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The polymerization of acrolein initiated by the potassium persulfate-silver nitrate redox system

in water was studied at 0℃ from the point of view of kinetics. The potassium persulfate concentra-

tion was varied over the range from 15.75 to 157.5 mmol/l, and that of the initial monomer, from 
0.462 to 2.675 mol/1, while the concentration of silver nitrate was 31.5 mmol/l. Both the poly-
merization rate and the molecular weight of the polymer were found to increase with the reaction 
time in the early stage, while in the stage of higher conversion the polymerization rate was gradually 
reduced and the molecular weight remained constant. In the early stage of the polymerization, 
the polymer yield showed a first-order dependence on the potassium persulfate and initial monomer 
concentrations. The molecular weight of the polymer was proportional to the monomer concentra-
tion, independent of the catalyst concentration. From these results, the kinetic features were dis-
cussed.

  Some detailed studies of the redox-polymeriza-

tion with potassium persulfate-silver nitrate catalyst 

system have been reported, especially focused on 

the polymerization of a monomer such as acrolein1) 

and methyl vinyl ketone.2) Little attention, how-

ever, has been paid to the kinetic mechanism 

of these polymerizations. In order to make clear 

the mechanism of the redox-type polymerization, 

the acrolein polymerization with the potassium 

persulfate - silver nitrate system was studied. The 

purpose of this report is to describe the characteris-
tic features of this polymerization. 

                Experimental 

 Materials. Commercial acrolein was distilled under 

nitrogen, using a 50-cm column, immediately before
use;boiling point,52.5℃/760 mmHg. Commercial

potassium persulfate and silver nitrate (G. R. Grade) 
were used without purification. The water was purified 
through ion-exchange resin. 
 Polymerization Procedure. Definite amounts of 
potassium persulfate and water were placed into a glass
ampoule;then, after cooling to 0℃, acrolein and an

aqueous solution of silver nitrate were added to this 
system under a nitrogen atmosphere. The ampoule was

sealed and maintained at 0℃ for a definite reaction

time. The product was poured into a large quantity 
of water, separated by filtration or centrifuge, and 

washed with water. In order to remove the silver salts, 
the filter cake was dispersed in an aqueous sodium

thiosulfate solution of 1 wt%. After several hours, it 
was filtered, washed several times with water, and 
finally dried in vacuo at room temperature. 

  Characterization of the Polymer. The infrared 
spectrum was measured with a Shimadzu Infrared 
Spectrophotometer (Model IR-27) on.KBr pellets. For 
the viscosity measurements, 100 mg of polyacrolein were 
mixed with 5 ml of a 10% aqueous sulfur dioxide 
solution in a 10 ml volumetric flask. This was allowed 
to stand overnight at room temperature and then filled 
to the mark with a 10% aqueous sodium chloride 
solution. Using this solution, the specific viscosity was 
measured at 25°C with an Ostwald viscometer. The 
number-average molecular weight was calculated by 
using the equation determined with the date reported 
by Schulz,,3)theηsp/C ranging from 0.02 to O.10l/g:

 For the quantitative determination of the aldehyde 
group, the polyacrolein was reacted quantitatively with 
phenylhydrazine by the usual method.4,5) The nitrogen 
content of the product (polyacrolein-phenylhydrazone) 
was also measured. In order to determine the C-C 
double-bond content, the polyacrolein was reduced with 
sodium borohydride, NaBH4, to give a soluble polymer 
of polyallylalcohol,6,7) and then the product was hydro-
genated with hydrogen in the presence of platinum

  1) R. C. Schulz, H. Cherdron and W. Kern, 
Makromol. Chem., 24, 141 (1957). 
  2) G. S. Whitby, M. D. Gross, J. R. Miller and 

A. J. Costanza, J. Polymer Sci., 16, 549 (1955).

 3) R. C. Schulz and H. Cherdron, private communi-
cation. 
 4) R. C. Schulz, R. Hollander and W. Kern, 

Makromol. Chem., 40, 16 (1960). ' 
  5) R. C. Schulz and W. Passmann, ibid., 60, 139 
(1963). 
  6) R. C. Schulz, J. Kovacs and W. Kern, ibid., 

52, 236 (1962). 
 7) R. C. Schulz and P. Elzer, ibid., 42, 205 (1961).
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dioxide in acetic acid.8) The amount of hydrogen con-
sumed was also measured. 

          Results and Discussion 

  Characterization of the Polymer. The poly-
mer is a white powdery amorphous solid insoluble 
in organic solvents at room temperature. The 
infrared spectrum of the polymer showed the peaks 
characteristic of the vinyl-type polymer (-CH2-
CH-)n9) and was very similar to that of the polymer 
CH=O 
formed by radical initiators (Fig. 1.). The elemen-

tary analysis of the product by the reaction of poly-
acrolein with phenylhydrazine showed that the 
polymer contains 97.5 mol% vinyl-type units 
(N 18.93, H 6.80, C 73.65%). Since there was 
no hydrogen absorption in the reaction product 
with NaBH4, it can be said that the C-C double 
bond was not present in this system. From these 
results, it can be concluded that not the aldehyde-
type polymer but only the vinyl-type polymer is 
formed by the redox-pair potassium persulfate-
silver nitrate system.

