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  Effects of Gamma Radiation on Polymer in Solution. (I) 

                    Poly(vinyl Acetate) 

                   Ichiro SAKURADA and Yoshito IKADA* 

       (Sakurada Laboratory, Institute for Chemical Research, Kyoto University) 

                        (Received September 20, 1961) 

    When polyvinyl acetate (PVAc) was subjected to gamma radiation in various or-

 ganic solvents at a concentration of 10 weight %, the polymer resulted in crosslinking 
 in methanol and benzene, but in many other organic solvents degradation occurred 

 predominantly. As the solvents became poorer, crosslinking was promoted at low con-
 centrations but retarded at high concentrations of the polymer. The most optimum 

 concentration for crosslinking of the polymer in methanol solution was about 20%, where 
 it was found that degradation hardly ever occurred. When PVAc was irradiated in 

 methanol-organic solvent mixtures, the rate of crosslinking was retarded as the solubility 

 of the polymer in solution was raised. However, in methanol-water mixtures, no cor-

 relation was observed between the radiation-induced changes and the solubility, but the 
 rate of crosslinking increased monotonically with increasing water content in the mix-

 tures, which may indicate that water is a very effective solvent for crosslinking. The 

 radiation-induced changes were very slight during irradiation at —50°C but relatively 

 large at 70°C. 

    The minimum doses needed for gelation in the 10% benzene solutions were inversely 

 proportional to the degree of polymerization of the initial polymer. It was directly con-
 firmed that the density of crosslinked units was proportional to the radiation dose, and 

 that crosslinks were formed not only from the main chain radicals (not end radicals), 

 but also from the side chain radicals. 

                          INTRODUCTION 

   Recent studies on the crosslinking and degradation of polymers in solution 

by ionizing radiations have shown that polymers undergo degradation or cross-

linking upon irradiation in solution as well as in solid state, and that effects 

observed may widely depend on the concentrations and the character of poly-

mers and solvents. 

   The mechanism of radiation-induced changes in solution are more complicat-

ed than that in solid state, since they may result from both a direct effect of 

radiation on the polymer and an indirect effect via the solvent. 

   One of our attempts to make the effects of radiation on the  polymer in solu-

tion clearer consists in studying PVAc under various conditions. In this paper 

we will present some data on the effect of solvent, concentration, temperature 

and degree of polymerization on the radiation-induced degradation and cross-

linking of the polymer in solution, will calculate the relative amount of de-
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gradation and crosslinking, and propose a mechanism of crosslinking. 

                          EXPERIMENTAL 

Materials 
PVA .c used in these experiments was prepared by the acetylation of poly-

vinyl alcohol (PVA). The original PVAc from which the PVA was obtained 
was prepared either by the polymerization of monomer in ethyl acetate at 60°C 
in the presence of benzoyl peroxide or by the bulk polymerization initiated by 
radiation at —78°C. The latter polymer was used only when the effect of the 
degree of polymerization on crosslinking was studied. 

   The PVAc was fractionated into seven fractions and the second fraction was 
used in most experiments reported here. 
Irradiation Procedure 

   Irradiation was carried out at room temperature, except for the case where 
the temperature effect was investigated, using a 2000 Curies Co-60 at the Institute 
for Chemical Research, Kyoto University. The dose rate was in the vicinity of 
1.8 x 10' r/hr. Glass tubes containing solutions or dry films were sealed in vacuo 
after heating under a reduced pressure to eliminate dissolved air and repeating 
evacuation in a nitrogen atmosphere, and then exposed to gamma radiation. 
Analysis 
   The radiation-induced changes were followed by measurements of viscosity, 
sol fraction and degree of swelling of gel. 

