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Block copolymerization initiated by Mn(III)-poly(ethylene glycol) 
redox system - general features and kinetics 
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Abstract: The kinetics and mechanism of thermal polymerization of acrylo- 
nitrile initiated by Mn(III) pyrophosphate - poly(ethylene glycol) (PEG, 
molecular weight 6000) redox system in aqueous sulfuric acid medium was 
studied in the temperature range 30-60 ~ The overall rates of polymerization 
and the disappearance of Mn 3+ were determined. The polymerization was 
initiated by the organic free radical produced from the Mn 3+-PEG reaction 
and the termination was by the metal ions. The rate of polymerization of 
acrylonitrile was found to be directly proportional to the square of the mono- 
mer concentration and first power of PEG concentration, and inversely propor- 
tional to the concentration of Mn a +. The rate of manganic ion disappearance 
was found to be directly proportional to manganic ion concentration and PEG 
concentration, and independent of the monomer concentration. Based on these 
observations, a plausible reaction scheme was suggested and suitable kinetic 
expressions were evaluated. 

Key words: Mn(IiI)-poiy(ethytene glyco[)-  acryIonitrite - block copolymeriz- 
ation - kinetics 

Introduction 

Several metal ions have been used, either alone 
or in combination with reducing agents, for the 
initiation of polymerization of various vinyl 
monomers [1-5]. Manganese(III) ion (in the form 
of sulfate or pyrophosphate) reacts with simple 
organic molecules (reducing agents) to produce 
a free radical which initiates polymerization. The 
organic molecules such as ethylene glycol [6], 
ethyl acetoacetate [7], glycerol [8], diglycolic acid 
[9], isobutyric acid [10], pinacol [11], malonic 
acid [12], dimethyl sulfoxide [13], cyclohexanone 
[14], ascorbic acid [15], mannitol [16], cyano 
acetic acid [17], oxalic acid [18], etc. have been 
used in conjunction with Mn(III) ion for poly- 
merization. The manganese(III) ion has also 
been used for the graft copolymerization of vinyl 
monomers onto several substrates [19-22]. 

* To whom correspondence should be addressed 

In an earlier article [23], we reported the results 
of our studies on the kinetics of block copolymer- 
ization initiated by the Ce(IV)-poly(ethylene 
glycol) [PEG] redox system in an aqueous sul- 
furic acid medium. As mentioned there, unlike 
ethylene glycol, in the case of PEG, there is no 
possibility of cleavage of the main chain as there 
are no 1,2-glycol units. Hence a possibility of 
block copolymer synthesis arises by the poly- 
merization of acrylonitrile onto PEG as follows: 

H - ( O - C H 2 - C H z ) m - O - C H 2 - C H 2 O H  + Mn(III) ------, 
PEG 

H-(O-CH2-CH 2)m-O-CHz-CH" 

OH 

nCH2=CH CN 

H - ( O - C H 2 - C H z ) m - O - C H 2 - C H - ( C H 2 - C H - ) ~  - 

OH CN 

This paper deals with some general features and 
the kinetics of polymerization of acrylonitrile 

N 363 
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initiated by the redox system, Mn(III)-PEG 
(molecular weight 6000) in aqueous sulfuric acid 
medium. From the experimental observations, 
a suitable reaction scheme and rate expression 
were suggested. 

E x p e r i m e n t a l  

PEG (L.R., s.d. chem., India) was purified as 
described in our earlier article [23]. The mono- 
mer, acrylonitrile (L.R., s.d. chem., India) was 
purified by the standard procedure [24]. Water 
twice distilled using alkaline permanganate in 
a pyrex all-glass set-up was used for the prepara- 
tion of all reagents and solutions. 

Commercial manganous sulfate (A.R., s.d. 
chem., India), ceric ammonium sulfate (A.R., s.d. 
chem., India) and sodium pyrophosphate (Loba- 
Chemie, India) were used as such. 

All the other reagents such as ferrous am- 
monium sulfate, potassium permanganate, so- 
dium bisulfate, sodium hydroxide, o-phosphoric 
acid, potassium dichromate, oxalic acid, and indi- 
cators such as diphenylamine, phenolphthalein 
and ferroin were A.R. grade samples. 

The solvent N,N'-dimethylformamide (DMF) 
(E. Merck), distilled under vacuum using a BUCHI 
461 Rotavapor was used. 