Fig. 1. Infrared spectrum of the polyacrolein formed 
 with the redox system AgNO3/K2S2O8

  Characteristic Effects of the Monomer and 
Potassium Persulfate Concentrations. The 
effect of the monomer concentration on the polymer 
yield and the molecular weight of the polymer 
was investigated; the results are shown in Table 1. 
Figure 2 indicates that the polymer yield at a con-
stant time increases proportionally with the monomer 
concentration. The number-average degree of 

polymerization at a constant time is plotted against 
the monomer concentration in Fig. 3. It can be 
seen that the increase in the degree of polymeriza-
tion with the monomer concentration becomes 
more pronounced with the reaction time; namely, 
the polymerizations in the earlier period (until

20 min) are characterized by a proportional in-
crease in the degree of polymerization with the 
monomer concentration, while in the latter period 

(after 20 min) the exponent of the monomer con-
centration becomes more than unity.

TABLE 1. EFFECT OF MONOMER CONCENTRATION AND 

 TIME ON POLYMER YIELD AND MOLECULAR WEIGHT

Reaction temperature=0℃;[K2S2O8]0=[AgNO3]0=

31.5mmol/l

 The dependence of the polymer yield and the 
molecular weight of the polymer on the catalyst 
concentration is shown in Table 2. Figure 4 
shows that the polymer yield increases propor-
tionally with the catalyst concentration in the 
early stage (until 0.5 hr), while in the later stage

  8) R. C. Schulz, J. Kovacs and W. Kern, ibid., 
54, 146 (1962). 
 9) R. C. Schulz, Kunststoffe, 47, 303 (1957).
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Fig. 2. The amount of polymerized monomer vs. 
  initial monomer concentration.
T=0℃;[K2S2O8]0=[AgNO3]0=31.5 mmol/l;re-

action time,0.33(●),0.5(●),1.0 hr(○)

Fig. 3. Degree of polymerization vs. initial monomer 
  concentration.
T=0℃;[K2S2O8]0=[AgNO3]0=31.5 mmol/l;re-

action time,0.17(○),0.33(●),0.5(○),1.0 hr

(●)

Tig. 4. The amount of polymerized monomer vs. 
  initial potassium persulfate concentration.
T=0℃;[AgNO3]0=31.5 mmol/J;reaction time,

0.17(○),0.5(●), 1.0(○),2.0 hr(●)

TABLE 2. EFFECT OF PERSULFATE CONCENTRATION AND 

  TIME ON POLYMER YIELD AND MOLECULAR WEIGHT

Reaction temperature:0℃;[AgNO3]0=31.5mmol/l;

Initial monomer concentration: 1.34 mol/l

the increase becomes less pronounced. It is noted 

that the degree of polymerization at a constant 

time is almost independent of the catalyst concen-
tration.

 Classification of the Polymerization.10) The 
polymer yields at various monomer concentrations 
are plotted against the reaction time in Fig. 5. In 
each of several monomer concentrations, S-shape 
curves are obtained; in the early stage (until 
0.5-1.0 hr), there is a marked acceleration in 
rate, while the polymerization rate is gradually 
reduced in the later stage. 
  Figure 6 shows the variation in the molecular 
weight of the polymer formed with the reaction 
time. It is a characteristic phenomenon that, 
in the early stage, the molecular weight of the 
polymer formed increases proportionally with the 
reaction time, as does the rate acceleration. In 
the later stage, however, the molecular weight 
is shown to remain constant, independently of 
the reaction time.

 10) T. Kagiya, M. Izu and K. Fukui, This Bulletin, 
40, 1045 (1967).
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Fig. 5. The amount of polymerized monomer vs. 

  reaction time.

T=0℃;[K2S2O8]0=[AgNO3]0=31.5mmol/l;ini-

tial monomer concentration,2.675(○)1.65(●),

1.205(●),0.46mol/l(○)

Fig. 6. Molecular weight vs. reaction time. Reac-
 tion conditions and notes are the same as shown in 

 Fig. 5.

  The rate acceleration in the early stage shows 

the accumulation of propagating species. The 

initiation reaction may, therefore, be considered 

to occur continuously in the course of the poly-

merization; that is, this system is a polymerization 

with a slow initiation. Since the mole of the pro-

pagating species increases with the reaction time, 
the non-stationary state is realized in this case. 

Moreover, from the fact that the number-average 

degree of polymerization increases with the reac-

tion time in the early stage, this stage is a succes-

sive polymerization. 

  On the other hand, the polymerization in the 

later stage is a chain polymerization, for the degree 

of polymerization is independent of the reaction 

time. In order to determine whether the poly-

merization in the later stage has a rapid or a slow 

initiation, and whether it has a stationary or a 

non-stationary state, the following experiments 

were carried out. At first, it was shown that the 

addition of excess amounts of sodium chloride

inhibits the polymerization reaction completely. 