After irradiation, the solutions were poured into water or petroleum ether 
to precipitate the irradiated polymer. When a gel was formed, it was heated at 
70°C for 16 hr. in a large excess of benzene to extract the sol part, then dried 
and weighed. Sol fraction was given by the following equation : 

                         weight of the dried gel l        Sol fraction, S =1—)x100, (o)                      Cweight of PVAc used 
Limiting viscosity number, C72), was determined in all cases in benzene solution 

at 30°C using an Ubbelohde viscometer. The viscosity-average degree of poly-

merization, P, was calculated by the equation" : 

CvJ=8.91x 10-3XP 

P of PVA obtained by the alkaline hydrolysis of the irradiated PVAc was cal-

culated by the following equation" : 

Cv) =7.51 X 10-3xP°•6A 

where CvD is expressed in deciliters/gram. 

                     RERULTS AND DISCUSSION 

Irradiation in Various Solvents 

   In Fig. 1 are shown the results obtained by irradiation of PVAc in various 
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solvents. P of the polymer used was 1880 and the concentration of the polymer 

was 10 weight  %. These are in good agreement with the results reported by 

A. Henglein`--'. As can be seen from Fig. 1, change in C2) with dose depends 

remarkably on the sort of solvent used. For example, in methanol and benzene 

the polymer results in crosslinking, while in other solvents degradation occurs 

predominantly. 

1.4 

                                        Dry film 

17 Methanol 
Benzene 

•• 

                  1.0 • • 

            r•                                          -••• Dioxane 

                             <_'1i 0.8 i 
• 

Toluene 

            0.6 • 

• Acetone 
     0.4 ••                                                                A

cetic acid 

                                                                   Ethyl acetate 

                              0.2 

Chloroform 

          1 23 4 5 6 

                                           Dose (107r) 
   Fig. 1. Changes in the limiting viscosity number CO) as a function of the radiation 

     dose for PVAc irradiated invarious solvents at the polymer concentration of 10 
     wt. %. 

   The following two factors may be considered as most important ones in 

solvent effects, i.e., the solubility of the polymer in solvent and the sensitivity 

of solvent to radiation. In Table 1 are given these values, namely, polymer-

solvent interaction constant31, as a measure of solubility, and GR-value of free 

radicals produced by radiolysis of the solvent, as a measure of sensitivity. As 

evident from Table 1, the effect of solvent is parallel to neither the interaction 

             Table 1. GR-value and interaction constant Z of the solvents. 

    SolventGR(Chapiro)/. 

   Methanol15.00.575 
   Benzene0.57-0.910.440 

  Dioxane12.50.341 

  Toluene2.00.530 

  Acetone31.00.418 
  Acetic acid0.326 

   Ethyl aetate20.00.376 

   Chloroform380.233 
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constant nor  G,r-value, even if benzene, toluene and chloroform are excepted 

because of their peculiar behavior to radiation. As a conclusion, the effect of 

solvent can not be discussed only in terms of the solubility or the sensitivity, 

but should be interpreted taking into account other factors than these two. 

Irradiation in Mixed Solvents 

   In order to clarify the relation between the radiation-induced changes in 

solution and the solubility or the sensitivity of solvent in detail, irradiation was 

carried out in mixed solvents which were prepared by a suitable combination 

of two different solvents. 

   Two sorts of mixed solvents were used in this experiment. One was pre-

pared by mixing such a solvent as ethanol, hexane, xylene or chloroform with 

methanol by 10 weight in. In Table 2 are given the precipitation point, T,,, 

of solutions before irradiation, which can be regarded as a measure of the solu-

bility of polymer, and GR-value of mixed solvents calculated on assuming the 

additivity in G,;. These values indicate that by addition of one solvent to metha-

                      Table 2. Properties of mixed solvents. 

                            (methanol : added solvent=9 : 1) 

         Added solventPrecipitation points of solutionGo' 

  Ethanol7.5°C15.2 

  Hexane4.5°C14.7 

  Xylene—4 °C14.6 

   Carbon tetrachloride—7 °C15.2 

  Methanol0 °C15.0 

       2.0 i i I I 
                                                        Added solvent 

•Ethanol 

1.5 -Hexane- 
                                       Methanol only 

                                      / l5. 
                      1 

                                     '' 
1.0~•-

                                                 • 
                                                              Xylene 

r 
  0.5- 

                                                                 Carbon tetra- 
                                                          chloride 

