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                         I INTRODUCTION
   The heterogenous polyrnerizations of methy! methacrylatei)2), acrylonitrile3)

and methylacrylate4) have already been studied using potassium permanganate-

oxalic acid redox system as an initiator. Misra et al, have recently reported

the homogeneous polyrnerizations of acrylic acid5〉, methacrylic acid6) and
acrylamide7) initiated by the redox system at temperatures higher than 250C,

They stuclied the polymerization kinetics from the analysis of the remainmg

monomer, because the rate of Polymerization was fairly high and the conce-

ntration of monomer was low. The authors were interested m the polymeri-
zation of acrylamide under a considerably concentrated state, because the

considerably concentratedpolymer solution was obtainable frQm the polyme-
rization and so the polymer cQuld be easily recovered by precipitation into a

nonsolvent from the solution, In the considerably concentrated solution of

acrylamide the rate of polymerization was so high even at 250C that the
polymerization mechanism could not be studied, The polymerization at the
temperature of 10QC, however, was found to be suitable for studying the
polymerization mechanism. Further the chain length of the produced polymer
was estimated in the present paper,

     ' ll EXPERIMENTAL
2.1. Reagents

   Aerylamide was re¢rystalized from a benzene solution, The melting point
was 83. 5-･84,O"C. Potassium permanganate was recrystalizedfrom an aqueous
solution. Ferric chloride as a stopper of po!ymerization and oxalic acid were

special grade.

2.2. Polymeyization
   The polymerization was carried out at 100C in a round fiask e'quiped with

a stirrer, a tube to stream nitrogen gas and a thermometer, A certain amount
of monomer was dissolved in a certain amount of water in the flask after
nitrogen gas was made to fiow. A given amount of aqueous solution contain-
ing potassium permanganate and oxalic acid was added ,to the monomer
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solution to initiate polymerization, The molar ratio of oxalic acid to potassium

permanganate was 2. 5 which was the optimum for both the polymerization
of methyl methacrylatei) and that of acrylonitrile3), Each sampie of 20 rnl was

drawn off at intervals into a weighed aqueous solution containmg the $topper.

The amottnt in each mixture was weighed and the weight of the drawn
solutioh was deterrriined, The mixture was poured into methanol and the
polymer was precipitated, The polymer was filtered off and drjed in vacuo at

40-500C. When the aqueous solution containing potassimn permanganganate
and oxalic acid was added to the monomer solution, it changed brownish and
faded away in accordance with the progress of polymerization.

2,3. Degree of polymerization
   IntTinsic viscosity number (v)1 was deterrnined 'from the viscosity of the

one Normal sodium nitrate solution at 300C using a ubbelohde type viscometer,

The molecular weight of the polymer was calculated from the equation

                        (v) :7-･3. 73 × 10-4M,,ei6sg)

where M,, is the weight average molecular weight, Since the rnolecular
weight in the polymer of each conversion showed almost a constant value up

to 50%, that in 50% conversion was determined,

                           III RESULT

3, 1, Effect of initiator

   The rates and the degrees o'f polyrnerization were determined under
several concentrations of potassium perrnanganate at the fixed monomer
cQncentration of O.353mol/1 (2.50%) and 100C. The results are shown in
Table 1. The time-conversion cuvves are shown in Fig. 1. As is evident from
Table 1 and Fig. 1, the polymerization started after an induetion period which

decreased as the concentration of potas$ium permanganate in,creased, The
plot on the IQgarithm of the,rate of polymerlzation versus that of the conce-

ntration of petassium perrnanganate is shQwn in Fig. 2. The rate of polyme-
rization is proportional to the O.75 power oi the concentration of potassium

permanga'nate. The degree of polymerization decreased as the concenrtatiQn

of potassium permanganate increased and ranged between 8000 and 26000.

3,2, Effect of monomer concentration
   The rates of polymerization were deterrnined under several cQnditions of

monomer at the fixed concentration of potassiuxn permanganate of O, 127 mmol

Table 1 Effect of initiato; concentratien

      (Acrylamide : O. 353 mblll)

Kl)4/s},?}i)iO" induc(tA,oin.)perioci (.gip!×i.i,O,`,) Dp

1. 27 25 2. ii2 260002. 53 14.5 4. 12 211005. 66 12 7. 06 137006, 33 10.5 8. 12 .8310
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Fig. 2. Relation between thq rate of p6!ymerizatiQn and the initiator

      concentratiQn. (Acrylamide:O,353 molll, 100C)

   Table 2 Effect of monoiner concentr4tion

(Potassium permanganate; 1,27×10'4 mo!11, 10eC)

A?g{y,iialmi)ide indue:.i,oiesperiod (.5ip/¥.i,O,`,) Dp

O. 353(2. 50%) 25 2. 42 26000
O. 706(5. 00%) 8 5. 89 316eO
1,06 (7.50%) 10,5 11.0 44400
1.41 〈10,O%) O , - -
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Fig, 3 Ilffect of rnonomer concentration. (I〈Mn04:1,27×10-4 ;nol/1, 10"C)

      Acrylamide;:] 1.4･1, × 1.06, O. O.70:'], ee O.353 niol!1

Table 3 Effect uf temperature (A.crylamicle:O.353 moill,

    potassiurn permangante : 1.27x10-4 niolll)
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Fig. 4 Effect of temperature. (Acrylamicle : O.353 mol!1, KMnO, : 1.27×10-4

   mol/1) o3ooc, × 2ooc, Aloec.
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/1 (O,O0200%) and 10eC. The results are shown in Table2 and Fig. 3. The
polymerization started after an induction period at a monomer concentration
below i. 06 mol/1, but the period was not observed at that of 1, 41 mol/1, The

induction period seems to decrease as the concentration of monomer increases,

The rate of polyrnerization increased as the concentration of monomer incre-

ased and was found to be proportional to the 1.4 power of the monomer
concentration from the log-log plot of the rate of polymerization versus the

concentration of monomer. The polymerization proceeded rapidly at the
concentration of monomer of of 1.41mol/1. The degree oE Polymerization
increased as the concentration of monomer increased below the concentration

of monomar of !. 06 mol/1.