Three-fold sodium chloride, NaCl, of silver nitrate. 

AgNO3, was added at various times in the course 

of the reaction, while the total reaction time was 

five hours. We term the reaction before and 

after the adding of NaCl period I and period II 

respectively. Table 3 shows that the increase in

the polymer yield in period II was not observed 

in any case. This fact indicates that NaCl reacts 

with the Ag+ ion to form a precipitate of AgCl, 

and that the formation of a new radical is stopped 

because of the disappearance of the reductant. 

The lack of any increase in the polymer yield in 

period II also leads to the consideration that there 
is a termination of the propagating species which 

had already been formed before the addition of 

sodium chloride.

TABLE 3. RESULTS OF TWO-STAGE POLYMERIZATION 

           BY THE ADDITION OF NaCla)

a)Reaction conditions= T=0℃;[K2S2O8]0=

   [AgNO3]0=31.5 mmol/l; initial monomer concen-
   tration: 0.462 moll; total reaction time: 5 hr; 

   NaCl/AgNO3=3.0 (molar ratio). 
b) Overall polymerized monomer was obtained by 

   subtracting the theoretical amount of AgCl (31.5 
   mmol/l) from the total yield. 

c) The first-stage polymerization (Period I) was car-
   ried out as a blank polymerization in the same 

   reaction conditions as that described above. 
d) Polymerized monomer in Period II was obtained 
   by subtracting the polymer yield in Period I from 

   the overall polymer yield.

  In order to make clear the termination reaction, 
the polymerization was carried out by a two-stage 
monomer addition method as follows. The de-
finite monomer was divided into two parts (14.7% 
and 85.3%). In the first stage the polymerization 
was carried out with the use of a 14.7% monomer 
for various reaction times, and then, after the 
addition of a residual monomer, polymerization 
(the second stage) was continued for one hour. 
The experimental results are given in Table 4. 
The polymer yield in the second stage is plotted in 
Fig. 7 against the reaction time in the first stage. 
The polymer yield increased with the time until 
about three hours, but it decreased thereafter.
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TABLE 4. RESULTS OF TWO-STAGE POLYMERIZATION 

        BY THE ADDITION OF MONOMERa)

a)Reaction conditions=T=0℃;[K2S2O8]0=

   [AgNO3]0=31.5 mmol/l; monomer concentration 
   added in the first-stage, [M1]0=0.462: in the 

   second-stage, [M2]0=2.675 mol/l; reaction time in 
   the 1st -stage: variable, the 2nd-stage: 1 hr. 

b) Pzf the total polymer yield in the second-stage, 
   was obtained by subtracting P1 from PT. 

c) [MP]2, the polymer yield in the second-stage, was 
   corrected as follows by eliminating the small 

   amount of polymer formed during the second-
  stage with [M1]0.

Fig. 7. Polymer yield in the second-stage and the 

 degree of polymerization of the total polymer vs. 
 reaction time in the first-stage. Reaction condi-
  tions are shown in Table 4.

This indicates that the propagating species accumu-

late until about three hours have passed, while, 

after three hours, the number of moles of the pro-

pagating species decreases with the reaction time 
because of the increase in the termination reaction 

and in the consumption of the catalyst. 

  It may be concluded from these facts that this 

redox polymerization is a non-stationary state 

accompanied by the accumulation of the propagat-

ing species in the early stage, and by the consump-

tion of the propagating species in the later stage.

The fact that the propagating species increase for 

three hours leads to the consideration that, in both 

the early and later stages, this system has a poly-

merization with a slow initiation. 

 The polymerization rate and the molecular 

weight of the polymer, as has been described before, 

increase continuously with the reaction time in

TABLE 5. EFFECT OF MONOMER CONCENTRATION ON 

        THE NUMBER OF POLYMER CHAIN

Reaction temperature=0℃,[K2S2O8]0=[AgNO3]0=

31.5 mmol/l 
a) Number of moles of polymer chains was calculated 
   from the ratio of the amount of polymerized mon-
   omer to the number-average degree of polymeriza-

   tion.

Fig. 8. Number of moles of polymer chains (Np) vs. 
  reaction time at various monomer concentration.
T=0℃;[K2S2O8]0=[AgNO3]0=31.5 mmol/l;

[M]0=1.65(○),2.12(●),2.62(●),2-68 mol/l

(○)
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the early stage. This fact suggests that, in the 

early stage, neither the chain transfer nor the ter-

mination reaction is very remarkable, and that 

the initiation and the propagation reaction are 

the main elementary reactions. The effect of the 

monomer concentration on the number of moles 

of polymer chains is summarized in Table 5. From 

the experimental data, the number of moles of poly-

mer chains is plotted against the reaction time in 

Fig. 8. The fact that an almost linear relation

was found between them suggests that these redox 

systems have polymerizations with slow initiations. 

Since the number of moles of polymer chains was 

independent of the monomer concentration, the 

rate-determining step of the initiation reaction 

may be considered to be the decomposition reaction 

of the catalyst. 

 A more quantitative discussion of this polymeriza-

tion will be given in a subsequent paper.


