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 1?1,1,'CL, 

The present studies '.1ave boon carried out at L',“)to :ni— 

versito under the dir,:ction of Professor ichiro 'alTurada in 

1955,1962. Audies on the raAation effects of solutions of 

various polrs :,:uch as i)o.1(vin,j1 alcohol), its derivative, 

oWvin-iyi acetate), :)old.(vinl let.l ether) and ooL(ac,lic 

acid) are involved in thif: eAr_;e3tation. Irradiation was 

performed with came radiation -.1-'0: a Cd-- source c) 2CCC 

Curies at the Institute f eical :escarch, Faoto Univ,I:sity. 

All the papers were and siaall ',0 aublished In the Special 

issues II, III and IV on Ibusicall Cha,lical and 'ciolo,j_cal 

.:,ffects of Gaa:la 1aciiation in the ?:A.alletin of the Institute 

for Chemical Research, ,:yoto finiversit, ''') (1)t.31), '( (1.2) 

and 41 (15). 

     The author should like to ,...pross -.71:3 coop ap-l'eciation 

to i-rofessor Ichiro :,,a.kurada for his invluable uidan. and 

encouraeoent tvirolahout the work and for ic-:troucinc Aim to 

this fielJ of science ancl directiwr ii;terest towarjs .a.n,)- 

of the probles discussed ;Ieroin. ihanks a-.20 aloe tendoed 

to irofessorsamura, A.-ai::aj , 1. ::;a1-auchl and enr-lcin 

for their co', .t;,,t interest and numerous constructive comments 

in this UCO2.,



 de is also pleased to thank Assistant Professor L.Ise, who 

has read portions of the manuscript and offered criticism 

and advice. Further he is Ereatly indebted to Professor 

.,ihimizu and stuffs of his laboratory for .,al'int; the 

irradiation facilities available for these studies.

Yoshito Ikada

January, 3_963

Department of lolymer Chemistry 

Faculty of Aagineerinc; 

Eyoto University
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Chapter I

 uL TION



 AlthouLa an ienumerable t 0t11/1 of stud, rias been devoted 

on the action of radiation on eeLmer "in solid state", on. LL 

 little vloi.k hue been c3vi:ied ouL in the field of 

radiation cheeistrty of polers "in solutioe". (nc of 0,aule 

      s 
reason,for,this lies in the fact that tue proc3,:)es tL:kig 

place in solution under irraelotion is much more complicated 

than that ie solid state. jhen a polr is irradiated in solu-

tion, the euestioL always :_;rises whether tb.e effects !Produced 

are either due to the direct kilts of raiiation on thn solute 

uolocules or due to :eaeicals re±uc,(:: in the solvent s,:hic!I 

then react with the solute. The first is referred to as direct 

effect and the 3C-,01, as inejl'ect effect. in aGeitionIteere 

                                                   - would be another factor such as oeilit,,, of individual chaTh 

seu.n6s, which see_ls to influence the rate of such reactions 

as crosslinLinn and ert_1(Jation. 

ntil new, nowever, only a eil',, few data were available 

''o:c . ,,ndcr,tain tJe .2echanis of erocesa occurr_in, in eoleer 

spluLiohe durin:, irriation. :Toreover, eaklier ce;Leerir,ents 

were often conductee under very unsuitable cceeitions, and ,,i;I:ch 

influence as eresence or absence of ee„yren, uaE riot appr*?cl.nto0_ 

full enoue:;e, libieh often led to inconsistent results amonr 

different research croups. 

Me;_i-.1:-use Cl the present sties is to 2rov1je :01:e 

detailed infe_eAations witli reect to cHc effct,,3 of _am!lia 

ra,iation on various poleers in solution over a wide 1.-:J.Lfb 

of concentrations and -ce sane clear Lie _(..:LanisLi of ra(tiation-

in,:Juced reactions.
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      As can be  easily e;‘pected, chances occurrinç i . solution 

durinc, irradiation depend strontly on the nature of solvents 

used. A larCe difftrence was observed l:, ra(Aatior effecta 

particularL bet teen aqueous and. oranic solutions. results 

oz aoleous solutions of pola(vinyl alcohol) will be described 

in Chapter II, and those on oranie solutions of poly(vinyl 

acetate) ih Chapter. III. In order to understand this difference 

and the role of solvent in the raOiolysis of polymer solutions, 

investiation was performed usinu poly(viryl methyl ether) which 

can T..eiLi dissOlve not only in water but also in ,:any ._inds 

of oranic solvents. It will be clarified iii Chapter IV that 

the crosslinking in aqueous solution is mainly coused by r_.1% and 

H. radicnls produced as a result of radiolysis of water, wereas 

the crosslinkinn cm be retarded by radicals p°,:oo.uced from 

ordinary oranic solvents. 

In Chapters II and IV, the peculiar behavior is mentioned. 

On irradiation in vacuo of ooLmers in aqueous solution, no Le1 

is formed by an dose, if the polyer concentrations are io, 

than a critical value. However, if the concentrations become 

sliGhtly higher than this value, relation occurs sudder14 and. 

the dose .reQuired for incipient Gelation falls raid1 itt 

increasin concentration. Then after reachinh a :Arcii:lu, the 

Lolation dose increases afain rather slowly. 7o devise an 

adequate theory to explain this peculiar curve of deIeton dose 

with nolmer concentration, it seems necessary to obtain _Ilch 

more knowledge concerning the crosslinkinft occurring in the

-2-



neighborhood of the critical  concentration. :ince the critical 

concentration is considered to show a marked dependence on the 

expansion of molecules in solution, two charged polymers are 

irradiated in aqueous solution. One is eoly(vinyl alcohol) 

partially acetalized with glyoxylic acid (Chaeter V) and the 

other is poly(acrylic acid) (Chaptera VI and VII). Ihe expan-

sion of these polymers is adjusted by varyin::, either the ionized 

carboxyl ::roup content or the concentration of added salt. 

Furthermore, detailed study is carried out on an uncharged 

polymer, that is, poly(vinyl alcohol) '7ith various degrees of 

polymerization (Chapter It is concluded from these results 

that at the critical concentration every polymer molecule is 

just connected to every other within solution. The elucidation 

of the physical significance of the critical concentration 

enables us to interpret the peculiar behavior ob3crveci_ at the 

gelation occurring in aqueous solution. In addition to this, 

radius of polymer spheres can be also estil!Aed u,,inc the data 

concerning the critical concentration (Chapters V, VII and ]). 

At the same time, effects of charge ',nsity on cie:radntion of 

Helyelectrolytes in solutio,_ are studied (Chapters s: and VI). 

Chapter VIII is concerned with tho effect of aditiveo, in 

other words, the radiation protection and prodotion. he 

irradiation effect of polymer solution below the critiLel 

concentration is studied. The reFults are Liven in Chapter VII 

for poly(acrylic acid) and in Chapter Y for r,o1,(vin,1 olcool). 

It is found that incp- )oLymer, na 01,5 

zclero-;:el, can be formed at high doses. Jr IL 
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IX, the indirect effect is  quantitative13, discussed.

Undoubted1,), these studies on synthetic polyers and 

polyelectrol,tes would render us better understandini: of 

the complicated f(J-.ture of radiation chenistry. "owever far 

the way to ro is, the final roal of this fiel of science is 

to ;A an understanding of the effects in biolo:lical 

The author wishes to have been able to contribute sometlin 

for this.
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Chapter II

 IL AIL (,_;'ICI,)

I.Sakurada and. Y.I1:ac',3, ull. Inst. Ghe. :oto 

                           99 (1(:).>1) 

Effects of Cobalt-a Gama iadiation on -;()1(vin-,y1 alcohol) 

A'fr7,cts of iTa:Afila rudiation on water-swollen 

films and aqueous solutios

(III)



 1. introduction 

     In recent dears a consideraole nulber of invectigations on 

the effects of hi Oner0 radiation on hiun polamers have been 

reoetd. Generell„ theso works hove bu_.:c_ carried out on 

polyoers in the s, lid state, while for olyner-solvent eastems 

only a few papers h ve teen published. In the case of IV .-e. ter 

sestem, studies _lave Leen cerrie out re_i only in our laboratory, 

but also ea A. Charlesby2), A. Danno3), S. Okamura4) etc. 

Accordint, to taese results, Alen PVA is ieradiated i_ the solid 

state et room te,r,avature, crossilehinL aoc not occur to an 

extent that an insoluble Eel is fried, independentle of the 

eresence or t, e absence of air. aowevel, if water ie present, 

 el formation is observed. The followinJ two factors niae be 

Lainly considered as those relatal to water; 1) the ection of 

the radicals proeuce- b, raciolesis of water, and 2) the 

increase in mobilit, of clein seonts b the presence of water. 

o olucie,te the role pled 0 eater, it is neceesar0 to obtain 

more accumulative date obout the behavior of water eeminci_ 

the effects of the i,ra,iation on 

Accc2dine!y, tee erecont exneri arto we c c-rried out on 

aqueous eelu„ione eed water- uellen films of I7A ceverinc _ e 

more oide ran'e of the polomor cencentration eith which the 

previeus workers did not (eel. The effects of air, concentra-

tion and ,;obility of cein socelents, r.nd - the eiffcrences 

in the effects of irrn iation on the noletens end on the 
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swollen films at the  slme concentration were studied. 

                    2. Experimental 

2.1) Materials 

Unfrectionated and fractionated PVA were used in this 

experiment. The unfractionated I-ill is the sahe one that was 

used b*(5, I. 3aldrada et al7). Its viscosit51—arac:;e degree of 

poLmerisation, Pv, is 1090 and its distribution curve of the 

degree of polymerisation is shown elsewhere7). The fractionated 

I-VA was obtained 'Lo f-...actionatin7 a co-:2Horcal INA from aqueous 

solutions b, slow aCItion,of ii—propanol. Pv of the 

fraction used in this oxeriLert is 199C. 'te—saponification 

of both PVA was pe2fored, after which the excesc, of :a011 was 

co:1)letel,J e_tracted D :cthanol and no act;i1 1-eLAdue was 

detected. 

2.2) ii-:,ration of sollen fil:n and solution 

     The swollen fiLYis were prepared ki the .Jamo TJethod os 

described in tho references1'7). The pols73or was cast on the 

Lboo plate from 1C;:i ayo.00us solutl_cr to -.jeld unon dr&irJ: 

films of (,,C:, to 0.08 mo thickness, The film was drioL under 

vacuum at room teL],:erature and prosrve0 in a desiccator 

containin P2C5. The fi17 was i=ersed in voter at 3C0- for

-6-



two  days till it achieved a swelling e;uilibriuL, and was 

then cleared of t:e water from the surface. The aqueous 

solution for the irradiation was heated to eliminate the 

dessolved air from the solution, after the solution of a given 

concentration was prepared. 

2.3) Irradiation 

     Irradiation was carried out in glass tubes at room 

temperature. The ::ose rate is 2.1 a 105r/hr. The glass tube 

containinH the solation or cwollen fila was sealed in air at 

atmospheric areas re, or in vacuo after reaeating evacuation in 

a nitro6ea at acahoo. Irdiation was started lane, iately 
after the tube was aelad. 

2.4) letlsaru ,J:ts of viscosiL„ aol fraction and de, roe of 

awalling 

     After irradiation, :ater was a,aed to tie -aaple, alai the 

sample was loft to star a 6c, at room toa,e-aature. Then 

the sample as boated on a oi1i watral bath. If the saaale 

contains no el nart, it was l'c,r101l diasclved in a few miTutos, 

but ctherwiae it was boated for la hra ai t the insolubo cat 

(gel) as seouvatad fre tlaa aola-aa part (aol) by a lass 

filter. In e(ActeJ, f itor the aeaaration, the swollen ol ua: 

ieiLbed and tbo rieJ- vac:211a. The deLreo of swollinu 

-7-



was calculated by the  follovinp equations 

Degree of s:7elling(o,y weie;ht) = yeUht ef the swollgn  1(at 1000C) weight of the 'tried gel 

Sol fraction was given by the following e uetion: 

                  1 _ ofthqdried(el 801 fraction(,)x 100. ,;el'ht of PVA used 

     P of the sol ,,eat :,as calculated floi the 11-litil_c viscosity      V 

number DO measured in a uieus solution at 300C by the following 

equation; 

                   A           rx 7.51 x 1C-'' P "64 (conc. in :71(0p1). 

                      3. D.esults ard ,iscuseion 

3.1) Irradiation in air of the watre_Tuellen films 

     it ses vcr interestinE, to Levecti ate the effects of 

irradiation on wate- a films, since water contents in fills 

can be chan, eJ over wider ranes than thoe of solution. 

IrracAation was carried out in tei_e on t: .e wato_- 1J(11en 

films of varieuz aater contelaL, be n Rrcd from 

the unfractionated VA ith kv of 1(90. 1,1, the irobability 

of a fractIeee a and other ,junntitic are listed in aaao 1. 

a was calculated La the Sakure Luaicn usinv 

-8-



 M  EIL  ji  [7  Jo t where [1,1 and 

numbers before and after the 

calculate a, it was assumed 

that all ends of main chain 

be seen in Table 1, the main

1,13 are the limiting viscosity 

derradation, respectively. To 

that rin: did. not occur and 

fracture were stbilized. can 

chfAn f_acture is increased with

Table 1.
-
_,Sfects 

s.Jollen

of gamma—irriation 

films of PVA*

in air of water—

Concentration 

(wt. fraction)
Jose 

(r)
Sol fraction 

   C))

E 

(1. _1/g)
Pv a

unirradiated kVA 

    0.157 

11 

11 

0.193 

it 

11 

11 

0.235 

11 

11 

11 

0.415 

11

5.4x1OL' 

11.9 " 

11 

" 

12.9 " 

13.5 " 

42.0 " 

 6,4 

7.1 " 

10. 

12.9 " 

42.0 " 

 9.5 " 

11.9 "

100 

11 

11 

11 

11 

13 

100 

11 

11 

15 

3_00

0.655 

0.36C 

C.230 

0.158 

0.390 

0.231 

0.223 

0.294* 

0.384 

0 

0.300 

0.188* 

C

1085 

429 

210 

117 

480 

211 

200 

508* 

468 

459 

318 

287 

153*

0 29 

  075 

C e(2 

C 024 

C 074 

0.(.079 

C.0024 

0,0026 

C 

C.f.- 027 

0,, 037

* P
v of sol part •
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increasing dose and at the  dose of about 4 x 107r, a gel was 

formed. This is in accord with the results obtained previousla 

in our laooator6)• 

     a is plotted a ainst dose R in iL. 1, where it , is seen 

that the relation between a and R is linear at lower doses but 

deviates upward fro' the linearitd at higher doses. This 

increase in o at higher doses can be interoreted as follows; 

if in addition to main chain fracture some crosslinkin6 occurs, 

the pola.ler ,olecules would oeco o increasincla branched arLa 

their li!iii,iviscosita number :ould fall Inc_ .asi.flily below 

those of linear molecules of the so e Lolecular ieight and, hence 

the value of a would becoe er than those '1,lich ijoUlh be 

obtained when onld chain fracture occurs. 

     Now, we All (-71cuinte how the indirect, eMet of water 

contributor; to the :Jain chain fracture. L'o.L. a raA'Ition dose 

R in roentgen unit, the e_ler;,, absorbed per rto,, of Eliollen 

filmis RA (ware, AwC.58 x 1O' Thr_fore, the enerca 

absorbed directia 3,1 pol-dmer in he swollen film is RAC, where 

C is the weight fractio, of poly01. (L/DI and 31_1:Jeri, the 

elier„ absorbed by water is RA(1 - C), rroviued that all 

RA(1) is not used for the c'ra,ation but that onl::-fraction 
k of it is uso(1, the totel r:ne12-d dissipated for fracture 

a,--iounts to RAC + hliA(1-C). 

     The number of r2ain chain fract-are :or as of saollon film 

is CrJa/ Wil01:0  is Avo^ odro's numorLI is the ,olecular 

weight of the monoer unit. 

                                     - 10 -
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'-o the enerc„ dissipater , per frneture, j..4, is Yd.-yen 

          C -1- 1_,(1 -  E
d = ' — J(1)               kietill 

or 

a = (RAM/E-N) f k/C + (1 - k)}(2)        md 

Assu:Lin that i.c:I is independent of the t:ei. At frnetion of the 

polymer, k and ici . 7111 be riven to slope and the int.-Eat 

of the sti:ely',-Lt line obtained by plotin a a:aiLt 1/C at a 

fixed dose. 

4uation (2) also inico-i..es 1;7Aat a plot of* a aainst 

s;lould be a strait line, if C 1. ccnst-nt. As mentioned 

above, the )1Gts i.,:. 1Pi. 1 is lfier onl at low doLo, lossihl,:y 

because c)-' tle formation of b32a;.:,ce Dol,;,mers. 3o9 

f k/C + (1 - k)}- obtained from the initial clo was plotted 
aLainst 1/C in i.i?:. 2. The cerresT)ondin values obtained ii, 

our laborator-j,1) aie also rlottoL in TiE. 2. As shown in Pic, 

a Lood straiylt line ';r?s obtainea, f-12 wJleh k = C.(,91 lc,=. eV 

were derived. This shows that not ell te 0(,)i.-,) aL;s(:-.cbed 

water but on:* Q.,.;L of it was :_isipatd for rin chain fracte. 

The value of 36 eV., i.e., the ener dissiooteh :c' :nain. ellin 

fracture, is in accol--: wit: the v.due of 3S.7 eV. which was 

o,tinedin the ease of irdiation on hi. ',71 b-,,y 1. 3akurada 

et al7). 

                                         - 12 -
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Table

 3.2) Irradiation in air of the aqueous solutions 

      Studies on the aqueous oolutions ou far publisheu have 

  dealt solutions of 1-ther low concentrat,,_ns. 1 

  present stud.), irracintion was c cut usin aqueou.:,' 

  solutions of corip,arativel, high concentrations and the effects 

were co;.;, N.COL with thse of the water-swollen fil c. The PVA 

used and the radiation condition are the sae as d c,,Abed i; 

  3.1). The r.-)clts are given in Table 2. 