Nitrogen (Indian Oxygen Co., India) used to 
deaerate the experimental system was freed from 
oxygen by passing through Fieser's solution, and 
then saturated lead acetate solution, and finally 
through distilled water. 

Standardization of the reagents 

Ceric ammonium sulfate solution used for the 
determination of the concentration of Mn 3 § ion 
and ferrous ammonium sulfate solution used for 
arresting the polymerization reaction were stand- 
ardized as described in our previous article [23]. 

Preparation and Characterization of the Initiator 
The manganic pyrophosphate initiator was 

prepared as follows: 
5 ml of a solution of Mn 2 + ions, prepared by 

dissolving MnSO4" HzO (3.2460 g) in double dis- 
tilled water (100 ml) was added to a solution of 
sodium pyrophosphate (2.6760 g) in double distil- 
led water (50 ml). The pH of the resulting solution 
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Fig. 1. UV-visible spectra of( ) Mn 7+, (- -) Mn 3+ 

was adjusted to 6 by adding a few drops of con- 
centrated sulfuric acid. The Mn 2 + ions were then 
oxidized to Mn 3 + ions by titrating potentiometri- 
cally against Mn v + ions (obtained by dissolving 
0.7580 g of KMnO4 in 100 ml of double distilled 
water). The resulting solution had an intense red- 
violet color. The visible spectrum of the solution 
agreed with that reported for Mn(III) and had 
no trace of the Mn(VII) (Fig. 1). The initiator 
solutions thus prepared were used immediately 
and fresh solutions were prepared as and when 
required. 

Polymerization procedure 

The polymerizations were carried out in pyrex 
glass tubes of 6-inch length fitted with a B24/29 
socket carrying a B24/29 cone with inlet and outlet 
tubes. The reaction tube was covered entirely with 
a black cloth during the course of the reaction to 
ensure that the kinetic studies were made in the 
absence of light. 

All solutions except the initiator were taken in 
the reaction tube, deaerated and kept in a thermo- 
static reservoir at a temperature of 30 _+ 0.1 ~ 
Then the initiator solution deaerated and thermo- 
stated separately was added to the reaction sys- 
tem as quickly as possible, while noting the time. 
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The polymerization reactions were heterogen- 
eous, with the polymer precipitating out continu- 
ously. After the reaction time, the polymerization 
was arrested by adding a known excess of stan- 
dard ferrous ammonium sulfate solution such that 
all the unreacted manganic ions were instan- 
taneously reduced to manganous ions. The pre- 
cipitated polymer was filtered using a sintered 
glass crucible, washed well with water to remove 
any unreacted PEG, Mn 3+, acrylonitrile as well 
as Mn 2§ and any other oxidation products of 
PEG, dried under vacuum, at 60-70~ and 
weighed. From the weight of the polymer, the rate 
of polymerization (initial rate) was calculated us- 
ing the relation, 

1000 W 
Rp - - -  , (1) 

V t M  

where W = weight of the polymer formed (in 
gms); V = total volume of the reaction mixture 
(in ml); t = reaction time (in seconds), and 
M = molecular weight of the monomer  used. 

The filtrate having excess ferrous ions was 
back-titrated with standard ceric ammonium sul- 
fate solution to determine the rate of manganic 
ion disappearance. Duplicate runs were carried 
out for the determination of the rate of monomer  
disappearance and the rate of manganic ion dis- 
appearance. 

Characterization 

UV-visible spectra were carried out using 
Shimadzu UV-160 A UV-visible recording spec- 
trophotometer at ambient temperature. FT-IR 
spectra were recorded using NICOLET 20 DXB 
Fourier-transform infrared spectrophotometer. 
Intrinsic viscosities of the polymers were deter- 
mined using a Ubbelohde suspended-level dilu- 
tion viscometer (Specification D 445-46 T) with 
D M F  as the solvent at 30 ~ 

Results and discussions 

General features 

No polymer was formed on adding Mn 3 + solu- 
tion to acrylonitrile monomer  in the range of 

concentrations used for the kinetic studies in the 
dark, indicating no homopolymerization of acrylo- 
nitrile. Photochemical initiation of polymeriz- 
ation by Mn 3§ in the presence of the reducing 
agent was not observed. No induction period was 
observed in deaerated system, whereas in aerated 
system an induction period (ca. 5 min.) was usu- 
ally observed, indicating the free radical initiation 
of polymerization. The oxidation of water by 
Mn 3 + in our experimental conditions was found 
to be negligible. The rate of polymerization under 
normal conditions was found to be greater than 
those under stirred conditions. This might be due 
to the greater probability of encounters between 
the chain radicals and the terminating agent 
under stirred condition. 