0 0.5 1.0 1.5 2.0 2.5 

                                           Dose (107 r ) 

  Fig. 2. Changes in the limiting viscosity number CO) as a function of the radiation 
    dose for PVAc irradiated in methanol-added solvent at the polymer concentration of 

10 f6. 
    methanol: added solvent=9 : 1 (by weight) 
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nol the solubility is considerably changed, while the  G1-value remains almost 

unchanged. The results obtained by irradiation at the polymer concentration of 

109S are shown in hig. 2. The following tendency is seen from these data; 
crosslinking is promoted as T„ is lowered, that is, as the solubility becomes larger, 

but it is not decisive since crosslinking occurs more readily in pure methanol 

than in a methanol-hexane or methanol-ethanol mixture, although the solubility 
of the polymer is smaller in these mixed solvents than in pure methanol. 

   Next, irradiation was performed in methanol-water mixture in greater detail. 

It has been found by one of us that the solubility of PVAc in this mixed solvent 

is largest at water content of ca. 0.25'. Curves in Figs. 3 and 4, where the re-

sults obtained are given, show neither a maximum nor minimum point, but 

indicate a monotonic increase in the rate of crosslinking with increasing water 

content. The decrease in c fi) observed when the polymer was irradiated at the 

concentration of 1% may well be attributed to the formation of the intramole-

cular crosslinking. These facts suggest that the effect of solvent on crosslink-

ing of polymer in solution can not be interpreted only in terms of the solubility 

of the polymer in solution. 

I1          loot- 

0 I;;-, D             I.                        ose(1Q7`),v 
1.0(, 50 

n 3.0N --- Initial PVAcan 

. 1.4u 
 0.8'-,-', 40 

 fto                                                            \''' '.------Q-------0- 
                                           fS' 30 0.6 

• .; 1.0 

  0.40_. _. 10 30 0 40200 1020 3D 40 
Water  x lOD

,C°6)Water 100, ! Methanol+WaterMetitanol+ Water 
Fig. 3. Changes in the limiting viscosity Fig. 4. Changes in the degree of swelling of gel 

  number (r) as a function of thein benzene and the sol fraction as a function 
  water content (wt. %) in the mixed of the water content in the mixed solvent for 

 solvent for PVAc irradiated in methanol- PVAc irradiated in methanol-water at the poly-
 water.mer concentration of 10% and dose of 2.0 x 107r. 

0......irradiated in 1% solution0......degree of swelling of gel 
......irradiated in 5% solution......sol fraction (%) 

   A. Henglein has recently reported a result2' obviously different from ours, 

using PVAc with C72) of 4.2 which is about ten times as large as ours. So, to 

confirm whether this discrepancy is due to the difference of materials used, 

branched PVAc with (2D of 4.0 which was prepared by pearl polymerization 
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d0 

Water  
Methanol Water x 100, (%) 

   Fig. 5. Sol fractions as a function of the water content in the mixed solvent for PVAc 
    irradiated in methanol-water at the polymer concentration of 5% and dose of 1.4x 

10°r. 
CO of the unirradiated polymer is 4.0 in benzene at 30°C. 

was irradiated under the same conditions as Henglein's. The result obtained 

here is, as shown in Fig. 5, exactly the same as those obtained above, but no 

maximum rate of crosslinking as Henglein has reported is observed. The reason 

for the discrepancy remains as yet unexplained, but our results suggest strong-

ly that crosslinking is promoted directly by the radicals produced by radiolysis 

of water. 

Concentration Dependence 

   It is well known that the effect of radiation on a polymer in solution de-

pends on the concentration of the polymer as well as on the property of the 

solvent. The study on the concentration dependence may be necessary to dis-

close the function of solvent in the irradiation on polymer in solution. However, 

the analysis of the concentration dependence is very difficult, because the in-

crease in concentration of polymer leads not only to the decrease in the relative 

amount of solvent to polymer molecule but also to the change in configuration, 

mobility and entanglement of polymer chains which are considered to have 

a large influence on the formation of crossinking. In addition to these, it should 

be also taken into account that the extent of the attack of solvent radicals on 

polymers and the energy transfer between polymer and solvent may be chang-

ed with the concentration of polymer. 