2. 'flects of , al .adiation 1, air of aqueous solutions of IVA.

0once:tr:,tion 
(,u. fraction)

Dose 

(r)
;o1 ffaction 

(10111/)
PIT ieTee of 

sweli of yel

unirl-diated 

0.10 

Ii 

SI

±VA

0,L3106 

1.3" 

2.0 " 

3.3'I 

3.5 

7.1" 

8.0 " 

1.5 

3.3 " 

4,C 

4.9 

7.1 U

100 

100 

CC 

35 

27 

23 

23 

11 0 

100 

5C 

32

C.G55 

 0.736 

C.a2 

0.30C 

C.797 

1.00 

C.6(3 

 0.655

1085 

1544 

2['., 

1292 

522 

 4L,C 

3LC 

1-64 

2liC

60.3 

43.2 

25.1 

Li2).5



 ,hen the swollen fil s 'ere irradiated in air, the ry was 

decreased with increasing dose and abruptly a cet was formed at 

hith doses. In the case of the solutions, on tee contrary, as 

the dose was Inc eased, Pv was increased consistently and a Lel 

was formed. This phenomenon Ceet Pv is increased wiGe dose, 

finally resulting in , el feeeation, has been found in ecrlier 

studies2'31on the effect of irradiation in vacuo on aqueous 

 VA eolutions. It is 'leo reported teat eolemer degrades eleeee 

when the solution of a low concentration is irradiated in air. 

Notwithstandine leet i. our case the solution lees irradiated in 

air, the result obtained was ess,ntially the 'L. e as that 

obtained when irradiation is carried out vacuo. This cc, 

well be due to the fact teat irradiation wee carrie out using 

such a hk1 co, Cc.:' trated solution as a el structure was formed. 

Therefore, air would not be able to diffuse sufficienele into 

t_J solution, wnile the 034 OD has only affect° tle surface of 

the solution, In the case of the swollen fil s, it seece likely 

that air is able to iffuse eoee easile late tee ieterioL of the 

film because of its then thickness. The effect of aii is to 

be eiecussed in ceLaii later. 

     The oneree 9-1)Oti b tee solution ei.11 he ,,art13, us(Al for 

the reaction which concerns neither with crosslnLia nor 

deirn6. tior, So tee enerai actually used for croselle3ie,and 

dc raeetion of polyeer will z)e is a than all To ct-ry otsorbed 

by the solution. Therefore ,-hen the acluVen Is izra,Tiateel 

with the dose of L, the enerL-,y cctuall ,5 uco.foi tee poleeer 

                                       - 15 -



 reactions will be reduced to Rf(C), whel-o f(C) is a fu.:rtien of 

the :Jei,ht fraction of ,mi,.yer C, and is Eiven, as in 3.1), 

-LA.) Colowin euation 

f(C) C k(1 C) 

R?ce!Lt1 e ical equation 7./Las deduced o, A. Gharlesb;,, 

and l'inner'- to calculate the tItio of decradation and 

crocAlnkinu from Ghe rose and the col fraction,• The 

euation can be ifiotIn cur case as follows: 

S -f\k = 1/q02f(C)u1, 

who p, and oo is the fracture del_ai af, the delj.A,& of 

crosslinhed units Lie'r unit ,Acco is the Close in 

roentGen unit and U1 is the iniJ±1 nuiibcr-avoy-are :Je.ree of 

                  ProL! the interce:Jt of the sh.ait line 

obtainer_ o, aLlct 1/.1 N/o, can be obtained, 

ah,. if 1(6) is attuallty eduu_ cs LS calculated 

was aLaLnt 11' in ei71E:. 3, ad th':) yesult 

obtained -..ons tese lots is then in Tonic 5. As tllo value 

Table 3. 'Yadiatier para7letars anC: elotion 2oeec for 

air-i/rdiated aueous solutions of

doncent17-ation 
(wt. fr,ction)

Po /go pc, x 1C1-1-
      4 q

c2:1C Gelation cose 
(r)

C.10 

C.2C

0.-7 

(.39 

( -55

•, 

C—Cof 

   C 
C:01)

11. 

4
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1

 r- -----1 -------11,I--1, 
t 1. Of. 

                                       (- 

             .,-------' 

• ,. -- 

         / 

      /,,z" 
..,-. 

        ///--^ ...,,,,,---     // .-----     1 --17 ,-----  1 
,, I;..-) 

 V 1,---- 

    !1 __L_ Ii 

- • Ur iT e L: 

        aqueous

 (1o7, 

of -3-IT ainst reciucal 

soluLi(),sof irrauiat,d

-,) 

,ose to 

i air.

-17-



of k involved in the  functhn f(C) C.69 us uecd, which had 

been obtained in 3.1). 

     As .so7:7n In Table 3, p, is nearly irUor.endent of the weight 

fraction, wile (le 317 r7=r-ly f:9.ncos()d uith increasing 

weiht fractici of the poi, e, Thic sow's that the mein chain 

fracture Occurs trentl,y of t'le '!e1(7ht fraction, but uLat 

the formation of crOccliri:,:inT be:cones difficult uith ine , .-_1117 

woiL;ht frction. The resultsi-IFTects tTh at increased ' 'L,bilit 

brou it nbout 1).i the ,,.;-rocence of water 1.f1uences the cI'.occlin'iLg 

to L,,,.:3 e:Aent, but .13o, (:_o radati-n 1-:ot so AroniJi4, 

T1-;e Lelluticn ic is limn in the lact column of TaJ1: 3, 

It was ootained itom the .lot of the 2 ocir,ocal of the ce roe of 

swcAling a::ainct the C.(.)e. The 0..020 at ,Jihich the reel 

of the derr,,e of cwo11477=(i -uns ta-,er, as the el point. 

3,3) irraiation of :7nter—swollen films et e f1,1:.e- 6oce 4_r. -lir 

     and in vLcuo. 

     In this snction, we invocti, ate6, ::(al ,I-21., the effect of 

ox;ycen. The wate—..lien filfn.s .i:e.rc,,,a from too frctionntecl 

iATA withof we.cr                         we.-2e irraate,: ,in vacuo a:cr,A.                                  lnat a            PV- 

fixedose of 3.',":a 1CL'r. The r -ultr, are ,-3o .in In Tools 4,. 

     The sar-210 usd for ir4:-aLi7ion in vacuo ct.. be ev-::Q.uatoo, 

01-,-y Li') to 1C—'mzL lic hocaticc of the i:;resence f .:,rato2 coi-_,_d 

in the film, but in the case of to or fii$ it was .-_.cic. tJ:tor 

                            .ii7L:fo,2,25:Arc....,ira_iatc-:::is evacuation u:_to 10 
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 Table 4. LSfects of

of PVA in

(amma-ir.vadiation

vacuo and in air.

of water-swollen 

R.3.2 x 106r.

films

in vacuo

De ree of 

swelling of 
films

Concent.stion 
(wt. fraction)

Ln] 

(100m1/g)
Pv 601 ilaction 

(d)

Dearee of 
swelling 
of gel

10.8

7.3

3.6

3.1

1.8

1.1

Dry film

0.(95

0.120

0.208 

0.244

0.357 

0.476

1.00

0.722

0.897

1.135

o . 992 

(.943

0.81C

1393

1760 

2544

2063

1903

1501

23.5

31.6

55.5

large

100

100

'CC

18.7

25.5

70.5

large

   air

Degree of 
swellinL of 
films

Concentration 
(wt. fraction)

[^(1.1 

(1COml/g)
Pv 'ol fraction Degree of 

swelling 
of gel

10.8

7.3

3.8

3.].

1.8

1.1

   film

0.095

0.120

0.208 

0.244

0.357

0,476

1.00

0.593

0.578

0.698

0.705

0.718 

0.746

0.798

922

886

1190

1209

1243

1320

1467

35

100

II

23.9

..11WOOM
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 carried  'cut in air, it is desirable to irradiate the sa ic in 

ahopen tube to suHa,, air constantly, but in our case es the 

   sample contained water, the Irrac'i7Ition as e=ied out 

   unavoidably in a sealed tue. 

       In Fir. 1, P. of eel part was ilotted a:oinst the weijht 

   fraction of the PCA,20re 

   It shows that tLloro is a re„!larkabie difference between irradition 

   in vacuo and i.., air. In the former case, F. !lao•decre!:Iso 

                                                                   3enotoni.:2.all and ,e1 was formed ;Len Iv was decrees. su'idenly. 

This may be explained cc due to the formatiu:, of brnclied 

• pol
,mers, ovetually recultinc in the for.rian of network 

structui-e, as mentioned in 3.1). Theconcentration for 

   gelation was -about 23. -Ps.,-2 irraiation in vacuo and 1C, for 

il-radiation in air. 

liext, we will discucs ice chei2ical :ilectanis7 of cresslinkin 

and deHraiJation. 

  a) Irradiation in vacuo 

                                                                                                                                                                        , 

        TheTiee:,.:eontn2tFbeforettelation =-2, iccacc -Ath 

   deci,._LIslu:R weiht f'raction, . final:I& el72altin, in col forlticl.,, 

   ma,be interHct.. follos; with decreasin w,ALlit f:.?action, 

   the concetration of .1, =;1, He f:rotalco(2. i& tno r:iol,sio of 

   water is incrs._Y, so the indirect off,-Jot i ..-1:La.,-3 

   hence crosslinLinc is -broT.oted. I.c. H..Tio:.i::; ':o:-., :.L..Aci..J;le 

   that, as a result of the incre::se ir. -_oblit:,, o cLain cL:ionts

- 20 -
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 c,lietration of water-, to reactions between t.u1„,.<:rs be 

promoted and indrdc the iv. krobably both of these effects 

iay iniluence the r-te of crosslinkinc, :hether watr promotes 

crosslinkiLL IaiLi, b, behavinc as a plasticizer, or the radicals 

produced by the raiosis of water have irce 1±-fluohce on 

crosslinking will be treated 7°.n t subsequelA 

b) Irradiation in air 

     In this case, J.4 was decreasd with decre-sinL waiftt 

fraction of the olymer. If derradition is due to anl,te 

direct effect of the poLncr, it should occur indei entl,y of 

the wei ht fraction c te polver. It is clear t=lat oxen 

influences 6.cLvadLltion r: 1:::a:, but Lac it 1.)CJa61e t,J1t 

the amount of ox:ycm is constant at anu ic-lytit fraction ran 

so the phenooflon that chaLes 73ith uL Lt fraction, can 

not be interpreted b e action o e= onL, oYelJr, 

reference to te ccaaisn :ACh as reTiosoC, et al:' 

-1J: the stuc
„, on the effects of irra,illation on a eous ycautionz 

of c-rboX4drates, the pheno aci e= be e91c.:in 

Accordiny to tthir mochanisil which is roaucoj b, 

reaction between ox "e H. i7 com-3i,:ere to la a lortant 

role, 

   H„,(7)rdiation • + ITC(1) 

II 02(2)

  22 -



     The  h.)!Jroens of c)Jrners will be .-.,,nctc:d by the 

action of redintioni or the raclic-is produced from w.ter, ac 

follows: 

H 
- -------- ~-CH - C+ H20, H2 (3) 2

orH.I IC.2 

  OHC1J 

This polamer recAcals nccy roact with oxy,-en, and der_ide via 

the followinc processes. 

00. 
1 

(,H2 -,v,/ c2 cH2 c(4) 

  OHCH 

OC. 

           wv,.. Gil .0"/ + HG,) - C -Arsis- H202+.C2 

OH0 

vi\Aims CH2 - C degradation                                                      (,) 

C 

The ie; la-icals, bein aoie t ciossli ..k,,iJAir,uced in the 

reaction (3) may 'be Li,e(Aatel,j attached u, on and dL,rc,do 

as indicated in the reactions (,), (5) and (6). An inci'eaL,e 

i- the concentr L,it.11 of with decr-oLinf at Erection of 

the poid-or lec,o to an ilicearJe in t le Jain c,ein fracL-'u. 

"
.ow, as ,c la_aGio c(-Inu_c_id, the ilA)LiLt

(5)



 rol,)Der radicals may be increased and hi-nee the probability of 

formation of branched polmeT will becoe hi:iieL and finaiL,y 

a network LJay eu fol_ud. It .:L„, e also L'a_cli ih-6o acceum, 

that as a result of complcAc ce:c:sumptic,n o on, the reactios 

(2) aid. (4) c,,In no _;Lore ec:::a2 alid ten crosslinkin reaction 

begins. 

3.4) Irradiation of aqueous solutions at adose in :.cuo 

     In order to make ci the effect on 1,:ater L;,,stem over 

tio eLtir weiffit fraction rane, irradiation was carried out 

in vacuo usla_c the aqueous ,iolutions to cover the low wciLlt 

fraction rarife wLiich was not dc?alt -aith I.:: tJe z'evious ';ections. 

The.7terial used was he fr.J.cted i'VA u..1:th J:4 of 1V)C 

and the ra-iation dose was 3.2 10r. T':.e e:fets of ira..1._- 

tin a-re Liv-L. in Table 5. (,1 fratio n is plotted aLainst the 

weiLiit fractic,:c,. of Hol-4‘11c,L7 in T.1.. 5. 

     The solutions of C., 1 and. C.C2 ',TA:at*']raction ,,e(;e 

colored yellow to brouwni by irradiation. As he woiMt fraction 

was iacresed, kv was ilxreaseC,. and final,) a 6el u!.:s fored at 

C.CC3 wt. 2r.etien. Lt hi6hor concerations an C.CC3 A. 

fctions a siLjtt lcrease in the w'ALht iroc;tion reduced 

suddenly the sol fracti6in froii L:(), to (.); and at C.Cc. weiLirt 

fraction no sol i2art was J:oul:1.d. The f::el for6 ba iLra(Ardtion 

of the ,olutieL of C.CCu--(.., 1 wcAcht fracticn floate freela 

in the :c.i-ttiul- w_a was -3stIU:11, :r2seci.tic:, ,J, .::..12,.. 't 
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 Table 5. Lffects of L 

of rVA. R

-iiradiation in 

= 3.2 X 1C6r

vacuo of r.A solutions

Concentration 
(wt. i:raction)

3o1 f-J2L1,ction 
(;J)

 Di] 

(icomik )
1)v Degree of 

swellinp: of (3el

0. Cl 

       0., 

     0.cC3 

0.004 

L.4 ^J 

00(10 

C0030 

C..61 

0.1C2 

u.124 

0.152

PVA

72.1, 

C 

 0 

16..5 

• 34.C, 

42,C, 

85.1

o•)7c 

0.50 

0.635 

1.50 

   ••^^••^••^ 

C,46 

C.42C 

0.527 

0.543 

0.560

724 

1027 

 41.••^^ 

630 

538 

795 

804 

843

large 

22.5 

24.3 

27.6 

20.1 

7rz..7 

23.4 

43.2

tho weight fraction of C.03. a polymer fraction which did not 

the art in Gel ?loo wcs iicorasa ,A.th 

incrasing weiCrit fraction of ooker untill it rcaced to 1CC. 

at about 0h faction. 1Le rosult that at lower cn-

cont2aons tan 1J,A ht fraction no Lel ur fored and 

that at L.c1 weiLht frL,,cti<ms a cal_ was forad most -l'eaciltiv 

is in acraeueht t2Le rooulio obtonod).‘iA. Charleb2) and 

A. Danno". 
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 Vic. 5, in which the reeults oetalned for to water-swollen 

films were compared with that ;:o: ',c) solutions, shows that the 

swollen film has lower sol fraction teen tie eolution at the 

same weieht fractien. This Lee. be attributed Lo the diffeeeece 

                              

.)1 

in crestelli,4, which is hicher for films than that ef solutions. 

It is probable that croselinte for:led be radiation protect the 

ceestallirrearts, leadine; to the increase in sol fraction. 

.. 

3.5) Irradiation of hihher cencenra oh aqueous zolutions 

,.. 

      It is .:-oil I:riou-n, that a e-,el structure connected be hydroEee 

bonde is •I:ormod on standing a Llilor concentrated aqueous solution 

ofeiNA at room teraturea]:'(-2,that the viscosite of the solution 

ipc2eases with the F-Aanain time, Therefore, if ieradiation 

is carried out on solutions which have been stood for some periods 

before irradiation, tile stndinh, effect will be reflected upon 

the effects of irreelation. 

     The 1'VA us:j and rac2Jation condition are the sc,:le c.: 

described in 3,) and 3.4). The weicht frection of pclimer in 

tee solution eee C.10. This solution CAd not flow ufter s'63-1-,di 

for a jai after preparation. 1:2roi1tion 'yas carria: out at 

four tie,es, -,:a7eli imifiediatoli after p:ceparatior of the solution; 

one hay, four aais and ten ha e aftcr pa.'eavo. The tems2a-

ture of irradiation ani. standin6 eras 2C00. Tr:ble 62 TA_Ls. 6 

and 7 show the results. 

     As can be seen 1,1- ?i7.b1 sol fraction and de roe of 

-27
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 Table 6. Effect of 

solutions 

polymer

na-ilradiation of hi 

of PVA. Concentration 

Oel( 2 rZ 3.- x 1063?.

or 

(wt.

concentrAed aqueous 

fraction) of

6tanding time before 
irraiation in days

' 0 0 1 10

•_,o1 fraction (d) 

Cq] (1(0mlig) 

IV 

Degree of swellinL 
of gel

)9.6
. 