The FT-IR spectrum of the polymer showed 
peaks corresponding to both PEG and poly(acryl- 
onitrile). 
O-Hstr.: 3450 cm-  1; C - H s t r .  : 2950 cm-  1; C-Haef. : 
1400 cm - 1; C-Ostr.: 1125 cm-  1; C-N~tr : 
2260 cm-  1 

Kinetics 

Rate of  monomer disappearance (Rp): The con- 
centration of the monomer,  M was varied from 
0.2355 to 1.4130 M. Rp had a square dependence 
on the [M]. The log Rp vs log [M]  plot gave 
a slope of 2 (Fig. 2A) and the plot of Rp against 
[M] 2 was linear with zero intercept (Fig. 2B), 
indicating that the order with respect to monomer  
is 2. A similar dependence was also observed in 
our earlier work [23]. This observation is of great 
significance since it completely rules out the pos- 
sibility of mutual termination which requires the 
dependence of rate on [M]3/2 The concentration 
of Mn 3+ was varied from 2 .5x10 -4 to 15.0x 
10-4 M. The rate decreased linearly with increase 
in the concentration of Mn 3 + (Fig. 3A). This ob- 
servation excludes the participation of Mn(III) 
ion directly in the initiation process. The rate 
increased linearly with the concentration of PEG 
(5.0 x 10 -3 - 17.5 x 10 .3 M); Rp vs [PEG]  plot 
was linear with zero intercept (Fig. 4A) and a plot 
of log Rp vs log [PEG] was linear with a slope of 
1 (Fig. 4B), indicating that the order with respect 
to [PEG]  is unity. The rate was unaffected by 
changes in [H +] (0.2-2.0 M) at constant ionic 
strength. 
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R a t e  o f  M n  3 + ion disappearance,  - Ru 

Monomer concentration (0.2355-1.4130 M) 
had no effect on the rate of disappearance of 
Mn 3+ ion, indicating the absence of monomer 
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Fig. 2A) Plot of log Ry against log [M],  B) Dependence of 
Rp on [M], [Mn(III)] = 0.001 M; [PEG]  = 0.01 M; [-H + ] = 
2.0 M; Temp. = 30 ~ Time = 30 rain. 

oxidation by Mn 3+ ion under the conditions 
employed. Increase of [Mn a+] (2.5x10 -~" to 
15.0 x 10 -4 M) increased the rate, and the first- 
order dependence of rate on [Mn 3+] was con- 
cluded from the linear plot of - R M  vs [Mn 3 +] 
(Fig. 3B). An increase in [PEG] (5.0x 10 -3 to 
17.5 x 10 - 3 M) increased the rate; plot of - RM vs 
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Fig. 3. Effect of [Mn(III)]  on, A ) R p  and B) --RM 
[PEG] = 0.01 M; [M] = 0.9423 M; [H + ] = 2.0 M; Temp. = 
30 ~ Time = 30 rain. 
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Fig. 4A) Dependence of Rp on [PEG] ,  B) Plot  of log Rp 
against log [PEG],  [Mn(III)] = 0.001 M; [M] =- 0.9423 M; 
[ H + I  = 2,0M; Temp. = 30~ Time = 30 min. 
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[PEG]  was linear passing through origin, indicat- 
ing the absence of complex formation between 
PEG and manganic ion (Fig. 5). The rate was 
found to increase with increasing acid concentra- 
tion at constant ionic strength. The ionic strength 
was adjusted with sodium bisulfate. 

Intrinsic viscosity measurements 

The intrinsic viscosities It/] of the polymers 
determined in D M F  at 30~ with Ubbelohde 
viscometer, increased with increase in the polym- 
erization time. These results are reported in 
Table 1. 
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Fig. 5. Plot of - R ~  against [PEG], [Mn(llI)] = 0.001 M; 
[M]=0.9423M; [H+]=2 .0M;  Temp.=30~ Time= 
30 rain. 