   So, we will only give experimental results here. The dose for incipient ge-

lation are plotted against the concentrations of polymer in Ng. 6 when the 

polymer was irradiated in methanol solution. This curve is similar to that ob-

tained for other polymers in organic solvents, but distinctly different from that 

of the aqueous solution of a polymer°. For example, the critical concentration 
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below which no gel is formed, is higher by about one order than that of the 

aqueous solutions. Next, considering that even if degradations occurred at lower 
concentrations the polymer might crosslink at higher concentrations, we irradiat-

ed the polymer at a concentration of 40% in acetone, ethyl acetate or dioxane 
solution. The result obtained by irradiation at a dose of  5  x  107r is given in 

Table 3. When the polymer was irradiated at the concentration of 10% in these 

solvents, (v) was scarcely changed in dioxane, but dropped to about 50% and 

30% of the initial value in acetone and ethyl acetate, respectively (see Fig. 1). 
On the other hand, polymer crosslinked almost completely in ethyl acetate and 

dioxane, but not in acetone though (72) was rised slightly, when irradiated at a 

high concentration, as shown in Table 3. These results indicate that when sol-

vent becomes poorer, crosslinking is promoted at the concentration of 10%, but 

is retarded at 40%. 

   Table 3. Radiation effects on PVAc irradiated in 40% solution at a dose of 5.OX107r. 

           Solvent(v) after irradiation Sol fraction (%) 

   Acetone0.632100 
   Ethyl acetate—7.2 

  Dioxane—4.9 

         Ti-----------------------------------I I I I II I I 11 1 
    4.0 -- 

• 
2.0 - •- 

1.0 —•— 
   x -•                                           0.8- 

        0.6 -• 

        0.4  II II _ 
                4 68 i0 20 40 60 80 

                                        Polymer concentration (nt. %) 
   Fig. 6. Dose for incipient gelation R5 as a function of the polymer concentration for 

    PVAc irradiated in methanol. 

Effect of Temperature 

   The effect of temperature on the crosslinking and degradation of polymer 

has been investigated extensively with regard to the irradiation in solid state, 

but there are only few experiments ever published on the effect of temperature 

on the radiation effect of a solution. 

   In Ilig. 7 are shown the results obtained by irradiation of PVAc in organic 

solvents at the concentration of 10% in a temperature range of —50--70°C. P 

of PVAc used in this experiment was 1385. It is obvious from Fig. 8 that the 
effect of temperature is not so large, compared with what has been observed at 

irradiation of various polymers in solid state". A likely explanation for this is 
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 1.0 

                             70°C 

, Benzene 

rv1M —" 

                                           ``^ ."--II Aceticacid 
                                                III Methyl ethyl ketone 

                                                 IV Ethyl acetate 
            Oa 

                  1.0 
                                10°C 

 Cn7... I 
   a• 

              : r---------------------------0— II 

                                                                           0.0—III                                                                  ---------- Vii 
0.5 

                 1.0 
—50°C 

CO.. _ 

i SI IIS 
• N 

    0 265 10 12 

                                   Dose (106r) 
Fig. 7. Changes in the limiting viscosity number CO as a function of the radiation 

 dose for PVAc irradiated in various solvents at a polymer concentration of 10% and 
 irradiation temperatures of —50, 10 and 70°C. 

  1.0 -- 

I 

  0.5 ̂ — 
         CO 

O6—•II_ 
e III 

IV 

04- ii  —500 1070 

                                    Irradiation temperature (°C) 

Fig. 8. Changes in the limiting viscosity number CO as a function of the irradiation 
 temperature for PVAc irradiated in various solvents at a polymer concentration of 

 10% and dose of 7.0 x 10°r. I, benzene; II, acetic acid; III, methyl ethyl ketone; IV, 
 ethyl acetate. 
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that the flexibility of polymer in solid state increases with increasing tempera-
ture, particularly at the temperature above the glass transition point, whereas 

the mobility of polymer in solution will be affected very slightly by tempera-

ture. It is of interest that the radiation-induced changes are relatively small at 
 —  50°C. The effect of freezing which occurred in the case of benzene and acetic 

acid solutions at — 50°C was not reflected on radiation effects at all. The values 

of cvD, which would be obtained when the polymer was irradiated with a dose 

of 7 X 10or, were read from Fig. 7 and plotted against the irradiation temperature 

in Fig. 8. It shows that degradation is slightly enhanced as the irradiation tem-

perature rises, except for the case of benzene solutions. 