0.540 

797 

23.1

43.7 

820 

 30.6

40.6 

 0.560 

843 

21.4

1158 

17.5

30.2 

0.703 

1203 

17.2

 30.0 

0.705 

1:7'C3 

 20.7

swelling were decreased sli,Jitly with the standin _ tilze. It 

is cuite likely that the polymer s-,mments are art'ared b the 

hydrogen bonds in the solPtion during standin( so as to favor 

crosslinking. Accor(3in(51y, sd fraction and three of swelling 

of the rel ;oul3 be decreased with the standiry tie, althtu h 

the mobility of chain s_. .-ment w-re roeuced by t}:e Cl formation, 

The results answer the ex(,ectation but the effect of standinE-

on the irradiation effect is not so rearkoble as ex ,octed from 

the viscosity caan-v occurre, . 
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                   1 •  Introduction 

i.ecent studies on t _a crossliclan an,: de, Y.adfAion of 

pol, mere in solution_ bd ionizi,L l'adiotions '-iavo sLItysn tLI:A-

r_oldei's under6o degradation r crosslinAnE upon. ii::..,, Lion 

in solution as 7,e11 :',1s in :,G lid state, and tLLt effects oosorved. 

         ld deond on te co. conrations ard. Oe o'narocter o.:' 

poldmers and ulvonts. 

ne sechnis of 1., CAK'01--:in,duceO e;lanco:::, -IL 501u'610 ' 2:e 

Jore co dicated than ti ,t In :3elid stae, oilce t'iev _'.3:,, Losult 

from both a Oi-J2ect effect oC radiation on Vle :)01,,or an,J an 

inArect effct via tne solvent. 

     Una of our at ezl.t,s to Aake tile effects of redi tion on 

the oldnor in solution clearer oonsists In tuiL th, Vlle under 

various conditions. in t,lis chaTtef: we will .,..,soi-t se,:e data 

on the effect of solvent, concenation, to:, ..erature an6,..ii.-eo 

of olsmerizDtion e.L- the 12diat..!on-iad de, ro. .tIon a_d 

crosellz,kinc of the eldor in olution„ will cLi_colate tLe 

relative etJour,t of deLIJ-rVon..7ndercP,T:s:LY L.... , fl.6. ,,:z'ocr.:,e 

a rioct.lai-j.ou ef or ccciiine 

                                   2..-z..r.o-.1:1..eLtal 

2.1) iriateri.::.is 

i';Ac tied in t.-1,3':e e.• o:1:.:. (.:J:: :i, ;:.' vl..e..aL'.. _„ ,.,ne 
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 acetyla-Aea of olyvinyl alcoiiol (.4A). The orij.nal i'.NAc 

fre wLlic:J the 1-VA was obtaihe ws. 1,1'eare either by the 

polyiLerization of monoer in etiLy1 acetate A,.000(-in the 

preco of benzoyl peroxide or Uy tle bulk ol,,.c:zfltion 

initiated by radiation at -r/6c‹:, The latter poler was used 

only when the effect of the ,L;.eree ofh:o1;yo-lization on cross-

linking was stucLicj. 

     The iVAc was frctionatee into seven fractions and the 

second fracion was used in rot eeri:ierlts .r.()A;ed here. 

2.2) Irradiation ]irocedure 

1.1,raaiLitin was cerried ci;A at r(,om teluelture, u:Lcept 

for the case itere the topel-ature effect was invetiEatd. 

The cose .!.- te was Iii- tLe vicinity of 1: 105r/hr. Glass 

tubes contai solutions or ery films were sealed in vacuo 

after herAtinE un&er ;1 L.eLeer. JI.cessure -co cji-Irte Ijsc,,lved 

L,ir ir receating elfeuation in a nitroen atosohere, and ,Leyi 

exposed to gama Ladiation, 

2.3) Analysis 

      The 1.iation-inuced chanc .os we-re folloc,.'. b 7.?;3asurelAents 

of viscosityysol fiction and decree of cce1LL of Eol. 

,fter ilralA.atiet:, the solotons :Gre poured into uLtter 

or 3etroleum ether to prciAtate tiLo L11:alated ',)o11r. 

- 32 - 
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 When a gel was formed, it ILls heated at 70©C fe-. l( r. in a 

large excess of benzene to extract the sol part, then rioj 

and weighlte. :;o1 fiction was riven bd to following 

equation: 

Sol fraction, 3 m 1 — —V.'Z''LL119--.4-1291— x ICC), (;) 
weljat of i'Vlic used 

Li:litin vicccit,y number, [Ii, was dotor:Ared in 11 chses ir 

benzene &elution at 30°C usinr an Ubbelehde viscor:.eter. The 

viscosit—hve2a; C decreo of polorizatont 7, was calculated 

bd the equation1): 

L1] m 8.91 x 1C-3 x 7.''.62 

i of 'VA obtoined L;d the alkaline 'hArol,nis o the irraiated 

PVAc was calculatec bd. te fejlowin:T e,ution1): 

    DO = 7.51 x 1C—: .,,L —tf* 

where PO i:. aLpressej, in ::_eclitro.m. 

                      3. Thsults anj Dic..Assion 

3.1) Irl-adiation in Various ,olvens 

In ,L-. 1 are shoi the results obtinod 

of -VAC in var.lous solvents, 7 of the ol,Le.' U3t72 WL,13 

and the concentration of the %ol,mel:. wos lj_ weic ,ht /. '1.1ose 

    in ;Jood a,eo;io-it ',Tith tho roiuits o,.ort.26.. h„ Ii•::onHloC). 

As 0.11 be seen f.I'c Fi, 1, chance in E] with ::oc,L. cle 
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 remarkably on the sort of solvent used. or exaz:1, in 

 methanol and benzene the rolymer results in crossilnkin, while 

  in other solvents degradatlon occurs predominantly. 

       The follouing two factors may be considered ,9s most 

  important ones in solvent effects, i.e., the solubili of the 

poler in solvent and tho sensitivity of solvent to radiati. 

  In Table 1 are c7iven these w,lues, namely, polemlelvent 

  Table 1. Grl-vnlue 3nJ. interactJcn constrIntlit of the solvents.

olvent

Nethanol 

uenzene 

i)ioxane 

loluene 

Acetone 

Acetic acid 

Lthyl acetate 

Chloroform

15•0 

0.57 

12.5 

31., 

20.0 

   36

.91

0.575 

0.440 

.341 

(.530 

0.418 

0., 

C.376 

C.233

interaction constant3), as 

of free radicals wroduced 

,,:sure of sensitivity. 

of solvent is parallel to 

           even if benzer-ie, 

because of their -pcliar

ar)ocIsureoirsolus,drar-value4) 

by. raioLsis of the solvent, as a 

As evident from Teble 1, the effect 

neither the intc,raction constn:it nor 

toluene nrIC, ctliorofor e exce:ited 

behvior to ro.dintion. As e conclusion, 
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the effect of solvent  can not be discus:_ed onlj in ter_2 of the 

solubility or the sensitivity, but should be interpreted takinc 

into account other factors than these two. 

3.2) irradiation in liced 3olvents 

     In order to clarify to J.elation between the 

chanes in solution and the solubility or the sensitivity of 

solvent in more detail, irradiation was carried out in mi::e.1 

solvents which were prepared b a :_:,11ble combination of two 

different solvents, 

     Two sorts of mixed solvents were uci-d in this oxperiLent. 

One was prepared by 7ixinc; Luch a solvn'u ac ethanol, Ilexono, 

Iclene or chloroform iith methanol b, 10 ,:Cif ht In ':able 2 

are -iven the precil:itati_on roint, T of solutions before 

Table 2. Pro;:iertics of mixed solvents. 

(methanol : ad:_ed rolvent : 1)

died solvL)lit rocioitatioL iolnts of ollutlon GR

lAhanol 

Hexane 

Carbon tetrachloride

7050 

     4.50C 

-y 00

15.2 

14.7 

1:1 .6 

15.

Methanol 00 15.0
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 irTo(Aation, which can be rearded as a Liessuro of the solubilit, 

of polwmer, and G2...- of mixed solvnts calculated on assamin(:: 

the additivit in G9. These values indicte that b, aLiciltion 

of one solvent to methanol tue solubili** is considerabil4 

ciln.ed, whil: the Gr—value I:emai almost unchanc;ed. The 

results obtainejb-0irradiation at to ,o1,o2 concentrtion 

of 1C2 are shown in *. 2. The followinL tendenod is seen 

from these data; crosslinLinL is ,00moted as Tp is lowered, that 

is, as the solubiliti becomes larger, but it iF3 not decisive 

since crosslinking occurs moro readil,- in -,,tie mothol than 

in a mehanol—hexane or 1—ut .:,ixturo, aithourh the 

soluAlity of the polmer iLT, s:,nallor in the::o solvents 

than in pure methanol. 

Next, irradiation was perforzid in a metnol—water mixture 

in reater detail, it hns ,)een found b,-y one of us that -te. , 

solubilitty of Ziric iu tlis 17],ixe.: solvt is larLest at wo.ter 
              -5) 

content of ca.C,..Gurves in 7i5, 3 and 4, where the 1,J.c,— 

sults obtained are iven, .,2,Lo: neither a auI.Tuu nor iiij..:Aa, 

but indicate a menotonc irc7:2oaLe in the zate of crossig 

wi incr_21ns water contc,,nt. The decaso in [V olmerved 

when the polmer was irra:Aated at tue concen-6ration of 1., :.:,, 

well be attributed to t fltion of tue in.pa--, lecular. 

crossliLkinc. These facts c3u. La:A .ti-Lt to effect of ive:::t 

on croslirlkinc of polymer in solution can not -r)o intc:: retei 

onl� in terms of the ;:lu,bliit,, of the ;().1,yc, in r,Clution. 
, 2)      A

. Helv-lein has rcentt repol:ted Ll -12e.t. oviouE)1& 
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different from ours,  usin  1NAc with CV of 4.2 which is about 

ten times as larce as ours. .;(), to confirm w.etileJ: this 

discrepancy is due to the Lference of materials used, 

branched aAc with [11 of 4., which was prepared by pearl poly-

merization was irradiated under the r..c) conditis as Henclein's. 

The result obtained here is, as shown in FiL!:. 5, exactly the 

same as those obtained above, but no maximum rate of crosslinkinL; 

as ..enclein has reorted is observed. The reason for the 

discrepancy remains as fet unexplained, but our results sucest 

stroncly that creed in is oromoted directly ,,), the radicals 

produced by radiolysis of water. 

3.3) Concentration -le-,?cldence 

     It is well k;_own that the effect of r73diation on a -01;yer 

in solution deems on t:le oncentration of ',i e ool-dier as well 

as on the prctty of the solvent. The ::.tuJo on the concentr-

tion dependence r:a-,, he necessary to disclose he function of 

solvent in the irradiation of pol-er in solution, 21o1;ever, 

the analysis of the concentration deendonce is -Jz-0 difficult, 

because the inc:Leao in concentrtion of pol,,mer lead:2, not on±-,) 

to the LCCi L5 in the relative )1::ount of solvent to elyLer 

molecule but.also to the chance in confi'cuatIon, mobility aiAi 

entanGlement of polmor chains wlAich are con sired to have a 

larLe influence on the formation of c.c,slininL. In aUj-ci 

to these, it should be also talon into ceelant tt t'f.1(_: c.),telt 
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of the attack of solvent  roicals on polymers and the enorL,y 

transfer between polyner and solvent m.y, be changed with the 

concentration of polymer. 

3o, we will only FAve eporimental results hoe. The 

doses for incipient gelation are plotted v.ainst the cricctra-

tions of polymer in A.z. 6 when the polymer was ia:riDted in 

methanol solution. This curve iL similar to that obtained 

for other polymers in orT,anic solvents, tiA distinctly different 

from that of the al/I-cobs solution of.a for exaple, 

the critical concentation below 1,11:lich no r-el is forLled, is 

hither Uy about one orzer thcln that o to Elloous solutions. 

Next, that even if doc,rdati6:10 occurre at lower 

concentrations the mlEht crossli at lAylier conc 

tions, we irradiatrid DolYiler at a concentrtion of 

acetone, ethyl acetate or ioxane solution. The result obtained 

by irradiation at n dose of 5 x Or is ivon in Table 5. 

  Table 3. RaJi_aton effects on PIVc irradiated. in 14.0 

            solution et a dose of 5.0 x 107r.

clfrction.

'cetone 

tial acetate 

)io,„'Ane

Zen the olyiier was :1- L'att2,

C

at t'f,.o cuncorfAic...E of 1C;.: in 
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these solvents,  [1] !a.s scarceL changed in dio.,tane, but drcT,peeL 

to about 50% and 3CA of the initial value in acetone and ethdl 

acetate, respectively (see Fig. 1). On the other han(3, the 

pol,fmer croslinked gLot complete1y in ethyl acetate and 

dioxane, but not in acetone though Ell] was risod :Aiyhtly, when 

irradiated at a high concentration, as shown in Table 3. These 

results indicto tLat when solvent becomes poorer, crosslinking 

is promoted at the concentration of le,, but ii at 4C. 

3.4) A'fret of Temperature 

The effect of to_orature on the crosslinking and 'eLrac-

tion of pokimer has been inc:AiLated e:vbensivelzi with recar6 

to the irradiation in solid state, but there are only few 

ei.periments ever published on the ef7rect of tenDerature on the 

riation effect of a solution, 

     In ?1_. 7 are shown the re:A.ts obtained b-ti irraiation 

of PVAc in organic solvents at the coLeontrrItin of 1C, in a 

temperature rano of -5t--7000. 7 of Y?Vile used in this ._-- 

perient was 115. :-t is obvious iron :AL. 7 that the of2ect 

of tel,o2ture is not o lar•e, cer]pared with what has beoh 

observed at irradiation of v-,ris -iyol-onqers in solid state'. 

A likel, ex.lanation for this is that the fl_ibilitty of 

mer in '3olid state icrease with incrainr.. tomperaturo, 

particuial a the temperature above hue hiass i;vansition 

point, whereas the mcbilit> of c%ol,jer in sol'otion will be 
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affected very  sliCatly by tmperature. it is of interest that 

the radiation-induced chanEec a-l.e J:elativoi,:; small at -5C0C. 

The. effect of freezin:- which ocourrcd in the case of benzene 

and acetic acid solutions at -500G was not reflected. on raia-

tion effects at all. The values of Elt], ',)Llich would be obtained 

when the polymer was irra iated with a dose of 7 x 106r, were 

read from Fit. 7 and plotted against the iraiation teperature 

in Fig. 8. It shows that deradation is s1iEht4, enharced as 

the irradiation temperature rise, except for tte case of 

benzene solutions. 

3.5) :14.2ect cf DeEl'ee of iol-ymrizon 

     It lia-,/ be expeted thnt as the derree of poLLerization 

of polymer increnses the viscosit of solution incres, 

resultin in the reduction, of the _cbilit, of -ooler scraents. 

In ordr to eamine whether this chane in viscosity of solu-

tion affects tie crosslinkinE, pol,;-mers w:.th virious 7 vv-re 

inradiated in 10,, benzene poluticn. Me deLrees of yol,ymerizn-

tion of the :fiol,mer usc:O in this exporient were 741 and 114 

:Aorel.),;, pol-ers were prepared b.,), the polymerizaton usih a 

catal,yst, and 523 a.:-d 19700 whereb poldmers were prepared by 

tie radiatn-initiated pol,imerizatn. The charwe in Eql) 

plotted aainst the radiation dose are shown in 'ir:. 9, and 

the dose for inciLient celation, Re„, are plottec. aainst the 

r of polr in Fi. 10. 
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      It  i be shown theocticalld that if the !LenJitd of 

crosslinked .:)nits, q , is proporpni to the raLlati,..,n dose-

 but independent of both 7 and the mobiliv of poidmer, should 

 be inverseid croportional to r, It is seen from A.J. 10 that 

 the product-i:.Gx r is constant within the experiental error, 

 as tbeoretica1l ircrJicted. Trom this result, it can be con-

 cluded. that the increase in viscositd of solution caused bd, 

'increasing the deree of poIy:Jerization C:cers not affect the 

densi,d of croflinked units in the polymer in solution. 

      Ratio of Nurlber of Scissions to (.rosslinks 

      A number of metho have been prosnted to calculate the 

relative amount of cro .iiniii and decradation. Amon them, 

 the following two methods are well known. Crie as uuLested 

bd Chariesb:i and Pinner and consiL;ts in the puruit of the 

 amount of rel proauced deriii i2:radiation. Another was 

 proposed Lilb9), wllich consits in the pursuit of tie chart es 

 in [71]. Kilb has dealt with t'iAe canLos elow the .al point, 

 while Charlesd- inner have doe lt with the cA.J-Irzes in fi.c.1 

fraction after :oie Lel has been fored. Mb cnlculated -,.':10 

chanes in Er/11 cobiyAnc his tircor ,;, that LIU of the :12Rnchea 

polymer was s=lier thanthat of te linenr poL,mer, nth the 

J.1,:.ul.a.2: weijit distrlbution function civen öv to.cua- ,:ier15, 

Howevc, as it has been reportdllt 12) thrA in the ca,,c, of 

PVAc the :lacritude of [q] of ie branehd eo*a2 is r3f41 
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equal to that of the linear  eolyer if CO is measured in a 

good solvent as benzene, we derived a revised equation only 

using the distribution function Fiven by Stockmayer, without 

any consideration for the effect of branching on [7] • We will 

call it Stockmayer's equation, which is not shown here because 

of its complexity. 

     Charlesby derived the following equation relating the sol 

fraction S to the radiation dose R for the most probable mole-

cular weight distribution; 

    S +  S = p, /q0 + 1/qore 

where Tn is the number-average degree of -eolymerization, and 

p,and q0 41e the density of the fracture and crosslinked units 

per unit dose, respectively. Accordin,ld, the ratio of the 

number of scissions to crossiiii-s amounts to 2pc,/q.. Plots 

of Ertl /[13, versus R/RG for data obtained by the irradiation 

of PVAc in 10% methanol soldeion, toether wit!, the theoretical 

curves, are sho-in in Pi:;. 11, where C1.10 and. [ft] are the 

viscosity numbers of the initial and irradiated polymer. 