Table 1. Variation of Rp with [SO ] ] Ions a and of [fl] with 
time b 

a) Variation of [SO]-  ] b)  Variation of time 

[SO~-] Rp x 105 Reaction time DI] 
(moll -1) (moll -1 s -1) (min) (dlg -1 ) 

0.02 11.53 30 4.09 
0.04 10.86 45 4.24 
0.06 9.92 60 4.68 
0.08 9.13 75 4.93 
0.10 8.04 90 5.27 

a) [Mn(III)] = 0.001 M; [PEG] = 0.01 M; [M] = 0.9423 M; 
[H +] = 2.0 M; Temp. = 30~ Time = 30 rain. 
b) Solvent = DMF; Temp. = 30 ~ 

Effect of added sulfate ions 
The effect of addition of sulfate ions on the rate 

of polymerization was studied keeping the other 
parameters a constant at 30~ The results are 
reported in Table 1. The rate decreased steadily 
with increasing sulfate ion concentration from 
1 1 . 5 3 x 1 0 - S m o l l - l s - 1  (at 0.02M) to 8.04x 
10 -5 mol l  -1 s -1 (at 0.10 M). This might be due 
to the formation of inactive complexes involving 
sulfate and Mn(III) ions. 

Effect of temperature 

The reaction temperature was varied from 
35-60 ~ and its effect on the rate of polymeriz- 
ation and the rate of Mn a § ion disappearance was 
investigated. Both the rates increased with increase 
in temperature (Table 2). The overall activation 
energy (Ea) of the polymerization reaction as cal- 
culated from the Arrhenius plot (Fig. 6) was found 
to be 47.87 kJ/mol, which is of the same order as 
those found in other aqueous systems [25, 26]. 

Kinetic scheme 

Based on the above observations, a plausible 
mechanism may be formulated: 

i) Production of organic free radical: 

Kr Mn 2 + H + Mn 3+ + R -----+ R" + + , 

where R is the reducing agent (PEG) and R" is the 
organic free radical produced from it. 
ii) Reaction of R" with Mn 3 + to give the oxida- 

tion products: 

Mn ~ + + R" Ko Oxidation Mn 2 + H + > + + 
ra~t products 

Table 2. Effect of temperature on Rp and - RM a) 

S1 No Temperature Rp x l0 s --RM x 107 
(~ (moll-1 s -~ ) ( mo l l - '  s -z ) 

1 35 15.62 1.495 
2 40 22.26 2.048 
3 45 27.21 2.823 
4 50 35.32 3.653 
5 55 45.19 4.538 
6 60 60.26 5.368 

~) [Mn(III)] = 0.001 M; [PEG] = 0.01 M; I-M] = 0.9423 M; 
FH +] = 2.0 M; Time = 30 min. 
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Fig. 6. Arrhenius plot [Mn(III)] = 0.001 M; [PEG] = 0.01 M; 
[M] = 0.9423 M; [H + ] = 2.0 M; Time = 30 min, 

iii) Initiation of polymerization: 

R ' + M  Ki~ RM" . 

iv) Propagation: 

Kp 
R M ' + M  , RM~ 

Kp 
RM~_~ + M ~ RM;, .  

v) Termination by Mn 3+ ions: 

R M ~ + M n  3+ K t ~ p o l y m e r + M n a + + H  + . 

Now, applying the stationary-state principle for 
radicals and assuming the principle of non-vari- 
ation of rate constants with the size of the polymer 
radical, the following expressions were derived. 

KpKr [M ] 2 [R ] (2) 
Rp = Kt{[M] + Ko/Ki[Mn3+]} 

--RM = 2Kr[Mn 3+] JR] . (3) 
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Fig. 7. Plot of [M] 2 [R]/Rp against [M] and [Mn(III)], 
Experimental conditions same as in Figs. 2 and 3 

Rearranging Eq. (2), 

[M]2[R] Kt[M3 K~Ko[Mn 3 +3 
- - -  + (4) 

Rp KeK, KiKpK, 

A plot of LHS of Eq. (4) against [Mn 3+] for 
[-Mn 3 + ] variation gave a straight line (Fig. 7) and 
the ratio slope/intercept gave the value of (Ko/Ki) 
(= 2512), Similarly, a plot of LHS of Eq. (4) 
against [M] for I-M] variation also gave a straight 
line (Fig. 7). The (Ko/Ki) values calculated from 
the slope/intercept ratio (= 2434) agreed with the 
one calculated previously, within experimental 
error. The Kr value, calculated using Eq. (3) for 
monomer variation was found to be 6.225 x 
10-3 1. mol - t  s - 2. With known (Ko/Ki) and Kr 
values, being substituted in the slope or intercept, 
(Kp/Kt) (= 3.67) was evaluated. 

