the ratio k,/ki was calculated. 

s-', respectively, at 40°C. 
As required by Eq. (lo), the plot of R,-' [MBA] vs [Mn(III)] -' is linear 

R-  C H ~ C H - C H ~ ~ H  
I I 

co co 
I I 
NH NH 
I I 
CH2 CH2 
I I 
NH NH 
I I 
co 

I yo 
CH cn 
II II 

CH2 CH2 '3 

SCHEME 1. 
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Cyclopoly merization 

MI * could react through either of the double bonds of this symmetrical 
monomer. M I .  is the radical produced through the reaction of an R' radical 
with the monomer which cyclizes intramolecularly to yield a new radical Mz '. 
If this cyclization is much slower than the addition of another monomer 
molecule, M3 * may be formed with pendant groups with double bonds 
(Scheme 1). 

Intramolecular cyclization depends on the monomer structure and the 
stability of the ring formed during cyclization [18]. Formation of a seven- 
membered ring during cyclization is suggested here in preference to an 
eight-membered one purely on analogy to Matsumoto et al.'s conclusions 
on acrylic anhydride cyclopolymerization. Steric and electrostatic factors 
are the major considerations here [22]. The carbonyl groups reduce the 
strain in the ring [ 191. Hence this monomer, MBA, can undergo radical 
cyclization with greater ease. The linear monovinyl-type propagation is 
sterically hindered due to the long pendant groups with double bonds in 
the M3 ' radical. 

That the overall rate of polymerization decreases in the order MBA > 
AA > MAA provides added evidence for cyclopolymerization. 

REFERENCES 

[ l ]  N. R. Subbaratnam, S. P. Manickam, P. Venuvanalingam, and A. Gopa- 

[2] A. Gopalan, P. Venuvanalingam, S .  P. Manickam, K. Venkatarao, and 

[3] S. Paulrajan, A. Gopalan, K. Venkatarao, and N .  R. Subbaratnam, Poly- 

[4] G. B. Butler and F. L. Ingley, J. Am. Chem. Soc., 73, 894 (1951). 
[S] C .  F. Wells and C .  Barnes, Trans. F Q ~ Q ~  Soc., 66, 11 54 (1970). 
[6] P. J. Andrulis Jr. and M. J .  S .  Dewar, J. Am. Chem. SOC., 88. 5843 

[7] K. Kaliyamoorthy, P. Elayaperumal, T. Balakrishnan, and M. Santappa, 

[8] P. Elayaperumal, T. Balakrishnan, and M. Santappa, Mukromol. Chem., 

lan, J. Mucromol. Sci.-Chem., A23, 117 (1986). 

N. R. Subbaratnam, Eur. Polym. J., 18, 531 (1982). 

mer, 24. 906 (1983). 

(1 966). 

Polym. J., 14, 107 (1982). 

178,2271 (1977). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
1
6
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



KINETICS OF CYCLOPOLYMERIZATION. I 95 

[9 J W. A. Waters and J. S .  Littler, Oxidation in Organic Chemistry, Part A 

[ 101 M. R. Senapati, N. C. Samal, R. Mishra, B. Tripathy, P. Rout, and M. K. 

[ 11 J J. Andrulis Jr., M. J. S. Dewar, R. Dietz, and R. L. Hunt, J. Am. Chem. 

[ 12 J G. Mino, S. Kaizermann, and E. Rasmussen, J. Polym. Sci., 38, 343 

[ 13 J A. I. Vogel, Quantitative Inorganic Analysis, 4th ed., Longman, London, 

[ 141 P. Nath, B. Ashwar, K. Kalyan, and C. V. Bakore, Indian J. Chem., 8, 

[15] H. Lineweaver and D. Burk,J. Am. Chem. SOC., 56, 658 (1934). 
[16] P. L. Nayak, R. K. Samal, and M. C. Nayak, J.  Pulym. Sci., Polym. 

[17] R. K. Samal, T. R. Mohanty, and P. L. Nayak, Macromolecules, 10, 

[18] W. I .  Gibbs and J.  A. Barton, VinylPulymerization, Vol. 1 (G. E. Ham, 

[19] G. E. Butler and R. Angelo,J. Am. Chem. Soc., 79, 3128 (1957). 
[20] K. Ziegler and H. Holt,Ann., 528. 143 (1937). 
[21] A. Gopalan, PhD Thesis, Madurai Kamaraj University, Madurai, 1984. 
[22J A. Matsumoto, T. Kitamura, M. Oiwa, and G. B. Butler,J. Polym. Sci. 

(K. B. Wiberg, ed.), Academic, New York, 1964, p. 186. 

Rout, J. Polym. Sci., Polym. Chem. Ed., 21, 407 (1983). 

Soc., 88, S473 (1966). 

(1959). 

1968, p. 248. 

I13  (1970). 

Chem. Ed., 17, 1 (1979). 

489 (1977). 

ed.), Dekker, New York, 1967, p. 59. 

Polym. Chem. Ed., 19, 2531 (1951). 

Received July 17, 1986 
Revision received December 3, 1986 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
1
6
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1