Comparison of the ex1)_rimental result_ with theory -,jelds 

2p0/q03.2 . The changes in viscosity and sol fraction at 

the irradiation in 2O. solution affe shown in r?ivs. 11 

and 12. The ratio is about zero when calculated b, tockmayer's 

equation and 0.52 by Charlesbo's. These two values may be 

regarded as identical within the exertmental error, indicating 

that oe, radation scarcely, oLcurs. 

-52-



 2.4 

     2.2 

2.0 

lirt] 1• 

N Q 
1.6 

1.4 

    1.2 

    1.0

o 
                                                  21)0/(1..'),,, ,  -- -L.i'n0 iatedin- . 

I,:- methanol solution' C 

             /0 It- 

                         /1 

           // 
f- 

                            2                                                   / 

                      ,/// 
               //-                                 (g)

,/„,                       /
// 

         ,- . „---3 

                                                                                                                  .-- 

      .,„. 7v 

h7,2_ _---'                                                                                               .,-- 

0 "- 

                ,--- 

   ____----7---                                          (:_-___------- 

                                         _, --- 

      ._.:., 

3 • 5I 

^ i 

i L-----  . _______ __. ---------------____,

 C  .2C.4.8 

hAr.g 

Fig. 11 ,bs .L.ved and L.!leoretical viscosity number 

               ratios of irradiated to unirradiated iVc in benzene, 

EqVnlas a function of 7/ tihercuo'the dose 
for inclY,ient L.elation. Theo_ E t_f_ C_ LI f oes are 

c;iven for several values of 2D0,,-0, the ratio of 

               number of c-cissions to that of erosslinks. 
                                         - 53 - 

-of o'r -----------------------------------------------------------------



2.0

 1.c

 1

/

/3

/0

 _.1

C

1/dose

1.(1:

(lc  )

4_40,

-
1211. 12 +r- as 

   dose for 

     is sol

a fLnction of reciprocal 

iVc irradiated in 2C. 

fraction.

 of radiation 

methanol solution.

- 54-



 3.7) LechanisLi of Crosslinking 

     At present, very little inforation is known concerning 

the mechanism of cro3.11king, altouh 7.111.) de-Giled stL,Aes 

have been done on the crossLi--,of -polyJler. In the case 

of kVAct fortunately, the mochanlr:;T of crosslinking can be 

pursued ra-GhL,1: easily since these crosslini:s can ',e partl.,' 

hydrolyzed. As the calcultion of the number of crosslinks 

bcc,..ec difficult if degradation OCCU2S simultancously with 

cresslinking, ae will 6.1_cuss t:2chanis.:, of crosslinkinG 

usin the 2eL,ult5 obtained by irradiat. in M, metUanol 7A)1u-

tions where it wa. found in the above expeat tat tH:e main 

chain scissions occur only to a neLli ible extent. The desree 

of !oierization of the iadiated VAcs 71c, and that of '1111 

obtained ba L,dreL3s of t:e iiraJiated ..CqAcl rAl arc sLiown 

in Table 4 and -A.;. 13. 

                             -3)      It was demon
sirattAL_4Towl1t_tH.and CH4 but no                                         la.H2 

CH3COOH were7-xoduced un,-.er ill:-1a_iation ofI'V.Ac in solid state. 

                                                                   - Rel:,e:,berin,i tlAs obvations we rcesent the crosolin,i:inL 

c.rocesses,as follows:
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(1)

(2)

(3)

 react  ons between two siC 0 chains 

„AA,---- CH ---Nvws) '—CU ----10"1 n,wv-- CH --A/vv ivvvv— CH I
111 

000U 
1I11 
 COCUCOCC 
I1I I 
CR3 --------CH2';,113., ,..;1.J..., 

                                                                                                                                        ,.:._. I-1- Hor              21 -->1+   CH
3CH2t..., ;,13CO I1I 

COCOCCC 
1II1 
00C 
I11 

Nw--CH---"AAAJ ~—CH---(‘AAN ^"A"--CH--" 

..f_actlurs between a ..ifie chain and a main c.qain 

--CH—""w ,_ c il ...../vwv AAAA„--- C if--/V\AA//v--- C I i — 
III1 
C•00C 
1I1I 
COCCCOCO 
11I1 
CH3OHCH7NAAN--. 0 _AMA/ 

                      -)                          + _L.) I GI:—___>.4- 
AMA,— CH 'WA/NV"---- C.; —AA' ' .A-- CH -0 

I1I1 
C00CO 
11I1 
COCOCO._;1-13 
1II 

uH3                   CH                                   13 

                                     ) reactions bot,loen t-Jo 2.13in chain 

 OH3cH 
             i3 

CGCC 
11. 

C0 
I1 

„.^.-- CH --.~.4,_C ___AAAA. 

          > I 
/V1/4"1— CH --".1"/IN."^"---- C —A/siv.vC— 

II 
CC 

II 
CC',. • 
II 
C H 3CH A

C 1

CII4

C



 Table 4.

merization of CVc 

           - VA, L/J: il P, 
irrauite in 2C,

  nubc 

L '1] 

 11.U.1;:,)er 

raethano1

and Occree cf poly- 

     and of the h,d.rAized  AC 

of crosslinks I. of PVAc 

 solution.

l'iose(1(Gr) L 11Ac AC
LI] A •••

1.4
-,xlk 4

14-24-K3)xiC
4-

1. 

2 .

C.934 

2.90

IAA 

2' 

•I

C • 

G.W2 

1.178 

1.1)5 

1.12

CC 

2(,)9,.; 

2V5,-) 

-
"4

C.31 

1.1 

1.73

( 

C.11 

1.9 

  ii

C 

2.11 

2.93

The crosslinke b, the reactions (1) and (2) can bc 

ciocved b;), 11,,drolysis, but those te rection (3) 

can not. Therefore, number of crosslins per onoraer 

unit can be oalculoted b-„, the follouin e:lutions; 

       = (1/17A 1/1711c), fe-2 the toal rectiono of 

                             (1) ad (2), 

= (lir° 1/LA),for 46-e reaction (3) 

          is te na.:Ibeavercre cc roc of :o1ieriz!-3tion of the 

the C.eree of (7)1zqtion 

which calculate tAe EJ —77 relation eescribe 

is Lar_,b(Jr-averaLe, for tie relation was otainod b the os_-,otic 

orcromeasureent of 1-Vfic sae LA)L2c13r uoi,J1t 
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 distribUtion as ors. The calculat,0 valu-c are lven in 

Table 4 and -147. 14, ,c,:lich show that crossins are formed not 

onl via L2o.lr chains, but alco via cidc chains. is is seen 

in li:4 14-, the curve for the total numbers of crosslinks, 

K1+2+K3- is Qpproxin1ati.Q a strif-ht line. This means that 

the densit,; of crosslinked units is rronortional to to 

raA.ation dose and that the G-value f'or crosslink is 9.1. 

The al:: obtained under irl'aation with the Lose of 2 :,1 1C7r 

completely dissolvl in boiliL water as a rosidt of 1-,(J2YG.1-:isic, 

but for the uels obtained cith a dose hi her than 3 x lC7r, a 

watcrinscluble art was obscr10 even after T,vre11-0,0.1-v1:iss. 

                    4: Coilclusion 

     From our data it is concluded thct iffrious factors should 

be ti:er into account to exia1in the irrndiation (ffcct of 

))ol,imer in solutl()n. Howevor, the tol;r2.t=e ofCcxt is ve,, 

sliJ1.t and the de.oneno,-: of - on radiation effects is H:rAilar 

to that of the irla.diation in solid tat. The fet tLat the 

rcv:intion-induced oan as dopne, 17rrzel,y on the concentrtich 

of the r=o1ner and or the nroortien sf to cc1mt uc- _,:Jis 

undoubtedl ctrori evijonce fsr the Indirect effc!ct, but it 

is net ror,,o,Jable' to ccncludo that t:e lrlyect effect IF, entircO , 

due to the attack of solvent I:n.icaln to the ,:ol.,o3: -.olr:c--JJ.c. 

Resits obtained a'-o,e also m7..yHoPt h t ir ca2de- to ::::(2 the 

effect of the solve]A olea-.,.er it is 1.,ecer,j to iladiut to 
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 polymer in more various solvents and over a wia021- i'-nro of 

concentrations of the i .oL 'er. It L;CU2 ver dpngercus to 

draw some conclusions f.l.'o L:cadiation experJent at onl4. 

one fixed concentration. Viany two:Liable data a-a. be obtained 

the eri_._nts uLich were not en:ed out here, for 

example, the irradiacieii in a Ex) dilute .;olution that pol,imer 

aolecules are not in contact with each ()vier and in the 

presence of o,en and a&jiive. 
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Chanter IV

 ,Liii.,,C1L3  ORGANIC    OF .LCIA(VLAI: ,M1L

I.Sakurada and Yakada, A111. Inst. Chem. 

40, 1C; (19w) 

ffects of Gamma Radiation on .&olymer in 

olzi(vinyl methyl ether)

as" T.ioto

;olution

Uni.,



                     1.  Introduction 

     In Chapters II and III, tie e-,7Cecte o ro,61n.tion have 

been investir,ted on polyvi.J,J alcohol il aJjueous solutionl) 

and polyvinyl acetate in various oranic solutions2). The 

works Tere chiefly concerned jith trl croslinklrE arI:L the 

degradation of the c1 e, and dooreArtec"! that the chanr'es 

inOuceci by radiation on (IL:mer in aqueous solution are 7_Ifer-

ent from those in non-aqueous soll]tIons, and hat the crosslin17- 

inc reaction 1,,eper. 1.i:-colL on to ol,:,:ic:c concentation. 

     The Jrcnt stue„y is intended to su7)10 informations 

uith respect to the r,if7tion effect o,:, -o.lieer in solution 

and es ecially to !:,!?ake clear the '_:cle of solvent at the 

irx.adiation of nolor :21 to,luticn. 'or Vtis 11r.oskal 

 ol.-/v1-raety1 ether (Vi) vrs choen ac a ol,mel- oecause 

of its vel-,), .:ood solubilik ii: -oiT. Lo-22t of colvent'ucth as 

water, carbon diritilide (C30 and. Rlmost c):- orunle scAvorts 

excet ali-hatic ivdrocrbons. 

2. ::7,--T.1::ert!:?,1 

VilDethz/1 other -uifie0 nn olinl:L'j ...;" v.7E1 buil:- 

poLlieriz at C00 °L11T7c boron. trifluori •ter cple: n.t a 

catalyst (0.02c to 10Cr nonomer). TO.o 3:)()L'nei: obtireia tl; 

40 conversion of nloorier 7z7,3 C.:21.er-±L ft 5u0C eLd 1Cn. Its 

a)7poarence ms tacky ana lfht-rown.. The r:7ric-onitvc,3:nre 
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degree of polymerization was  &-;X: and the degree of ci'italli-

sation was nearly equal to zero. The .olo,LA,,rene (.01o;,/ed 

in the experiment shown in -Ag. 7 ':a.s obtained a bulk-

polymerization at 70e1G and the nuLlbor-veraLe molecular 

weight was 824000. The solvents used for the irradiation 

were all of the analytical grade. 

     Irradiation was in Al. cases carried out in air-free 

solutions at room temperature. he preaation of the solu-

tion and tne irradiation procedure were, the se astreviously- 

descrioed2). 

     Viscosities of irradiatel polymers Ilere measured at 3C0(, 

in the sae solvent tat was used for the i:clintions since 

it was very difficult to c;eal2ate i,-cinted polymers 11:om the 

solution because of their rood solubility and. weak tzlel:LIal 

resistance. The gel point was determineC., L visual inspection. 

                    3. Results 

3.1) Viscosity Change of Inted i-oljmer 

      The cTlanges induced -fy,i acl_Oiltion on ,o1;ymer in solution 

have been found to be aff:eceL b, the folk:uin. factok5; 

(1) the sort of solvnts (2) the ool„:::ie c(Alcetill and () 

the atmosphere during L:..L'ajia. In our 02:perioht, 

irr.ltion was c2:riea ol:t i.2 the abonce c):cli.i:u.±' 

sorts of solvent over o wjZe .111 Le of the ol,a,' cocent2ation. 
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 AroLIntic and _IaloeLated Varocbol:Js were not useAl us 

solvent bc;cause of t.Leir 'culiar behavior in radi',U6n 

ciao listr. In this recoeet we will diocth3s in the part 

of General Disc ,,_:_: Al. 

:clot of the viscosit& chances [Ti/ [i], nij3inst -1-dio.ion 

dose for to ia,-,iiJtion at the concentrtion of C. 3, 2C 

and ',:k, wt. are sown in Fip. 1, 2, 3 andetvoic .i 1 

where [a] and P00 represent the liraitinu -criscosii4 numers 

of irradiato and unira,diated j:)ol,LlerL. The sele of abscissa 

of ',:-.1., 4 is half t-o.t of other fipaerJ. ':hee aato, -,;,:,ow 

elerly that water and : ,, favo tLe cl'ef:)1Ain?ink: rerflarkabl.,y 7 
L:. 

co::;red uith other c:1•,71hic solvents,. .en the concentlation 

becae cersiel ti01, viscosities were incrocIsed in all 

eolvents. it i.:.; Aiso ':xol.th oeintin cut that the 04-2&:::12 of 

solvt Lthieb was Ceter:AneJ. on the basis of the iJacnItude of 

viccoita cha,l'Io us 1).Aial:IL, ievied with the inease. in 

to concentration. In order to see tee 12-,cno-Jlenaare 

clearly, visostç, cncos wa icil oulC be oL:t-Ae,1 under the 

irl2Liation at a 602,e of 5 x 1C3r, wee --lotteC acairA the 

concentration iy: -A, • 5. £1h of oration of mico 

el a le conc,2ntrations :::a be e-cluded boeal.mo oci te 

clearness of the irrr-dted solutionc. 

3.2) Gelailon Pose Derel_.,oloo n ti,Jo lol,e1.: (cince.sation 

me ,L0,es foI. inciient celatcf, sj020 d: 
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aqueous, 032 and  ethyl acetate soLlilons. The results are 

shown in Fig. 6. The curve for water is quite stAlar to that 

of other nolazers in lThilOJC3 solutin and the curve for eth1 

acetate Lo that of other ,:Jolymers in organic solvents, whereas 

the curve for C62 is (uite different from these two ant lies 

between t:103. The aueous and C3, solutions bouame tuL'Ad 
                                                                                                                   ,:- 

durin the irradj.ation.below critical crhIcc)-yltrations. 

Polysene also underwent ;:elation on Lprad,iation in 

very dilute CS2 solutions, as shown in 7iL. 7. 

4. Discussion of Qesults 

     In our r)reli, experiments, it was round that the 

irradiation of IMLI, in solid state i:-; vacuo lad to ._,_.-_:oz.ltion 

with a C-vnlue of crossliking = 1.C4, q, = 1.9 x 10- and 

p, = CO x 10 , where p, and q, are tile densit;), of the fracture 

and the crosslinked unit2 er unit do2c. It is seen cleall4 

from these data that this ,o1,,I. ,,Jc; not exhiit an culiar 

behavior to radiation, an aence tis cn be voLare as a 

model material to stud the role of rolvont Athout ar-). :=7!:A. 

     One of the nest interestinc: observntion in the present 

erlment is that of the irraOlation in CS2 where velation 

occurs even at verii low concentrations. The critical cL1- 

centrati(n for :el-for,:otion (Ceritd aces witn thtor the 

aqueous solution. CS 0 sco:z to affrict tho cc,s,:linkinE not 

via the solvent radicalo, but ct oni as a Jiluent, becuse 
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 (106r)

3C

le

1

 disulfide

 (.1   1         10 

concentration

100 

(6)

Fi:. Gelation dose '1,, a.,3 a function of Tao1mer concentration 

for polostrene irradiated in vcuo in etN,1 acetate 

and carbon aisalvide. (ro. ay. mol. ut. of unirradiated 

pol:istyrene=_2' CCC. Lose rato=i.5 x 1:5r/hr.)
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 GR-value of free radicals Taioduced 

small as shown in Table 1. In other 

 Table 1. Solvent power, 1 ,-value of 

            viscosity of solvent.

the radiolysis in negligibly 

words, this solvent is 

 free radicals and

Solvent E G -valuea Viscosit, of solvent(200G)

Jater 

Carbon disulfide 

, ethanol 

Acetone 

uth11 acetate 

Dioxane

0.1L 

0.91 

0.93 

0.;i)6 

0.400

0.52 

15.0 

31.2 

19.9 

12.5

(AL,e) 

  0.593 

0.331 

   1.

 a) The vralo, :7anat, Chapiro et il. G(Fe+++)=15.6 

extremely insnsitive to raiation, compared with othez,' oreanic 

solvents. Consequently, the elatior dose-oc)n(,entration curve 

for CS2 solutionc'r4be intolta in terms of ce)etiticin 

                                                                         - bet4een the effct of dilution and that of obili of the 

elymer. The former ret9rds the crosslini,inc, but the latter 

fuvo::s it. rem the discusion above .Jortione tho 

in th,rA the gelation doses for ci7_leoUs solutions are therb-

]y otTliler than tics o for CS,-, solutiono over a wide ire of 

the concentration except reir Ccrit ./ the followl_n7 1,3ortart 

conclusion may be dra-:!n: the :.rocition of cl.osGriiillc 

water is attributed tc the i-Ld1J2ect e'rfoct of the reactive 
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radicals  foe  d  1)0 the radio] yslc of water rAher than to VI° 

increase in mobilit,y of the AEItcromolecule cused b,). teat 

presence of water. On the physical meaning of Cerit., we 

will discuss it subsequent chapters. 

     In tLie case of othe oxvanic solvents, ne reults are 

different fro:LI tlosu obtAned ac; tie lrraAAa.Aon iL water and. 