Effect of Degree of Polymerization 

   It may be expected that as the degree of polymerization of polymer increases 

the viscosity of solution increases, resulting in the reduction of the mobility of 

polymer segments. In order to examine whether this change in viscosity of 
solution affects the crosslinking, polymers with various P were irradiated in 109 

benzene solution. The degrees of polymerization of the polymer used in this 
experiment were 741 and 1814 whereby polymers were prepared by the poly-

merization using a catalyst, and 5323 and 19700 whereby polymers were prepar-

ed by the radiation-initiated polymerization. The change in C72D plotted against 

the radiation dose are shown in Fig. 9, and the dose for incipient gelation, R0, 
are plotted against the P of polymer in Fig. 10. 

   It may be shown theoretically that if the density of crosslinked units, go, is 

proportional to the radiation dose but independent of P and the mobility of poly- 

I--------------------------------------------------------------------------------III 
4.5 gel point 

                        IL,•i9700 

• cel pointgel point 
    4.0 I1 

   'I 

                    2.0 15 5323 
• 
                                   • 

CO •gel point I
• I 

                               1.5 
P=1814                                                       PP

-741 

• 1.0 •' 
•• 

• —•. 
                               0.5 

II I III-------------------------------------------- 
0 12 3 456 

                                          Dose (107 r) 
  Fig. 9. Changes inthe limiting viscosity number CO as a function of the radiation 

    dose for PVAcwith various degrees of polymerization P. The polymers were ir-
    radiated in 10%benzene solution. 
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10  , 1 1 I 1 1 • 1 1 

5 - 

           0 1 _ 
• 

                              0.5 - 

-r. . 

          0.1  I 11  
            500 10005000 10000ZOODO 

                                       P of the initial PVAc 
  Fig. 10. Dose forincipient gelation R5 as a function of the degree of polymerization 

    P of the initial PVAc. The polymers were irradiated in 10% benzene solution. 

mer, R, should be inversely proportional to P. It is seen from Fig. 10 that the 

product R9 X P is constant within the experimental error, as theoretically predict-
ed. From this result, it can be concluded that the increase in viscosity of solu-

tion caused by increasing the degree of polymerization does not affect the density 

of crosslinked units in the polymer in solution. 

Ratio of Number of Scissions to Crosslinks 

   A number of methods have been presented to calculate the relative amount 

of crosslinking and degradation. Among them, the following two methods are 

well known. One was suggested by Charlesby and Pinners) and consists in the 

pursuit of the amount of gel produced during irradiation. Another was propos-
ed by Kilb", which consists in the pursuit of the changes in (v). Kilb has 

dealt with the changes below the gel point, while Charlesby-Pinner have dealt 

with the changes in sol fraction after some gel has been formed. Kilb calculat-

ed the changes in (72), combining his theory that cv) of the branched polymer 

was smaller than that of the linear polymer, with the molecular weight distri-

bution function given by Stockmayerl°'. However, as it has been reported11711' 
that in the case of PVAc the magnitude of (v) of the branched polymer is real-

ly equal to that of the linear polymer if Cv) is measured in a good solvent as 

benzene, we derived a revised equation only using the distribution function 

given by Stockmayer, without any consideration for the effect of branching on 

(0). We will call it Stockmayer's equation, which is not shown here because 
of its complexity. 
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   Charlesby derived the following equation relating the sol fraction S to the 

radiation  dose R for the most probable molecular weight distribution ; 

                       S+1/ S =p0/q0+1/goP,,R 

where Pi, is the number-average degree of polymerization, and po and qo is the 

density of the fracture and crosslinked units per unit dose, respectively. Ac-

cordingly, the ratio of the number of scissions to crosslinks amounts to 2po/qo. 