3. 3. Effect of teinperature

   The rates,of polymerization were determined at 10, 20 and 300C at the
'fixed concentrations o'f monomer o'f O. 353 mol!1 and of potassium Permanga-

nate of O. !27 mmol/1. The rates and the 'degrees of polymerization are sum-

marized in Tabie 3. The time-conversion curves are shown in Fig, 4, The
induction period and the degree of polymerization decreasedand the rate of
polymerization increa,sed as the temperature of polymerization increased,
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 Fig, 5, Arrlienius plot of the rate of polyinerization,

    (Acrylamide;O.353 molll, KMn04:1.27x10-` molll)

Table 4 Relation between degree of polymerization DP and conversion

   (Acrylanaide:･O.353 mol!1, potassium perManganate:1.27×10-`
    molll, 100C)

 Conversion (%) 15.6 31:! 40:6 48.8 53.0
DP 26000 25300･ ,25600 21700 , 22700
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   The Arrhenius plot of polymerization is shown in Fig, 5, The activation

energy was 9. 2 Kcal/mol,

3, 4. Rela'tion between the conversion and the clegree o£ polyinerization
   The relation is shown in Table 4. The degree of polymerization keeps
almost a constant value regardless the conversion up to 50%.

                          IV DISCUSSION
4･, 1. Rate ef polymerization

  4. 1, 1, Effect of initiator concentratien

   The rate of polymerization was founcl to 1)e proportional to the O, 75 power

of the concentration o'E potassiutn permanganate. Misra et al. have reportecl

that the rate of polymerization was proportional 'to the O, 5-･tl. O power of the

concentration of potassittm permanganate in the case of the polymerization of

acrylic acid5), methacrylic acid6) and acrylamicle7) by potassium permangana-

te-oxalic acid redox system at 30eC and thus that the monomolecular termina-
tion with a dissolved metal ion occLzrred, It seems that the present result can

be explaineed by the occurrence of the same termination as described above,
  4. 1. 2. 0verall activation energy

   The overall activation energy was 9,2 Keal/mol. Misra e't al.7) reported
that it was 12 Kcal/mol. These values are identical with the activation energy

of the redox polymerization,

4. 2, Initiation mechanism and induction period

   Launer et al.9) proposed the following mechanism for the reaction of
potassium permanganate with oxalic acid,

            Mn`' + C20 t2- SIOge MnS' + C02 + COO-` (A)

            Mn`'+COO: fS!'t, Mn3'+C02 (B)

            Mhs+ i- 2cflo4a- Ere' l;St (Mn(C20Du") (C)

            MnB+ -p C20,2- S-10W Mn2' + COOri. + C02 (D)

            MnS"+COO-. !ftlESt Mn2"+C02 (E)

The ion radical COO'". has been thought to mitiate polymerization,2)'d5)6)7)

The induction period which decreased with an increase of the concentration
of potassiurn permanganate or rnonomer was found in the present sttidy. If

we assurnethat Mn4' ion changes into MnB÷ ion through its slow reaction
with acrylamide instead of Qxalate ion, and the Mn8' ion reacts with oxaiate

ion to produce the ion radical COO-., the presence of the induction period

which depends on the concentration of monomer or potassium permanganate
will be explained. Sakurada et al. iQ) reported that the polyrnerization of acr-

ylamide by periodic acid was initiated by the radical produced through the
reaction between the two substances. Misra et al. did not observed the ind-
uction period. It is ' seemingly due to high polymerization temperature.
   The authors wish to express their gratitude to Dr, Chou Kuang-Fu and
Dr. Sadao Hayashi for helpful discussion.
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                         V SUMMARY
   Aqueous polymerization of acrylamide was initiated at 100C by potassium

permanganate"oxalic acid redox system. The polymerization proceeded smoo-
thly in the case of the monomer concentration O. 353 mol/1 (2, 50%). The rate

of polymerization was found to be proportional to the O.75 power of the
concentration of potassium permanganate in the concentration range of O, 127

to O.633 mmol/1. The degree of polymerization of the polymer obtained
ranged from 26000 to 8300. The results can be explained by the presence of
both the monomolecular termint･ktion arising from the reaction of the growing

chain with a dissolved metal icm and the bimolecular termination, The rate
of polymerization was also fotmd to increase with increasing concentration of

acrylamide in the concentration range of O. 353 to 1, 41 mol/1,

   The overall activation energy of polymerization was 9. 2 Kcal/mol in the

temperature range of 10 to 300C.
   Indttction periods were found in this polymerization, The period decreased

as the concentration of potassiuin permanganate or that of acrylamide incre-

ased. This result seems to indicate that the reaction of Mn4" ion with acry-

lamide occttrs to produce MnS' ion and the ion radical COO-. is produced by -
the reaction of the Mn8"- ion with oxalic aeicl.
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