0S2 eecia1l1 at a lower concvaiun rance, as sen iL_ riLs. 

1, 2 and _..., This :::aj. well be L'7,,io to the diffele pf 

reactilAA;ies of ra,icals reaultinG from the rt2dildsis of the:Je 

solvents. As well Lnowyi, vez., reactive raCAcals.sach ao (Th 

and i-i.arc riroduceL fro watee; these radicals abstract hddrogen 

atoms frora macra,olcculo to form macroradicals. Very few 

nulers of free radicals- .i'e ,/-luced r-or: C52, On the con-

.L:Jr
„, the free ritdicals produced fro.:: other or,,anic solvents 

seem to la.v'. little t'aninc.,;, to a.)0,1.act h,firofc:11 

 aeroLlolecule, but mora likeld to deactivate The .lacvoradicalc' 

is a col'isequence, decradation prelilltos evr crosslinking at 

lo%., concent?ations w!iere the frtion of solvent in tie solution 

is sufficitly lara, as stWil in ii. 5. The alount and 

reactivity of te,e raicals r be asolLJe& to be practicall4 

identiall i.,_oti,/-cH, o tLte sort of eric, nolvets 

except for the case of aceto,:2e. Therefore, it is very reasollable 

to decide that the difference of radiation-induced viscosity 

changes and the reversion of the order of organic solvent 

should be ascribue. tP the6.-ifference o: solvaion and ,A.)1Jilit'd 

of the pol.arer. The former .).1:0Viitl'i u0611 Lao c.Jo--i'ueination 
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which  would preiect the polymer from suffering, main-chcin 

scission, and the coupling reaction between two different 

macroradicals which would result in crosslinking; the latter 

promotes the couplinc; rceiction. As a conclusion, thc' -: 

ence of radiation effecte at low concentrations ma, be ascribed 

mainly to the difference of solvation, sir.:ce it ma& be assumed 

that owing to a ire nu:Juer of the solvent molec;Aes per 

macromolecule, deactivation takes place exclusively so as to 

make the effect othe 'Iobillty alost .-112ignificant. If this 

is true, better solvents in whicn solvatic;r occurs more 

strongly should favor the deradation 'ore powerfully. Cnc 

can see from Pig. 5 and Table 1 that this (-.)planation is 

accelitr4ble. 

     At hiffher concentrations, on the other hand, crosslinking 

predominates over (i_eradation owing to the decrease in the 

fraction of solvent in the solutior. Then, a cooetition 

between deactivation .nh cou-:lir of maceradicals, e:J.rsoeuentL 

the diffusive precess may become rate-T±eterming. This effect 

is more pronounced if the life time of te -,acrora,f_icals i2 

very sort and the selution is hi: vicous :10 as to limit 

the translational motion of liv)e. -olyer hainc T'ile, the 

mobilik of macre:aolocule ap72es to 7,lay a :)ere irorttmt 

role than the solvation. The mobility of polymer ser4ment 

decreases with inereasin7 viscosity of rleium 'Ilich is ziven 

in the fourth coluiin of Table 1. Our -.Lenits sho ,i that, as 

expected, c...sslinLinF preceeLs moo l'eadil in the solvent 
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of lower  viscosi. Cne exceveion of ails is seen in the 

case of acetone solution. The peculiritd was also obrved 

at the irradiation of pol4vigyi acetate in acetone Loluti. 

The possible explanation ::çy be that acetone :Letards crosslink— 

inL ,:,ore rapid', than other solvents bectaue of it 1r,kce 

GR—value. 

               5. General Discussion on l'ole of Solvent 

     The present exp,riments and previous related ones192) perLiit 

 eneral cenclusio2. to be drawn concerning the role of solvent 

at the irrediatien of poler in selution. 

In general, 'Lite f]echanisLI: of crosslininG in solution is 

cpcapiicated because solvents }Jossibl, influence the radiation— 

induced reactions J.lainl via -6A) indeendent effects. Une 

is concerned with the attack of solvent radicals (we will c,A1 

this "radical effect"); to other, with the change in Liobilit4 

of the pol,mer, dilution and covatton due to the solvent 

("solv.:T.t effect'). In addition, a 1!:Jre deen(lefice of these 

effects on the nature of solvont ,Aakes, the analdsis of the 

r_Isults ilore :Afficult. In te cose of the. ',;,olmel's whicll 

dec:rae under al%i conditions, the :Lnterpretation of tr,e raia— 

tion—inuuced changes il- soluLiol-i is rata eas" ilecause in 

Lis case onl two facteI's aro sufficient to be considered; 

nael;y, the attacl,' of solvent -1151.1s 60 ti) poljar and the 

cage-rrecombination :,:venLion both of which accelerate the
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 degreadataon with decreesin concentration. 

     In order to make the iecussion easier, it is convenient 

to classify the solvents into three groups. 

(a) Solvent radical have very strong reactivity 

dater and halocerated hydrocarbons belong to this ereap, 

whose solutions have been investi 31,e, most 'extenetvely in the 

radiation chemistry of solution. The comeon feature is that 

the radie-,le are so reactive that "solvent effect" is almo-t 

overshadowed by "radical effect". II- and CH. favor cresslink-

ine, while Cl. and (formed by the reaction of i and 02) 

favor ,o-r,:rtion. Therefore, with oeceeeeing concentration, 

crosslin-inc, occurs more re-egily in water in the absence of 

air, weile in halogenated hydrocarbons the rate of de 3:0,ation 

increases. Hoeev-r, then the agL, solution becomes eo 

dilute that a aacromolecule can not interact oith the others, 

relation dose increases suddenly to a indite eelue. 

(b) 7.ajcn.1a are net practicelly nrcO'Icee b lorliel,sis of 

    solvent 

     The tyeical solvents belonrinq to this txoup nee CS,„ and 

aromatic solvents. In this case, contir.r; to (a), "solvent 

effect" e-oule be conei e: e fLct or all ac 1,1entioned a cv„0 

    The gelation rent_otie: (71-vef, obtained at the 
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irradiation of  polystjene solution are given in fig. 7, 

which have the quite same shape as those obtained at the 

irradiation of 1.1_, (see Fie,. 6). ( 'DO of unirradiaued 

polystrene were 1.5 and 1.14, in Ce„, and ethdl acetate, 

reeeectively). It was also found in our ex-eriments that 

CS2 solution of rubber also sets to a continuous 'el. These 

results indicate that on irradiation of vinyl pol,mers in 

such solvents that do not:.event the crossiinking reaction, 

Lel-formation should al:eds occur above the concentration 

where macromolecules just interfere with each other. In other 

words, if viscosities decrease under the irradiation in 

moderately concentrated solutions, the solvent reel'ic,ls can 

be assumed to eactivate macroradicale. eoncerning the 

aromatic solvent, man y workers have carried out investiFations 

to find, that energ4y is transferred from the excited pol,ymer 

to solvents so that the poideer is :frotected Zro.: raeiec,ion, 

and shows vor slight crosslinkiree or de:roGation, which occurs 

almost independently of the concnetrati_n. 

(c) eolvoets have e,e3ium 

The interpretation of toLs intion eff-cts le this esse 

becomes more difricelt uman uho rothm a, because "solvent 

effect" as well as "radiceJ effect" srould be taken into 

account. 

The solvcets mentioned in (a) e, d (b) scw neerl 

same effect iedependentlj o tee seei of eolder, iiiie tioce 
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 belon4ng to this roup w!Ach include alost of the ordinary 

organic solvents, oibit different effects on different 

polymers. This surTests possibly that there is little di'c'e_.2— 

ence among the reactivities of these solvent radicals, whose 

major role is to deactivate the macroradionls. Cones uentL, 

even in the oPitely concentrated solutioli7, polyers show 

degradaLion. However, at considerably high concentrations, 

the effect of the mobility may become occasionally more 

important than that of deactivation and dilution. Therefore, 

in that case, the gelation dos--concentration cul.vc has a 

minimum point as shown in the cose of ethyl acetate solution. 

    The variation of the raLiation off, ui:s with the variation 

of the orLanic solvents was iscusoed in ouail in tne tart 

of Discussion of Results civinc a satisfactol-0 exrdanai.ion so 

that the discussion in this respect will not be rer,eated here. 
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                    1. Introduction 

    The radiation  chaT:isr;y of the c)14,er in solution, 

especially in aqueous solution, has been studied intensively 

                                                             . by many.workers1)I.n the recent•ears. As well known, if the 

dose for incipient [elation is plotted against the polymer 

concentra'Aen, a oeouliar curve is obtained, i.e., the r,elation 

dose decreases very sharlA4 to a minimum then increases slowly. 

Until now, efinite explanation has not been j_vo. for this 

remarkable change In behavior, ltiaouffh various theories have 

been proeosed2). The reason is that little or no information 

is available as to the eccnism of crosA.inbr, of DeLc.ler in 

solution, eseciall, in the neiyhboliocJ of a critical CO.- 

centration below wilic') no macro ye' i formed. 

     It is tlie .-pose of the ,Jorl: (f',escribeJ here and the 

subsequent ones to invotiate the {oL;.tion of dilute nqueous 

solutions of 1,o1;y(_]er end to el-ate the :Aeanin of the 

critical concentration. To thie end,:.oljelectrel;yto 

chosen for a sam't)lo to be iniotd, since it can be c.-ected 

that the cliension of the pul4:0P olecule e3n L;e chane(L ver 

easilj ]Tith. chak.,es in ioni'zable Eroup CCfltCI ofcapleo or 

added ulectro4te concentrtAti. The sale tied 

investic:atic.n is a pcj.,;ivnyl fAcohol (PIA) iv cive, that is, 

PVA partially acetalized .Ath riziey4lic acid (2VAG).
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 Fbcp,ui,tent,  1 

2.1) Prenarr.ition of 3a:A ,le 

                                   3)      PVliqthas first been . prebal'ed b A. rkaji:In at al  and 

the samples used in this investi 'ation were prepar(A, according 

to ei.L' method under the condition thrLt neither decrease in 

chain length of the parent IVA nor the acetalization between 

different I'VA molecules occurs k reaction. The ex-

perimental details of acetalization emplo,ed in this work have 

been given elsewhere. 

     The The scheme of acetaliz Jtion is 

NW `"' On 2
1 -CUECC0001-12- 
OH OH 

                          PVA 

gluoxolic acid 

OH2 - CH - CH2 - CH - - CH -^P,,J +1120 

0CH 

CH 

CCOH 

                                PVAG 

     The parent i-v1 user?, was an industria1 roouct end !lad the 

,12„.2ee voly, Jrization of ILA-. No atte,,A; of fractionation 

was -aae in this d(%-. The ac7)ttized iVA was uial3(z-d afainst 

run_in; ter for a week and then was )ass,)a :Du-di an 
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 Auberlite and column bs turns. The aueous 

uolutions üuobtAnel contained about 2 welt it L of. ):VAG. 

It has been shown b;y. I. Sdiala fl. .losoilo and N. Ise4) fron 

otentiometric moLsurents, that INAG is entirel analous 

in its neutralization behavie.L' to oh a stronE; acid as IJG1, 

havins pK of The solutine were stei'od in /41e dark 

ijd were used for all L=5:ieuent expe-l'imnts. The total 

caroil group content of each wa3 determined 

titrations with 0.1 usint _ :;henolpLthalein as an 

and the dissociated carbo croup content was det=L-_!cd from 

the h-id-roLcn ion concentration neul'ed 

'dici a were survaarized in 73b1e 1.

Tale 1. 1 op coliterit o7 uarii.lee.

7.010111.1...MMIMMI

Total carbo,1 L;ou-i) 

Dissociated carboxl

conte1) 

group contJnt(mol:)

C.382 

C .777

0.552 

C.394

0.362 

0.C-)0C

1.68 

1.13

3.57 

2.37

2.2) Prepar: L'ion of Aqueous Solution an I±ration froecre

-:;olutions of lower ! ,o1;..er eonecnt2atiens 

fro: the steel: solutions b4 succesAve dilution with frshl 

          conductivi ato22. The se u't.ife2_ also was used in 

all other e.oeriments. The add salt urid in this invest tatien
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was  analytical-Lre socliu:, chlokde. 

Air.free solutions in which iladiation was '..!_.formed in 

this study, except for the case mc;:etioned Elecia134, were 

pIeafed as follow. ,Juocessivc; 2c,(,.ks were L,Iven to the 

glass tubes containiri the aqueous solution unca a roduced 

pressure at 20QC to bubDle out te d.colved. ir the se17. 

The glass tur)es were sY.led of after the Assolved air was 

considered to be eliminat eofirActol.,y.. When the elLAination 

of air was not sufficient enow:h, the eperialental data were 

not very reproducible. 

These sealed tubes wee irradiated at 30°G wit"(vcaH 'rs 

from a 200G Curi,:f:; Co--.-7:, source,. The cose iate was about 

1.55 x 1C'r/hr. In the case of Llelted so1ution31 the were 

irradiated in conicl flasks -.rithout stoper under the same 

irradition condition as :le..ribe-_, a6ove. 

2.3) :Jolution Viscositie 

      Dilute solution viscosii,io::, of s.:r.Jles 1):i?e L:leas-61„..:. in 

an UbbeloLdo -viscometer iller3cd in a vr_lter-bath at.:j0°O• 

The kinetic enalt,i corrections were no emplo)ed. 

2.'-i-) Deterination of Gel I.-ants 

     The radiationced cLal-i e cri be detected 'cii a val.'it& 

of pkfsical ana cheidcal me.sui,:eents. :,Dr the TJa12ose of 
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                  -1- 
 this woeR, however, it seems most .oelcvallt to deteralne V-,.e cel 

oints at which not--,yo are first formed and to plot the 

relation if..osoc as a function of the po1 rer concentrtion. 

The gel point could be easil and accurately (l'ete2:_lined by visual 

observation, as the cclo,tion of the irrn6ioted solution occal 

quite :11brutl 4. 

                    3. Results 

3.1) IrradiaticJn in Vw, Absence of Added A.ectroIyte 

     The gelation does or PVAG of v.7.*Aous carboyl croup 

contents i-_-=-Jiated in za.usous solutino -,2itout adad salt are 

plotted aEainst the poly-mer concentl'ptIon in Fir. 1, which shows 

                 ,1) the peculiar curve& Loner11,y oborve:.:_ ien 'oat 1:--.1ui-J1e 

vinyl HoLime s are irrnte,_ in _...,. -,L, *iluie aell:.aous solu-

tIcns. It is of interest to Lots tht to :-(elatin dose and 

the critical Goncentratir. forc,,,lti -__-: al.e deerc!aoc in321:;e1 

as the caro:;:, 1 Jrou, coitant of IVAG are inci-casod. in tLe r-T_,, e 

Of tie oarbox, ,, 1 Yrou) ,_ ont,TJA stu,A.e . TITLe L2 ._ ests that the 

crosfaiLin,i of the 7)01-„yLle'r it solution is c1ocA4 related to 

the diraension or the -..',mc;ion of the 0 ':1012c-IL. , :::ce 

the .1P1G is a. ,,-)ano ;d . :ore st.n= - 1 y 'i iL 1-1-2e1.--f.."- caIT,,,c._ 1, 

LL:.oup co.,,tentH as ooin in Fi. . 2, whore 2.0, vioo,a!j A_:.=s 

of u]iirra-iated :VAG (acids ')nO soailt-,.. full.„ natlalizad 

with -aCh) in aoueous oolution ass lotE,,. atc,st ;:lf.a :.or T7:: 
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 concentratln. Fi. • 2 onol:Js that the -1:'educe] viccliAes are 

ineeased with decreasinc; o1 ;!c:: concen,rAion, ,rticalciald 

sharf.14 in thf! rau:e of low cucentrr2tions, indicatini, that 

the samples :)ol'i...mo as t„.ical poielectrol,ite even in the case 

of -1 whose crbox„1 croup content Is co lo'i as G.382 mol . 

The relationship between the ciitical concontion alld the 

dissociated crbe:c0_ Lroup content is shown in FiL. 3, who:ec 

those of neutralized VAG are A.so lat,e• 

3.:!) Irradiation in the -J:rooncc> of Aa,f' tlectroLte 

     The effects of the exaL,sion of .,eler L:olecule on 

cresin, can be seen licre cloria ha addAnc a A.00locv.lar-

wei:ilt electrolate such as no.C11 as it leads to surooicn 

of the enlon of t-le poler raclecules. Tlowever, it should 

be taken 2T'OE• La'antod that tee afifled srAt eas not L:oet with 

the radicals ,roduce,: from ,ar-,,tor end -olaL,ers. 

Reduced viscocitica of unirL'adited iTVAC• in C..[-, 7a01 are 

Liven in Fig. 4. Iho lEctL,, lie neL-xl,y- upon a E.:>trt line 

and can be extrapolated without difficul to c.,,-ate the 

intrinsic visoosi4. 'i:i ,. 5 s::lciis;;110-1:.-eltLobtlned on 

irration of TVAG in C.: 7a:;1. As car 1,e r_3.-;eli fr:. 

4 and 5, colation occivs =0 1.' ,:ii;h in(cc ;l. c-boL-,a1 

croup content, altiaouH all the ,VAG have aill-o-clei4 the 

same intrinsic viscosit r2121 h,:;nco the .c,e c.,:insion, 

However, chanHa in coirAion c:Loce icJ eon,)1.i.)co,1) le ii; thar: thc: 
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case  oc' solutions without NaCl. The meet interestin fin(Anc 

in this experiment is that all the critical couccrtrationc are 

eual to that of the parent INA independent14 of the crA.'boxl 

 roup content of the samples. The plight enhance:lent of 

crosslinking with inc,:easinc carbox,4 ,:rouo content. shown in 

     5 L!) part be due to the difference in the de;.7roe of 

acetalization, namely, to the difference in the side-chain 

structure among H1,c,s. Hot.-v, in the (..-:,.e o-i: 'LxArtiall-, 

acet,lated l'il in aqueous solution, the c-„olotion dose was 

found to be increased as .te de:roe of acet,ylation was increased. 