Plots of C72J/C07)0 versus R/R0 for data obtained by the irradiation of PVAc in 

10°,o methanol solution, together with the theoretical curves, are shown in Fig. 
11, where CrJJ0 and C72J are the limiting viscosity numbers of the initial and ir-

radiated polymer. Comparison of the experimental results with theory yields 

2P0/q0-3.2. The changes in viscosity and sol fraction at the irradiation in 209 

methanol solution are shown in Figs. 11 and 12. The ratio is about zero when 

calculated by Stockmayer's equation and 0.52 by Charlesby's. These two values 

may be regarded as identical within the experimental error, indicating that 

degradation scarcely occurs. 

                               2.4 
2Po/qo 

0 
                                                            0 

2.2 

1 

  2.0— 

  1.8— 

   1.6•— 
                             r°~ 

  1.4— 
                                          0 

   1.2o — 

                                     0 
1.0. • 0 0— 

                                                                  3.5 

                            0.8 
             0 0.2 0.4 0.6 0.8 1.0 

R/RK 
   Fig. 11. Observed and theoretical limitingviscosity number ratios of irradiated to 

    unirradiated PVAc in benzene, Cq)/C00, as a function of R/R5, where R9 is the dose 
    for incipient gelation. 

    The theoretical curves are given for several values of 2p0/q0, the ratio of the number 
    of scissions to that of crosslinks. 

O......irradiated in 10% methanol solution 
           •......irradiated in 20% methanol solution 
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2.0 -• 

                           1.5 -

                                          O 

+ 0 co 
   1.0 -- 

• 
• 
                               0.5 - 

0 

  0 I  0.5 1.0 1.5 2.0 

Dose-1 (10-6r-1) 

   Fig. 12. S+ VSas a function of the reciprocal of the radiation dose for PVAc ir-
    radiated in 20% methanol solution. S is the sol fraction. 

Mechanism of Crosslinking 

   At present, very little information is known concerning the mechanism of 

crosslinking, although many detailed studies have been done on the crosslinking 

of polymer. In the case of PVAc, fortunately, the mechanism of crosslinking 

can be pursued rather easily since these crosslinks can be partly hydrolyzed. 

As the calculation of the number of crosslinks becomes difficult if degradation 

occurs simultaneously with crosslinking, we will discuss the mechanism of cros-

slinking using the results obtained by irradiation in 2090 methanol solutions 

where it was found in the above experiment that the main chain scissions occur 

only to a negligible extent. The degree of polymerization of the irradiated 

PVAc, PAC, and that of PVA obtained by hydrolysis of the irradiated PVAc, PA, 

are shown in Table 4 and Fig. 13. 

   It was demonstrated by Todd13' that H2 and CH4 but no CH3COOH were pro-

duced under irradiation of PVAc in solid state. Remembering this observation, 

  Table 4. Limiting viscosity number and degree of polymerization of PVAc, COACT, 
PIlo and of the hydrolyzed PVA, (r)A, PA, and number of crosslinks K of PVAc 

    irradiated in 20% methanol solution. 

   Dose (106r) (1)140 P10 (r/7n P K1+2x104 K3 X104 (K1+2+K3)x104 

    0 0.934 1814 0.910 1814 000 
     1.2 1.041 2155 0.972 2000 0.36 0.11 0.87 

     2.4 1.261 2944 1.178 2696 0.31 1.80 2.11 
      3.7 1.492 3864 1.195, 2756 1.04 1.89 2.93 
     5.7 2.090 6651 1.287 3094 1.73 2.28 4.01 

                           ( 12 )
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   8000-------------------------------------------------------------------------------- t It 

dPVAc• 
a. 