With the values for these constants in hand, it is 
instructive to return to Eq. (2) in order to appreci- 
ate their significance. Thus, the value of (Ko/Ki) 
being considerably high ensures that the term 
(Ko/Ki) [Mn 3+] is always greater than [M] in 
Eq. (2), assuring the dependences as observed. 



Nagarajan et al., Block copolymerization initiated by Mn(III)-PEG redox system 783 

Acknowledgement 

The authors thank Prof. K. Venkata Rao, Department of 
Polymer Science, University of Madras for his fruitful sugges- 
tions. One of the authors Mr. S. Nagarajan is also thankful to 
the University Grants Commission (U.G.C.) and the Council 
of Scientific and Industrial Research (C.S.I.R.) in India, for 
financial assistance. 

References 

1. Saha SK, Chaudhuri AK (1971) J Polym Sci A-1 9:1505 
2. Narita H, Okimoto T, Machida S (1970) J Polym Sci A-1 

8:2725 
3. Jijie K, Santappa M, Mahadevan V (1966) J Polym Sci 

A-1 4:37? 
4. Mohanty TR, Singh BC, Nayak PL (1976) Eur Potym 

J 12:371 
5. Samal RK, Singh BC, Mohanty TR, Nayak PL (1975) 

Makromol Chem 176:2987 
6. Samal CN, Senapathi RM, Saha S, Rout SP, Patnayak 

LN (1982) J Macromol Sci Chem 18:1449 
7. Haragopal N, Jayakrishnan A, Mahadevan V (1982) 

Makromol Chem 183:657 
8. (a) Nayak PL, Samal RK, Nayak MC (1979) J Polym Sci 

Polym Chem Edn 17:1 
(b) Senapati M, Samal NS, Mishra R, Tripathy B, Rout 
SP, Mahendra K (1983) J Polym Sci Polym Chem Edn 
21:407 

9. Elayaperumal P, Balakrishnan T, Santappa M (1979) 
J Polym Sci Polym Chem Edn 17:4099 

10. Elayaperumal P, Balakrishnan T, Santappa M, Lenz RW 
(1980) J Polyrn Sci Polym Chem Edn 18:2471 

11. Gangadevi N, Mahadevan V (1972) J Polym Sci Polym 
Chem Edn 10:1903 

12. Gangadevi N, Mahadevan V (1972) Makromol Chem 
152:177 

13. Gangadevi N, Mahadevan V (1973) J Polym Sci Part-A 
11:1553 

14. Gangadevi N, Mahadevan V (1973) Makromol Chem 
166:209 

15. Nayak PL, Samal RK, Nayak MC, Dhal AK (1979) 
J Macromol Sci Chem 13:267 

16. Samal RK, Suryanarayan GV, Panda G, Dash NK, Das 
DP, Nayak MC (1980) J Macromol Sci Chem 14:791 

17. Haragopal N, Mahadevan V (1980) Makromol Chem 
181:1189 

18. Panda G, Pati NC, Nayak PL (1980) J Appl Polym Sci 
25:1479 

19. Mehrotra R, Ranby B (1977) J Appl Polym Sci 21:1647 
20. Mehrotra R, Ranby B (1977) J Appl Polym Sci 21:3407 
21. Mehrotra R, Ranby B (1978) J AppI Polym Sci 22:2991 
22. Mehrotra R, Ranby B (1978) J AppI Polym Sci 22:3003 
23. Nagarajan S, Srinivasan KSV (1993) Eur Polym J 30:t13 
24. Jijie K, Santappa M, Mahadevan V (i966) J Polym Sci 

4:393 
25. Pramanick D, Chaterjee AK (1981) Eur Polym J 17:239 
26. Thomas WM, Gleason EH, Mino G (1957) J Polym Sci 

24:43 

Authors' address: 

Received September 8, 1993; 
accepted November 11, 1993 

Dr. K.S.V. Srinivasan 
Sr. Assistant Director 
Polymer Division 
Central Leather Research Institute 
Adyar, Madras 600 020, India 