3.3) .Iffect of Ionic Strencth 

Pic. 6 ShOW2 viscosities rooasui:ed iT C., C.. ancl Iii TlaC1 

aqueous solutions, and Pi:. 7 the resA.i;s oi,ta=1_n oN 

tion of these solutions.c)s uced hero wrra; the -prent 

PVA and 7',.--E;;. It can be seen fr:.,. Fin. 6 tt -:iosities of' 

the ,arent PIPA_ in IN iaC1 are lower than t_Jose in the :i.bsonco 

of added salt. ilurther afJition of salt:. in -.T.Licous fiolutions 

of the parent EVA ruve rise to a phase soaration. 

fl.. 7 shows that the J:'_ose is incased in both 

cises as the expansion of;c1.,e-i:.oleculeis l'eduGed. This 

behaviot is quite similar' to ':hot soun in th: ;oVC a;_-:-.-.AAirel-t, 

The fc;ct t113t,adition of C.211 7::1 caused no cance in elation 

dose in the case of toe naent 1'VA but cued a rear:nble c.nnce 

for tAe -5, Lla,y be comAdoad. -c.c lend sta:crz z7i:, ,,,,y1 -A13. t,he 
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 above-stated asseaption that FlaC1 :)oca not react with l'als 

produced La the direct or inairect act-ion of raaiation but worl:s 

only in the direction to suppress the dissocintien of the oarboxa.1 

group. However, in order to make clearer the influence of the 

added salt on crosslinLing and decradation of polymer in solution, 

further works should be cnrried out in .:Ore detail. 

3.4) Irradiatioa in Aerated Solution 

rafaj:: induced by radiation on IATAG in aoaated aqueous 

solution in the Lresence and in the aosence of added salt is 

shown in 'aii;. 8. Irradiation was cerformed in C. solution 

with a dose of 4CCOCr. The deree of deci-,tdcAion is expressed 

as the tieroentace decrease in viscosita-

                    ---- x la6 , a,            14
f 

where 14p apd .?q are the c3ecifie viscosities of the solution 

before and after the irradiation, ea cured at 30°C ana a 

me.I. concentration of 0.3. • It is obvious from fia:. 8 that 

the rate of deLdation beeolaes larer with inerepsin earbox-,4 

12ouri contaLt when NaC1 is absent. This a,andere-y has been also 
                         67) recocnized1:),-I'. Ale: .:fmdor et al.' concerninfa the d.: , ra— 

tion of .olaacrlie acid and .alamethnoilio acid in aerated 

a._acous solution. It must also be emahasiged tit there was 

no aaareciable aeara.dation when PVAG w,,3 irradiFted in the 

a..aosence of la NaCl. 
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 4. Discussion 

4.1) Critical Colcentration and lexpansion of Poleer - 

     The result that there is a distinct shift toward lower 

critical concentration for gel-ferelion :ith increaeincr. 

exparisior of the sarnele i' the most sieeificant feature of 

this investigation. A likely explanation for this is as 

follows. 

     In order that crosslini-sere formed eon e: different 

pol„mer i:leleceles, it is reeuiree that poJeeere s-ould, et 

least, interect with each other. On the other heed., as tee 

expansion of tee polymer is rcreased, the erobaeility of a 

pol,;ener to overlap with other ones is inceeaeee and furthoreore 

it becomes eossiele to form ieeteeplecelar crosslirkini7 at 

lower concentration. donsouentl Teiation doeen :;:low a 

definite tendency to be decr,cd wite increnejnr cereoxl 

group content of PIVG. jowever, it happens quite erober 

that the eate of croselie!Ane near to e in t,3 be decrased 

as the ionizeele [Toup content becomes conetierably hien, in 

other words, the effect of electrostatic reeulson oeteeen 

ions, which hinders te couelin of Qacrol.aeLLeal, pripLiinates 

over the effect of te, 031on. This c3,3 has been, in 

fact, observed on t,:le alious eelutien of ',G,LE,cr&Iie acid by 

e. Alexander and A. Charleee). ee, also, have studied in 

teis reseect, and the deteile of this -J-2.elt eiU he6e-:..ied 

in Chapters VI and VII. 
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      It  Ji:v be conclu,Led it.ou the above consi,Jeratidna tqat the 

critical concent:ation cdrreonds to the concentration ,:icro 

the .:,01raef L. afe just apart frw,1 oters. This 

conclusion is also suppored b,y to findinc, shown in. A.s. 4 

that whe the PVAG with vafious carbox 1 croup contents 'Jefe 

ifradiate;,: under the corIC.Ition that the sanles were same in 

their e!,*a7.:sicL:., there was no dlffefonce in the critical 

concentration. 

      IL or to explain co- oc.al:Iar coIA2^Vof _:,eLticn ,oe 

with fdlamer cc,hcehttidn s:ao',,fL in IT i,,s, 1 and 5, the ill_lrect 

effect soul - be taLen into accbdt in adaition to the effet 

of the OXL;anaioa of the po1. lie reanea is that the 

cufveL> will „:;c, obtained no a -rii., of the 1LtC,1j of these 

two ej:fects sil'ide the prob-,bili;:j of iKteracon is IL:crease:2_ 

with iflor•a ii. ccn.cenn while the indiect 

effect is uccf,c?Lea. 

'
Inhancement of api dion witi_ increasing carbox&l folup 

content ii- the case ,.:f the aeraLe solutidn wi,..L,lit L,Le'cl slt 

Lk.) 74ict cc (xii,i1:_d in te.Ls '31- tLe e_;.DnYIL _(;n df tL,e ca nor 

1ecLAG, (r tiie 6._-..IJasiL is.6.1,JuclIt La nave little efet 

on degl'adation. It seec.; morc 11 ::Ej.„, tat ,J1-,j..L..daa is 

promote,: as a result di :Tuovc.:Jr.ti 11 ef :::,c.1-.c: lc; H 1- ecu-',:blrai ion 

owing to tr..:' Jitrostatic repulsin. Thi1. an,,_'ion cLJi 

be also aplieT. to tao wel,-, ::,, ,n fct tat .:(D.Lelectl'Hi 

are deLraded extradrAnarild sevefel,, with vey stalc.-E,,c)s 

dilute aqueous solutions. (Tee Chater VII). 
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4.2) Calculation of  :xtent of ,illansion 

     It is, therefore, possible to calculate the e4pansion of 

pol4ions from the hata of the critical concentr,Aions on the 

basis of the conclusion thai.; it corres2onds to the concLat-2r:±- 

tion where the ovel:lap of he po]ior 1:olecules comences. 

The values calculated thus can,be compared witi those calculated 

accordinc to other hetho,,:_s such as visosits or lifc,:,ut scott-

ing measureents. 

     Let us calculate the ,.__nsicn from the -ate of the criticr ,11 

concentration fnd viscosities, J1s,,cumin, that the ,IacAaila 

scission sr 6 the intraolecular crosslinkin: ocourreC, to a 

r.,glicible tent, a.d coilare these two wlues. If a ol:ymer 

molecule can be represented as a sherel its of:"ective volue, 

na2e-4,1 the volume of solution available or particle is 1CC 

where is the moloculaht of the (D'L,a:er, ET is 

Avoadro's number and Cc is the critical concenticn o=1:c,=,oe_ 

in j1CCce. Ther(Acres the raaius of the sphere 9 can be 

siven accordinc; to the e.fastion: 

           n 7L 7    --r --.)(1)                "rX' L4°"'r"7".."'74"=3:CIV:-1.5 

where t„.? is the volue fr,9ction fL,z' s. .. in . ciose6_ 

packing arr,. The z'aiii :1,::ulf..ted i.J:L.,. u!.'H_cu: (1) c220 

given es 'Hc in Table 2. Cr. -I;e ether laan, accc to 

                                                                                                                              , T. A. Orofino and.1.J. Vlci)tto cli- ,icianee of 

a olelectrotte 176 is: 
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Table 2.  xr,,arsion 

concentrntion

PVAC 

 nnd

calcuftlted 

ty

from 

data.

the clitien1

Sample
(11)

C C) 

c

(A) Ri.(A)
'O

.,

- c

1-arent 
PVA

b —1

B-2

13-4

B-5

0 

0.2 

1.( 

0 

0.2 

0.2 

0 

0.2 

0 

1.0

0.25 

0.26 

(.30 

0.23 

0.25 

C.22 

0.24 

C.20 

C.24 

0.1L 

C.2 

0.16 

O.?'! 

C.26

203 

200 

191 
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                    1.  Introduction 

     In Chantal:- V, radiation effectz wee studied on one of 

chared polymers, i.e., polyvinyl alcohol artiaily acetalized 

with 71oxylic acid (iVAG) whose carboxyl rroup contents were 

ringed from 0 to 3.57 nol It ;;-'e found that both the 

crossliniFir and the deradntion are stronLly affected by tie 

C.:ree of e-,-_pansion of the polyion and It concluded that 

the critici concentrion corresns to the concentration at 

which oven pin, of aoIyqer coils just corryes. L this 

case, as the polner is reaided as a coolmer, it ,;ms 

         that chan[o jr evenical ceritlon of the nolymer 

accompanyir acetalization T.i'ht affect t-le cross— 

                          the carbexzil rup content 

considerably Thu, it was not desil-abie to use this 

polymer for studying the effect f oxpfInsion over a %.:12_ 

race of charr:e density. In preso,nt 'Jerk, t;::efeel 

001”.erc (PAA) ues ctosor for the snz:.y)le to be 

irra6iated. This rAblyelectrolyte, uhicj.: is weak polyacid, 

has an a:jvTntae for the -,1112pose _.1.bove described boouce of 

the te chare ci_nsit, can Le colltrollo 

readily b, addition of alkali such as ;:a0-i1 uitheut :nocLijAction 

of side grouus.
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                      2.  ,xnerimental 

2.1) Material 

lae 1AA sai,le was preparc:u by polyLerization of monomer 

in 4•5 wt.,, aqueous sLilution usiLu 3 x 1C clo1/1 of potassiu_ 

persulphate at 5000 for 17 hrs. The conversion of monomer to 

polymer was about io. xulification of the ,,olymer u:L; done 

by ,i&lyzing against runnin later for a week and tae4.e2ter 

passing several time- throw:11 a cylinder filled :ith 

cation exchante resin, Amberljco Ih-120, anb. an akion-:;.�_c_iance 

resin, Amberlite 1i1-45. The eolyaer was usdibr the 

experiment without any trent of fractionation. The 

viscosity-sverare degree of iolymerization, calculate-, from 
                              C 64 an equation1)

, Lq]. x IL-- _L (in 2N EaCI., at 25°C), 

was approximately 57GC. Partially neutralized kAA “r.-3 

prepared by ionizinE the carboxyl fcup ,d audition of 

appropriate amounts of NaOH. ater used in all the expertlentS 

was conductivity %.11.4ter of about 1C7f2cm, an, ilaCi (analytical 

grade) was unud. 

2.2) Irrarliation Procedure 

     At the time the Co-6. was used, it use rated at 

1.5C x 105 r/ r. Irradiation was eai.riecL out at L o 

temperature both in the presence and in to of nir. 
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Evacuation and injection of nitrogen gas into the  vacuum 

line was carried out raoetedly untill further bubblinc-out 

was not observed at any violert shocki, Firwli& the 

all,ivules were sealed off. It secd that our method was 

more effective for deoassinc than the usual one which 

requires reLeated rocosses of freein;7 and evacuation. 

alien our method was adopted, results were founC to be much 

more reproducible, co2Jpared with the oth3r cse. 

2.3) easureents of Viscosit and Gelatin t)ose 

olution 4iLJoosities .•aN.'e :_;e:-red at 3C0C in an 

Ubbelohde-ty.:e vicomee, on dilutinE the solutons in this 

viscometer. 

     The 1elation dose i: generall,y uotcineC. from the sudden 

changes in viscosit), deLree of 6-:;eilin•or alo,Ilt of scl 

fraction which °cow: at ;:,.01 1Joint. In the cao of iadiation 

of solutions, to aTYpo,ro:,,oe of irriate6, &olutiorl canL:es 

abruvtl,y as a result of incipient yelation, so that the 

elution dose ctli be ,_et.iled_ o,c7,ii, and verty precisel;y b.0 

visual o'ovation. in ti,.is experiulent, col Joinle; uore 

detereL :J.) inspecti2 of ai4Derance of the irraiated 

solution which was taken out fro ,J the irradiation poition at 

a few .11-iutc, into.cv1s. 
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                      3. 'Jesuits 

3.1) Irradiation of  Doaerated ;elution 

3.1.1) In the Absence of M.C1 

Tic. 1 shows the concentration deendece of '2w /c for 

unirradiateu. FAA uith varicus decrees of neutr,Aization of CI 

5, 1C and 2C . it can be seen frur, the shape of curves tht 

FAA behaves in dilute aqueous solution as a typical -Doi4-- 

electrolyte even in the ease of a deree of neulizI,Aion = 

C. When thee aqueous solutions conteininff„ no air, were 

irradiated with f=a=a-rajs, cc:lotion oceurre6 if the solution 

for irradiation was not a,traor&inaril. dilute. 

The most convenient measure of followinF the (1-(1,Elining in 

the present case ILL.7 be bzi the uoe of th, relation ose. 

This is illwArated in FiL. 2, where elation '?C70, were °lotted 

acainst the pol4mer concentratiu. An interesting feature of 

A4--;. 2 is thrit the critical eoeentration shilftL towords 

higher concentration :,-) the deLree of neutralization increases. 

It should be furtherDore note that be,jond a certain. --)oiler 

concentration of 5 the gel fc)ration.sei,s to be virtuul.,Q, 

indepem::ent of the doliree of neutraliztien. Aleander :2.1d 

Charlesby-' have shown that the .c:,,P, does ne c:thiit crosslin,-- 

inL when its de(ree of neutralization becoes hillea: than 1G 

In our case, Hel was f&c:JDd even for the 21 nevtalized.. 
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Fig. 1 Concentration dependence of reduced viscosity in 

the absence of added Ev21t for uni-f-rouitated 

'aith various degrees of neutralization
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This  disreoanc;)i  is' due to the difference of the ae(reE) 

of po14merization of samples usc7. or to the dereo of eli-

tion of dissolved air. The criY,ical concentration is shown 

in :Li,:. 3 as a function of the ,,lerl'oe of neutraiztion. 

.1.2) In the -oresunce of ilt 

     As can be seen fro .'ir:'. 1, the o:ansion of o! ion in 

dilute aqueous solutions increases nenerall4 with inoreasinF 

degree of neutralization because of increasinz coulcisoic 

repulsion between ionized rrouc,s. It is also ;ell -flown that 

when neutral low-olocuiar-ol..ht salt is .c.od to the pol- 

electrolyte solution, its elansion Cecrease with illela2inL 

ionic strength. In order to see in uore detail hou the 

exansion cf Loiion irfluerc,as the crosslinLinL. resction, 

the followihr experiDent was carrieJ out usinL aOl as 

added salt and ilAA in :ici,d for as a sanple for irration. 

Thereby, if :aG1 miOlt influence ra,f.ioi,)sis of water and 

formation of polymer rAiicaiss inter: votation of :c'2ultf3 

obtrAned would be DUeb ,;:::,Dlidate. In t:As .:es-Dect, howeve, 

our succeo(lii exueriLiont3) clr)rifled U•lat t:_e effets of 

Ireael are tu:iLcoessaro, to be tal:cn into recount and that i.a.1_ 

effects the crooslinAmr.: ofJ4 tirow±h the actior. to reuce the 

exansion of polmer coil. 

JA1• 4 s;Lows the F,olution vicositie of tanitea .-Tc. 

in the Iresence of wJrious k=centrticns of -clt.::1. ::,c3 is 
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seen  fro Vi_. 4, addition of C.1 ftaG1 was sufficient to nmke 

the viscosity behavior of this l'AA quite siA.lar to that of 

uncharged polymers. Mc elation dose for M irraaLited in 

the presence of C to 0.4 Na::,1 is p4tted in Els. 5 a“iinst 

tie polymer concentrtion. It is of particula interest to 

point out that iLel can :,e fored more ea1,14 by the orenrce 

of NaC1 unless Ladl concentrotion is hier than O.C1C. 

Influence of 1,E1G1 on the critical conentri,tion is k-.,town in 

Fig. ,...., which illicates clearly that rel-fortion occurs 

more redil„ at first, with increasing Eral concentraticn, 

whereas Je.ond the Ea]. concentration of (,C1, the formation 

is retard_eaas the coLoentration increases. 

3.2) Irradiation of Aerated Solution 

3.2.1) In the roseLee of latla 

Concerniaj irradiation of :,e1;jelectrol,yte in aefat-ed 

aueous folution, a number of .acJe-12s have bL alead;;, 

published 47). It was fount', in all (21D0E-, tat -6tic ;;01.,,,D1:::: 

havincL7 ioniz .roups deprae in the pe:3:hc,:: (., air with 

rather small doses./2more..1:-oiil2S the to roe of 

neutralization increses. In t_1,: prat .y(31:7v there-fel:et 

the stuj, on aerated solution c-I.s done :.ii.ofla onJ4 for 

comparison with the re alt: cE. iaLintion (207 ael.-ted 

solution, 
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 Fir. 7 -J;ows the ercente decl.e7ase in viscosit,) induced 

 under irradiation of C.3_, solution at a dose of 2 x Or. 

 The viscosite of solution is found to be lowere,' under irra0 IL-

 tion, and the decre sci in yscosit, become 1:1:o or as the 

Cerree of neutralization 1,,,cJ-olses. 