6000 -- 

         2 .0 
v a a r 
                         U 
     ~' 400e -•- 

                                a. 
   T1 • 
ohydrolyzed PVA P. 
        2000 -..._—- 

                             a, 

        II I  
    024 6 

                                      Dose (106 r ) 
  Fig. 13. Degrees of polymerizationY' of PVAc and its hydrolyzed PVA as a function 

    of the:radiation dose. PVAc was irradiated in 20% methanol solution. 

we may represent the crosslinking processes as follows : 

(1) reactions between two side chains 
—CH--- --CH — -- CH- - --CH- --   

1III 
  O000 III

I 
   COCOCOCO 

IIII 
    CH3CH2CH3CH2 

--> 1 +H2, or--> I +CH4 
    CH3CH2CH3CO 

IIII 
   COCOCO0 

O00CHw 
I1I 
   CHCH-CH 

(2) reactions between a side chain and a main chain 

--CH-- ----CH------CH-- --- —CH --- 
 IIII 

  OOOO 
  IIII 
   COCOCOCO 

CI-I3 CH2CH3 — ---C----- +CH4 --> 1 +H2,or--> 1   —CHC——CH0 
IIII 
O00CO 

COCoCoCH3 
III C
H3CH3CH3 

(3) reactions between two main chains 
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             CH3 CH3       
I I 

 CO CO       
I I 

      0 0 

—> J +H3 
—CH--- ----C-                   

I 
      00 
      II 
         COCO 
      II C
H3CH3 

The crosslinks formed by the reactions (1) and (2) can be cleaved by hydroly-
sis, but those formed by the reaction (3) can not be cleaved. Therefore, the 
number of crosslinks per monomer unit can be calculated by the following 
equations ; 

Kl+a = (1/PA -1/P .,ic) , for the total reactions of (1) and (2) , 
         K3 = (1/P —1/PA) , for the reaction (3) 

where P, is the number-average degree of polymerization of the unirradiated 
PVAc. By the way, the degree of polymerization which is calculated using the 

(72)-P relation described above is number-average, for the relation was obtained 
by the osmotic pressure measurements of PVAc having the same molecular 
weight distribution as ours. The calculated values are given in Table 4 and 
Fig. 14, which show that crosslinks are formed not only via main chains, but 

also via side chains. As is seen in Fig. 14, the curve for the total numbers of 
crosslinks, K1+3+K3 is approximately a straight line. This means that the 
density of crosslinked units is proportional to the iadiation dose and that the G-
value for crosslink is 9.0. The gels obtained under irradiation with the dose of 
2 ><107r  completely dissolved in boiling water as a result of hydrolysis, but for 

5 

 oO 

4 K1+ -+K3 
                  S                           c 

                         0 

             0 E 3•• 
                                                            K3 

u zOx 
• 

Z 1•• 

•0 

                                        Dose (106r) 

   Fig. 14. Numbers of crosslinks per monomer unit as a function of the radiation dose 
    for PVAc irradiated in 20% methanol solution. 
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the gels obtained with a dose higher than 3 x 107r, a water-insoluble part was ob-

served even after severe hydrolysis. 

                          CONCLUSION 

   From our data it is concluded that various factors should be taken into ac-
count to explain the irradiation effect of polymer in solution. However, the 

temperature effect is very slight and the dependence of P on radiation effects is 

similar to that of the irradiation in solid state. The fact that the radiation-

induced changes depend largely on the concentration of the polymer and on the 

properties of the solvent used is undoubtedly strong evidence for the indirect 
effect, but it is not reasonable to conclude that the indirect effect is entirely due 

to the attack of solvent radicals to the polymer molecules. Results obtained 

above also suggest that in order to make the effect of the solvent clearer it is 

necessary to irradiate the polymer in more various solvents and over a wider 

range of concentrations of the polymer. It seems very dangerous to draw some 

conclusions from irradiation experiments at only one fixed concentration. Many 

available data may be obtained by the experiments which were not carried out 

here, for example, the irradiation in a so dilute solution that polymer molecules 

do not interact each other and in the presence of oxygen and additives. 

   The authers are grateful to Drs. A. Nakajima and Y. Sakaguchi for discus-

sions and comments. The authers are also indebted to Messrs. Y. Nakayama 

and R. Katano for their cooperation in irradiation procedures. 
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