 3.2.2) In the Irecence of NaC1 

      In this case, the result is aliparentaty si141e. The effect 

 of Ea01 on the deraOntion is shown ix? '-'i. 8 for FAA jjdjThj 

 at a dose of 2 x 104r in C. aeted• p,queos solution. It 

 can be seen that derr3dat.;i is curoscoh str() i when .7ar.l 

 is added to the solution for irrk.'liu:tion. Indeed,Lrictioz: 

occurredu[ilii to a ne7libile _:,11t when ' aC1 concentrLion 

was as hi:n ac 

' ., riscussion 

4.1) Cn the CrossinT7inc,', 

Then the .],echanis,J involved in -a:-ifit*o.:-.-:_,-nduce, crosslin 

 of nol„elec toL te in a,J,uocus solutions is to be iscusseC„ it 

should be taken into account that thee are el oc Lrr'ostat; c 

reulsions between the ion:Ize,, fprous fi:,,e0.. no on () the 

saE:e ,eleciele hut also on the.je-,-2e-:]t ores. The e';-,;o1 

that the the repulsion 511 affet -'6:lo cross111.1nn :--,IUL. tou . 
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the  followinr: two f tors One is rcArAted to r).eventi,-,n 

the reHalsive force of c-mhinoti.T of tol, 

would ot 22wlso lead to .t:J,c f:orat:L xi of ht - or jtrc olec 

cresslit,An . .0 factor is to exted io ci ueL c-713in, 

causinE the to Occur _ .ore red.U„ Jith 

these ttc competing effectb jn LAnd„ uc will Jisc-f,Iss the 

experiment 1 ):cult2. 000to CLac.LiUeo.. 

The result in 

that of iVAG in too I:L-evous JL:ic ei is in 

FiL„. 9 ( i. 3 in C!1:71,rel' V). The curvo of . 9 in;:icnte 

that, ac he cou e den o polje-i: ions inc.L'eo fro22 (_ to 

   mol the critiLol tcen LooL co 1 It in the 

case of IAA the cri', i 1 corlei2tation inc:ootoo-Ajth 

the de ree of neutralization, T Lot tront incositcncu 10 

not, q Sill r';ricinn if Ott ttctlit that some J,?Hounts of 

the carboxd 1 1-(Juys to ct r L'e oo1i t2itch 

form in aile_„us ,1utJcn ova : ir to ojcici. 

This can be, alto, ex;eceC, 

in Fi . 1, tho, critiol Of L 10L for 

3 ;2,f aLLAns.c the act,L-,Ltil, 

carboxo. 1 ! rcup content of coo 00 roc of 

tjon.he rLu, (:cni;ent 

the measure:aants of ph of LHein Eo1:2tions. :c:12 t 

carbox 1 -,:vou'.) cc,tent = 5. ;7 to t±e a toe 

of neutr j f_nat ion = C, attenti t to ene 

of charue densi Ld , one Ott to r1LC:_ 
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the  cont,.nt of ionized group increaes, the critical con— 

centration oecreaseE,at fist, but '1-t.L' rechinc Li linium 

whicn lies in the vicinity of 3--4 .ol , it boc;ins to increase. 

The pl:,!sence of the :ainiul strohlui c;6Lests the inter1-;y of 

two competing effects influencing eroslihLi,, reaction. 

This :ill,y be also suggested ),y Fi... ;-,. Amce thee ilo.::oEiena 

have been coserv.!d on-J4 in the cj_ilf,of 1A)1delectroltes, 

it al)pears likel,, that t.le ,10 counetin:H; effects wc, be ::::Lfd 

frh the repulsion 7.-Jetween the ioilieu „;ruu;.)s., ho i the 

u11,1on foifdd \iorii tueeh tAe udOcent Lroups bolongihH to 

the Berle Llolecule, it haoens that the chain is J.L. extcJrod, 

In tris case, the rte of crosslialinc would incrase ith 

attendant lowerin, of the oritini concentration, since 

possibilit,y of the polriler 0L pent of different f_tains to be 

in contact wil;L each ot:Aer increases with ird),,a-I.11, (leo,  

On tne contrnr,, the repuln -oeeri the ionizatL "T.oups 

JeloilLi:2 to the diferent cliihs vrould 10d to revention of 

co,.'Jition of the yelb&01 l'u-iuclis, uonsecuni, Ic 

sul:,, .ession of t,e rte of drolilLinj. :cli, ift'Lice are 

true the behaviors sLoiii, ::c., ci:s. :.;0 '-,) olic:i IC c[:iL -0 e.ijaine. 

as fellows. 

In a 1:v.n ,e of lew_-.c icuized cw.o,I ,roLl., coltent, the 

eifuct c;: the incl!ease in size _Ir,; civ0i.sLc,dow tha-i:, of 

14,ev,.?lition ofradica eciinatii,r. L:fol'01 at first, the 

critical concontrtion =,, ice o'o lower Ath inci:oilirci G(If:irHe 

densit, as is sen in :ViL. :). itp-)vo.i:, ,:f.1•7:-L the iuliized ;1-,-„lp 
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content becomes  hich enough not to be able to nevlect the 

repulsion between the groups of diffel'ent pol,mers, the critical 

concentration increases with ylc.L.cosing corbox;y1 croup content 

as is shown in Fir.. 1L. 

     The minimum of he curve in 'A.G. ',) cm be e.lained in the 

similar ,, because' addition of neutral sal to solutio has 

an effect opposite to that of i:AL.dition of iaC.J. .0 other words, 

addition of _Feilia caucs tic iollizaAon to decrease ail2._ 'hence 

reduces the expAision of Hoifioh. As (;La e-iLcation of 

NaG1 increases, the raiE-iion o:covotinu. the .L'aLical combination 

decreases, so that the _ei.tion 7,aj occur :-ioro rh,i1. If 

the e.cl concention becoe2 hihor than r,'.C17:7:, the cril 

concentrevGion incraos steadil„ sico the effect of decreas— 

in size of pol,:Ler coils .: become a delAinant factor. it 

is of interest to note that in.cra—lolecu2—ssiirL:ed pol3.22 

was formed when solutions containinc 'aC,1 6bove (.A.7 were 

irraAated below a critiefAl ooncentr'Aion. ih this respect, 

details will be pres .hted in the 5usequont c,,:;clptor. 

4.2) On the Degradation 

     Insyiection of 1_,L. 7 Elz)d sj.ows t.1, tho do rod tion 

7,ecc !L,L: increaeini,14 LiOiC offic-Int as :.,'Ac. CharLO Loi-i, of 

polymer chain increses. this ±act s fai&o fu:ad by oher 

workers4'6181'3.;) on the .;DrratLetion of QJfj in 

dulute aqueous solution. :(31:1 i;ecrio have uoc,,n ':a.o'::GEA?d 
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to accout for  these results, Among th, 1 we will discuss the 

followin three theories. 

(1). his theory assul:cs that bonds of main-chnin become 

liable to scission as a reult of the ,J-l'eLce of c4IL,r side 

groups, it is oroLable that electron ensitd in the C-4:, bond 

will be varied by the electr:.c chari.e sct no:J.:—o;', and also 

that the C- bond will be s rLIn-;d owinr to the re(:Jusion 

between ad;acent froups. uowever, it is vord :clnerous to 

accept this theory wi,aL.t1A, any doubt, iricu the ten:ency above 

descriued was alcc observed in Ube case of 1.V_G,ose struccre 

is Liven 

           - CI: - C ,- 

   \ I 

C - 

In this case, the C... of the hain Iclailld 

from the ionized carLoxyl fl Thol'e!uro it sceus unLlausi-le 

taat the bondint fol.ce of tuli.; Lc,nc will be aLiuctJci 

by the 1_,l_e,J'xi(e 01' the cal =„71 f,rou 

(2). The second :co ac t c cice of _o10_,,er 

coil as the Lost ilinor'Gant factor. ,ib Ler 

density, the expansion of' ;,oivion (ca:co the Icy-1 

concentratior of the s:cent :LI 7E 
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coil will become  loer. This led s to an increse in tile 

relative amount of water moleculs available per HolLle.i? seEment, 

thus, to an increase in the indirect effuct. As a conclusion, 

increasing charge density reults in the increase in the 

incArect effect, which causes the 6eyradation to occur Lore 

1:L:fli:A4. This theory seems core acce-c;tale than the first. 

However, large deenenee of UeLrudation on the ch-,11, density

observed at the irraicrtion of _c-. ai;d PVAG in ,.: solutions 

is not favorable for .ti2 theolv. In such a re1ativel0 high 

concentration as 0.3 the amount of water .er semeht mao be 

considered to ,Je alLiost ludet,eLdent of the charEo denAtd.

(3). This theory is related to the electrostatic relAilsion 

between ionized eroups beic7,ninr, to the sa.:,e molecule. It is 

;eliellj accelj,e, that ra;AcA.s 1:::120( aoo as i result of main-

chain scission aartij recomOine at once as if the ehane never 

occurred. If the radical recombination is 1:leverted aj some 

',Tau over-all c_t:nt of doHradation fill becu::,0 1:::or. It 

seems very rrobable that .U:1:3 re7u1sion force ,Jill 1-‘e-vcnt the 

poltimer radicals to recalbino. If .tis schel:,e is correct, toe 

poller mao -unerco he rtton fflo-f.e affe_tivo:io ,,fith incasimIL 

charge den[Ato, as is sh.cwn in Fi , . ri. This thocru also can 

account for t:le fact that the dose to a-c6alh a 'hotiele ch,an e 

on pcl eiectro1 too is usuallo foun to 00 :.,:iall 

compared with the uhchald ,)cljmar's416).
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                 Chapter 

 A-,i0LAAJIAR ACL)

I,Sakurada and Y.ikada, Bull. Inst. Chem. Res., i7oto 

                  41, (1963) in press 

TLffects of raf:Ifla Radiation on c)LTier in olution (V) 

Intra-molecular crosslinking of po4(acrylic 

        acid) in dilute anueous solution



                    1.  introduction 

ijTects of ionized -Jrcu p content and atLed salt on cros-

linting of pol4acr1ic acid (LA) in flqueous soluis, dos-

cribed in Chapter VI1), ma.. be summarized in .:1,. 1. These 

two variables arc put to:etiler in ic. 1 in such a f'ish-yi 

that the expansion of pol,iion increases in tiae ri:ntward 

direction of abscissa. Assing tnat, in the lt-h'id region 

from the minimum of the c:LIJm the effect of vaing siLe of 

polymer predointes over the effect of repulion, while in 

the oosite re Ion the effect of repulsion -YreVe.-1:i, one ros 

able to e.-lai3., the chanc!:e in te critic:1 concen;=tion. 

Ubvi(.usly, prorties of to continuous eal l'oueec3 iL'ra-

tionof solutions above a critical concs,ntrati,:n :La,), be independent 

of tIretner foruation of' the rel is iflJenced ;",' c3ither 2.ffect. 

On the other hand, blow tHe critical cocontration reactHJs 

induced 0, irradiaLin of ,Alute solution ,=y be -r,ossibij 

Influenced b.y these ,7c) coletinL, eifects. Alen olutions are 

irr, ia,e below the critical concantion, as is wc;11 known, 

a continuous el is nevr for.., 'JLt ei-co2 a Jic-ro--.1(:)2:aation2'3) 

or deL-29,..:ation taLeE place. In the case of poelectrolto, 

it :a.y be ex:2)ected t:lat, if the repuisiGn is Ly3fficint, 

stron , (D1;:_lers exhibit no .Jic_- el.-frlAaLlon, but o:14 

decradation. 

     The presont wor? was uneLtaken to find out ihat reactions 

are occurring under irraiation of Alute sOluitins (.,i,c. Vie 
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 critical concentration anu to confirm the above supposition 

that crosslirtAn of poldelectrolite i influenced ,;, two 

competing effects, that is, repulsion Lli-1 variation in size. 

                         2. ..;)z.erimental 

?AA samples used, irrevAation procedure and methods of 

viscosity measurements were quite the 2ci.e as described in the 

previous chapter. Alen it was necessary to remove the added 

salt fro the irradiated solutions, ti' wore passe. threuLh 

two columns filled with a cation-ecklanLe resin, A-2:berlite 

1-12C., and an aM_cn-excq-tanLe resin, Amberlite Ij:-M. 

     The relative turbidity of soitions observed dia-J;in 

irradiation was estimated from an c-auation T = 2.3 log Ii/I0, 

where I and I are-u-le intensities of the liht scattered in   C.1- 

a direction of 900 with the directien of an incident for 

the solution betcrc and after irradiation, rc. The 

intensity was measured at a (-)1,yer concentration of C.1 b-,) 

means of an electrophotometer. 

idotentiometric titrations wore performed at room temperature 

with a r-tpe 11)-1 eter (_anufactured at -ioriba Instruents Inc., 

hyoto). The solution to be titrated wan 2tirl'e6. on ,,i1 ma, netic 

stirrer, the stirrer ben, stoiec for each reading. each 

titration was ma:ie with a period of a few . mutes btwc:cn 

successive readino, as the ph -bo::ae ecnnt ,?,Lest _.n,z..- 

taneousl-ji aftea' the adAtion of a euso, C.C1T:, 
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                   3.  Results 

     It has eori found in the studies on ol-plinyi iethyl 

ether4) that irradiation of this ool 2er in a,,ueous solutions 

below the critical concentration does not lead to foro,ation of 

a continuous cell but makes t,:e solutions turbid. This suggests 

the plausible transformation of molecular conficuration in 

solutions due to formation of iotr -4.1ecular cIosolirkinrs 

irradiation. It is of interest to see whether te intra-

molecular crosslinking can be f4ed in the IAP, solutions where 

intra-Lwlecular reouisive force exists. 

3.1) Occurrence of Turbi IA, under Irradiation 

_hen toe ionic soreo. th of solutions excroo'od a certain 

value, the solutions 'eon le turbid unoer irradiation. The 

solutions before irradiotion were, of course, txo,rsraront ]n-

dependentld of tt',,e ol000nce arC the absence of aEl. The 

relative turbiait:i of solutions of in Tola form 

at a oolumer concentration of 0.1 wt.,, in the absence of air 

is shown 'a ,i,. 2. The ionic strerooth was o'justeJ bu 

aditim of approorlote amounts of 'a01. The turbidit-,y was 

measured without ;.-i'lovir from the irr-,,jet d solution the 

Val lo.,1 was :Loent Ourioo irrudiation, becs'tuse the presence 

of Lail seemod to affect the turbRli,,,u Lot at, all, or onl vo-:,j 

slifatly. If a sufficient amount of oir was dissolved in the 
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solutions to be  1-:t)te, turbiitb dd not omit:, however 

lalLe a dose was used. From Fig. 2, the relative turbiJii 

appears to approach an upper limit as the irradiation Jooceeds. 

     To demonstrate the relation between ionic s,,Ancth and 

turbidit, initial sloos of the curve c in Vic, 2 were plotted 

against haUl concentration in TAn. 3. It is of :icut 

interest to note that the minimuA concentration of Uael nealed 

for tte incipient iencc of -LiL.,ito aLreec eactl-,y with 

the :.a.C1 concentration correspendin to the EAninuo critical 

concetration -ihich Fic:. 1 oL(x:s. It is clear that solutions 

becol:le turbid on.L 1Jon irradiated at rjaC1 concentrations above 

0..C121. TIlis findi affox.-!:s a Iport to the exectation 

above mentioned that either of tso diffeoht ver:Ict7L)nc woul 

occur preferontL111.0 in ench ran'o of -al cylentretion below 

anc_ aove C.:. 

3.2) Viccoetric Behovie_: of the 'rya:flat-ad ol;ylaer 

Cccurrenco of the tul-LicAt:,) 1:c; be attribuJd LaainI;y 

etCnor to au,rection of '01ners or to ,1w2e tt,L. coiled 

confiuuration of ',2,o1,ymers. The latter 2,t: be ,:reuEht'about 

1.;,) the foration ofit-.,'cic=cular crocIic:,in II-:111 the 

solvent power rez.ainc constart durin(c irlaci:,tion. The 

ti.'anction of the molec.il eonfiruti(.). 'lc eaLed to 

affect necessaril, Vdroynaic00-.1,tioc such ac solution 

viscosit,). FiL. 4 shows the incinsie viscositie L]eacul'ed 
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in  C.1N Ne.A. of various PAP,'s obtained on irradiation under 

the followinc conditions; (a) in aerated salt-f scAution, 

(b) in aernted O.1i aG1 solution, (c) in 0.eaeroJ,e6. salt-ree 

solution, (d) in deaercted C..1 FaC1 solutinn. As can be 

seen from FL'. 4, the 11.trinsic vincesit decreases with 

radiation dose in all cases re! arless of the irradiation 

conditions. The ,:.resence of Ilr and the absnce of .1,E1C1 in 

solutions for irradiation caused the intrinsic viscosity to 

fall nore ranid4. Among the four e,iffel'cnt ease (a) to (d), 

occurrence of turbidit„ wc, observed onl, when raniation was 

cnc)osed to deaerated (.1. i7e. 1 solu,1n)n, i.e., the case (d). 

urternorel in tile case, solution viscosities (j_cres':d most 

s1ow14. If the viscosltrop can be asLlaued to be oc:inL; to 

main-chain scission, the reciprol of de roe of pol,rition 

should increase linear", with incret:Isn:: radiation dose. 

The results aro shown in Li{. 5.9 whel'e it is seen V:Act in the 

cases (a), (b) and (c) iqe..i'e te oolutn raiaired to.nsa2ont 

durinL irnrAatin, a iiLeit-ty was onserved. Cn the other 

hand, in the case (d) ;Lei the i-siated solutions becae 

turbid, the curve was 1%Aln(2, not to be linear, wich innlies 

occurrence of a reactisn diforent ft's. m:"In-cin s(Jissir. 

It is probab4 the intra-Hleeilar cressiirlAng. 

     In or.C.e-' to ascertain the forrfmtion of ill2a-locula-

cros2iihed nolymer„ viscoetic 11,vior W020 elmineLfor 

tLC noL:ners obain-. .'tiCle t:2esaY ,:yhjion as alp. 

described except the rellatlk)n J.()=:,e.. i:tin t'.Kle was 
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controlled in such  a  wri,) that all the 1:LAtinE viscosity nwrbers 

of t:,eso polymers in 0.11, NaGl are exactly ideptical. For 

simplicity, tAeoe polyers were desinatod accordinc tu the 

iradi._,tion ccition as follows; _" :t Lrnjiated at 5.0 x 

104r in aerated salt-free solution; i-b, at 1.1 x 105r in 

aerated 0.1; NaC1 solution; EA-c, at 1.t x 105r in deaerated 

salt-fc solution; li',A-d, at 3.0 x 105r in deaerted C.1- NaC1 

solution. As noted above, on:14 in the case of 121A-..d., the 

solution became turbi,j under i2raiation. iiots of the 

redLced viscosit,. aLninst the poler concentration are given 

in i'i. 6. It is ,111J:ent. that the J:-(Juceca viscosities of 

_:,A-al -b ani_ -c in the ance of added salt rise ,,;,, sharpL 

at lower nol,mor cocentrations cifnilar-1 to tLose of PAA 

beftre if.2cJ_ii:Jtion. At the scle -i,le, for the .L -, the 

i'd'iced viscsitLes increase cnA., v,?:. slichtLy even at the 

consierably low cLTIcentrtL,L. 

3.3) Potentiometic Lo'iavor of -Lc, IrraA,ated J:03er 

     Solution pro,Jorties of thc frraliated i'!1A were, ::cIrth,, 

examinedb.,.1loansof a utontlor:,Ari titration' A.L. 7 ohows 

titration cuves for the various L:-12aiatoJ :IP, ,,oLJe.120. 

The poimers studied here are -i:;:Ae unirrat(Jd :i'iliZ:., 11'..-',) anC 

..-1„ The titration u.9 caiLie0 out at a. G.M concentration 

of 7:eluler with -1,C7 in the c_mce of dc)& salt. Plots of 

pH as a function of lor.te, binr or a mcg3lfied 
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 Hendei:oon-L:asselbalch e,itlation, ph l m 13,av - n log aill), 

where a is the degree of neutralization, n is a constant -,.nd 

Kay is the ave_age ionization costant, are also shown for these 

titrations. As can be Lieer: Yrem Yi. 7, tne pL c) P.I1 are 

clear4 higher than tlJose of the unirradiated PAA and 

both of which are yirtual1 rtical. in ever, case, 

Henderzon-aasbelbalch plots of the data ::117e strait lines in 

the range of 7k,,>.a>3C,;,),. The intercets and t;-,e, slope:: of 

these straii:nt lines indicate tt 10avaand.n of bobothtne 

                 - unirradiated k121 and kA-b are 7.0 and 2.4, res. ectively; and 

pKav and n of :1Z,-d aro 7.7 and 1.9, resectively. -.1ridentl&, 

there is noticeable di:Cference in pEav between ±Afl-d :LA-b 

or tile unirradillted FAA, 

4, Iiisession 

r.,he sinificant differ:Jnce in vic.Aletric benviors between 

the FAA-d and the 1AA-, --7, and -c 1-;ILd be attributed undou,Acp:A:y 

to t.le difference in chain structut.e. The content of carl.;o_cl 

[r,roulis sue ,:: to v,,, IZ so, onlj to a.1-ecliLibleeent under 

il'i:a(liation in t!lo raditicn. de 1:'clzlo inveEJA,..ted !1:re. 

An examination of JA.. L.) r(3ve:.als that curve of il-al -b and 

-c are aroxiatel4 identiai ar,J Laavo t,:J L;ilape c:b.racteri6tic 

to the linear li.::,. Jiroui this ion and si. '.), it 

be concluded that 6io viscositos of :).e43 pui,L,Qu, Flowyl 

in FiL. 4 EJ114 be atributed to trio =in-chin scisAon. 
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 Furthermore, the fact that the i'eC.uced ViSe00 el LA-Li, 1_, 

always much lower than that of the 1-i.-a, -b and -cbe 

reFarLed as an evidence showing Ltlat in the c,c of i-d there 

is restrictive force upon extensions of the poler coil. 

This restrictive force is supposed to be c1.1:.: to the intra-,, 

molecular cropslinkinBlolea un-ier irradiation. As a conclu-

sion, the occurrence of turbidity. in Lolutions can lie ettriuted 

to the formation of the intra-molecular-crosslinked poide, 

namely, the micro.-el particle. 

     A further confirmatory evionce for tile e.Astlice of the 

micro-cel particle ca be given Lid the roLAIlt Eihoi. in 24]. V 

tht the average ionization con it of tLe .1-A -d i. notiocab14 

hi herthan that oZ the-FA-b. This difference iacia be 

ex-AaineL as follows. Since the concen.Gration of ionizable 

earbo1 groups in a volume element le biter witiA the cro 

lined than the linear T'old:2er, sup-L,resion of ionization of 

COCA caused by COC- o,co.;:es 1.2i:er with the crouslinked :.o.lers, 

and hence the h4.2re.en ion concentration dec.:I-eases in the 

solution of the crosslinked poler, J hiit to .t..ie larcer 

ionization constant for tl-:e crossiinRed col„cner. 

     Although the formation of the il-izolecular crossli:cikinc 

was clarified onid in the case of the PiU-J which wuo jt:2-1:aecl 

on irradiation of 0..L, ,-3.1 c:olutii.)n, it sees -i,Jite l'eacon3ble 

to expect that the intrlec,..Air crosslinLihc cLw be foale(i 

if the NaCl concentration of solutions ]...; ti.her than C.(1_;. 

The reason for tis ic that, in this concentration 1.anLe, tc 
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solutions  beca,le turbid ull,c.)1 irradiation similarly to to case 

of the PAA-d. Thus, it can be ce.ecluded that the reaction 

actually taking place under irradiction of the deaerated 

solution below the critical concentration de,iwiLs on whether 

NaC1 ceileertration is below or above C.L1N. One is the main-

chain scison and the other is the intra-elecular crosslinkinc. 

     The result shown in 1.1.. 1 could be explained in Chapter 

VI reasonably on the basis of the following assumption. In 

a low ionic str.(th rane bericy,d C.C1. DaC1, the repulsion, 

which 12reven,..s the radical colnation, may influence the 

crosslinAnr most sienificantl. On theoe'2:-hand, when the 

LaCi concentrtion becomes hi-l- than C. L, the diminution 

of pol-yion-ension with increasing ionic strenLth mod Decome 

more important than the effect of reyielsion. This ascumption 

is s,ro:h14 LuportoL the concLAsien a'Jove citA,. The 

result that the deradation OCOS ecluLdvel in the l'aC1 

concentration ranL ,e below f,i:JV may be exjained. as being due 

to the reilAen wAch prevents the formation of crosslinkinc 

and !Jould be. most :cqioLt in this ranhe. Similari,i, the 

result that the formation c± intr-molecular crosslinking 

becomes nossible in to rane above .lH Faal :ilnd be explained 

in terms of the-1-1:1-abie ec:Leuse in repulsion .licil is 

ooserved i]: this ranFe. Increasinr rate of the c-L.osslinkinc 

with hir:her ionic strenEtL P:ri;, be due to the wcll-Imovm fact 

that hiOler ionic stength leacs to more titrtli coiled 

confiuration, so that vle latr-locuia2 crosslinLin can 
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be  formed  .acre efficiently. 

      It :lad be unavoi,Mbly necessy fe the :11(---; ,el-folation 

that polymer coils !Ire crl.y artially in contact ith each 

other in the solution or not at all. Therefore, the Jo.,li:.2.um 

concentratiei1 below which the EAcle-el-VerLation becomes 

possible, To., coreond to a coa-,ceLtration, at whicL pol,imers 

becin to interfere ech other, if r:!e(T;10et5.on does rot occur 

and the repulsion force is le. :=L, inteLz;-e as to Prevent the 

radical recombination. Such conditions rila be satisfied only 

in the case of the solAion containinv NaC1 above'C.(1Z:. 

Also-, :'_Il this mac, the maximum concentration for mic2c--el-

forz:Lation may just arree with tle crlticl concentration 'or 

(J:,,i-) e-formriti. If this is true, it A.11 be -::ossible 

to eAinte the eansion of ooljn from the 'oalue of c-2itical 

concentration on the assuLaption of closa K)acLin arra, as 

describe. in Ghantor V5). The ro'lli of in C.E7 and (.7 

Neel shown in Fir. 1 are _ivo. in Table 1. The -2:'ad.ius in the 

third colitm is calculated usinn to i.ato. of the cl-fitical 

concentration for :.(---nation, and too r.T.'dlus in the last 

colu is the ,j0.x.o(ic (:-Jffective radius cicuiated from 

idnstein's formula. Cbviouslo, t':e'e 'H n.cf:aq..j the ties 

differenceistween the radii calculatcAl tioL. te t7:Jo iffel.ent 

methoai. The similar result wac ,Isc: (: in thO0tLU 

on J:VA05). This d:Lf'herence in not 21:41.-05: if one considers 

the pla;:iLja1 menin;t3 of these the :i:3Lii. In this res-pect, 

datailed discussion will be --1:'ent,.: 5 the sn.ot chptcy.e. 
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 Table 1 

Eroansions of Polion (alellated 

Data and AntAeinac 2ornula.

Usinz tLe

1 conc. of. solution 

iiradiation

P2_1 of 

soll:ti on

Radius of 1-AA

fro ti-e 

critical cunc.

frc, insteinis 

formaul-

0.1! 

C.4N (.3C

374 

 iTi

173 A 

1-8
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 Litherto, the decree in viscoAt6, e,L;erved durinc 

irradi:Dtioil of dilute a. ueous solutios has oJ:toi, been 

attriJuteJ to the Ary,ution of tLe LG,L'J-.,c1(Jcula2 resclinLin„ 

of course, except te case whore the Ilinchoin scissier 

enjuaAedid oce:L-c, ilover, t:ae,:e !Jas boon no Ji__:et 

support for the oAstenco of tYeso 4. .:i,-. olocular eruzlinkings. 

The Cocrese In viscositd is onid a 1100.-)Iir,, but not 

sLIffieit evidence for the crosslinin. In order to e.Kamine 

tee fo.7=tien of tAu crossliniln , it secs most '„..reisLiH to 

d terLilne the Liolecular woiht ettlnoe durinL lire. iation. In 

the ajueous sdstes, howevei:, it is 1-)-on to ae rather e.ifficult 

to deteine the aosolute value of 1_,:A.eoular ucight b-,y zieu.ns 

of 1.1_ht scatterinc or osotic bessure lloJoueo!ent. Pocel:t14 

Aeu and )eas'eu.x*"-' have atJA.ed Leo enane in setentation 

Cone :L and intrinsic viscositv occurriL .ILIrinr:: irraJiation 

of ;,;,c1vin1 'alcohol (A7i) in dilute a.,J:3u.s solutions. r',,, 

feual2 thot, in hirhor use ranrc, the viseocit of 'edinteb 

rVA decr,:,acd with __'oae, -thoree the sedienttion constant 

increased, :aionstratii-i tte foe=tien of i]ore e_ e::2ichl 

nolecular clunter, cr, 1:11c:2(:-'ol ,artioloc. It e ens to us 

that this is on only stll, \JI:iell yave to stron: ovience for 

the irtL' -1(Jecular cosclin' , unC.er IrLaiatien. In cur 

ce, .!1e exinec of te, fi.:-loc:Aar crosciL=L:In), couL2 

be confir,Jo(1 "b& ,eter,:lination of tee . ieoee 02 i:10 

potenticHe-Lric titrenin o to :i.L, u.:: electrostatic 

Ire,elt;„ of iOlail vr,ups 2!:IGZL: a. el,oa2 eJail'. 
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 1  . ScAreAuction 

In th.-..c; earlier eb.F., tel s112°) effoctL- of 

expansion of ;C..14:: LOicCc1e ui C 01L.iifl ThJdi3.; 1011 

of ,A4 electi, i`,(1:-,5 in ..;1100/...iS f2clutiJ.n, Trie ei.w3nsion of 

poL, ions vla- ac4u2ted t;) LnIL1ZOi roup ccnt 

conc..2ntl a tici of :_:dc:lec. it(:,au1). It thc e.7,:r2,2c that 

ttie adde La.1 1i3 no ef ect oier than dec 

of pol,:y Lio.ov?r 1 tie follow:IncPOTT Li.1 t, ,,pR.' not 

s be ;.ec iu- 1 on Ya4 11C Cl ,c1,3 u Id :coact 

with. icnis • roclee f),)iti atl on. 

ln ea: trJsciinto E;;.1,rtoC 

lhe of t..0c!_y,:1,7t 'al: Is to 

tie effect o <2n on 

of -,2c.1,eiT, 1:7 otileL n pro ect .0- 

tier. 101 this, 7O1 1 :3_ 0U1t C of vkGL.15 1CiY nic 

and ekr anic co  e a .o.Lon to 

                cTica tie (Lir•0  

• rco 

Tbe p011C o le& eo Is r c ticn to_ ,de.,01101) 

(vtl) -1,th a e c-:.J.o0 of c1 ezizatI 

The c YOcC CL a:Lic opo-c,r1 

  :o!..7,der are t‘liou22 et'-v ) 1 fld 
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 :Ici_h3nol, rafJd le ArAti: -1-e aG1 L*J..„ Z2 L4, Fe)C4 4 C. 

L123C4 and CuCti .. 

2iqueous colutions of ...„-IA containl.nr one of these athAtves 

were irraJihte0 in the --Losnce •,-Jrf absence of 2ir with 

s.5-            A dose rte of 1.5-,.LritIPwas U:2CC ar:d the 

.t ,:-. rture Culinu ii,:::?di-tior J;1.-:,,out 200 . ,or'ssin from, 

solutionP for irrad.iation ,;as c:,Iriet out ne our usual.:ActLoO. 

-,;c1 i-ioint 1.1.s'eletoi;:iuo visualle, pd_ vi c. :c:e .:,:Jaure6. 

in wcto at 3C0G. 

3. 1:-.A1t-Li 

3.1) Ir-iditic:., in t'i,:? r.2.,,e2:ce of air 

       s is well 1-noun, -;r-::74ointion of rePsseC n,4ueous '..:Jlutions 

of ilJA c-11.-sos 1A.irie t,h7,:, -.11-!C C.;,7: Vil;,,, :Ti::: iiruiTIle u-e 

!elation of ti“.:,...:,„,t,a_. :!ao.cf,ch., in th'': C.,3': of ii:r. -:ition 

in the ntse.-Ice of air, the a6citives we'„Il nlie 50-::i0 offects ox11 

the cro,:,Lnin. ,2::4'. 1 s',:; ..:s tcc; ch9r e IT uiet ,:ese, 

i.fiel.q C.: ;:oill)i:ion (:f t\71.8. was irra 'iateu in the '-i-eence of 

.:arious a(::.bitives. it ::,a-e De 5een thct 'ci 11 L..-A-3ri-;,:,let,:yino:                                                                                                          ,)-Lt..- 

have ,',o il,fiuence in ..::! iinrotI.or,„ u7i, iC t •eir 

cor-Lions are 1_-.eiii--23, 0L 7-.,-7,s .u1:_. lrah_es Lis() 

tt -Crle Ih_ns„ -,lic,- r:.-1: it i.,...: piT: .1.:inct-_, oic not 
                                                                                               '1-).  -1-(

.)7.-rY:"0G1-, but-e 9ijir_76_,-r.'fir,r1,:;s„-nlso 

   1 fcuaf trA tjou;-_ nbec the 'olati out strorr:le. 
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 Next, more detaiicyj, ex arimentt ,; weo. cied. it, vr7r,,nc 

both the polAer corcertcation and the n.lount of n(Ative. 

27he results for (uTC/1, ;:r3r, thiourea and ethanol are SCIIP i_ 

A s. 2 -m-: 3. In all cones, tie Goition dose incra'Ised witt 

decressi polmer conctrticn, uhen the aount of additives 

was rJnivol 1.7,re. Tit T1,%i, be due to a fct that te 

number of a:J(Arive '.101,7)cA or poler Tolecule increses as 

tbe poler coKcentratior doce-se. 71,. Pico. 1, 2 and 3, 

one c-rn ont::A71 '':i . ',•ee relntive r:olatIon dc1;e. 0..r:Tlotted 

aainsi, the mmber of !)dciti.ve !lolec or pol, er 

The data fall falf1,,, qell on strctiHlt lines, the siripe of which 

ai:o n:a1:1,y in lecor wYcv ech other. T7iL,. 5 chov's to chance 

in viscocitz, of irrndinted solution: i2:L'adiation \,:as er-fied out 

usinq (.:.;) .:Ilotions lr the prconce of 

3.2) Irradiation in tha Hreccmce of air 

       Then sir In s7.1ficiefA:1 ro.,,ant n Lhe ,oluVon to be 

irradiate, solutlr viccot:ities ci-Ja;,r3 cress with rintion 

cone, in:icti.rr tho occurrence of mal,-,ibfain ccinzion. In 

orer to unerstard the mechanis of the rdiation crotection 

and proHotion, it se.is interest: to ctud now te deLlition 

of poljmer is nf7'neto::' bd tho cesimce of a v=.-:1,, s:,11 amur.t 

of ad6itives. 

'le results obtine ,J b,) ii..1.96iaLion of 0.4. aqueous solution 
..., 

containing various additives of 10 Y are shown in 7i:-. 6,. 
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 Lxident14, the main-chain scission is in rot cases accelerated 

lo), -1: pres.irwe of additives. The one exception is thiourea, 

ich iotectn pol;yLur ainot Corndation considerab14. 

i%3 can be expecte,:., tc) a6itivs which do not affect the 

croslinking, also c,col no ifluonce on the de -ti,, ln 

oroer to estiate to nu:ioer of maili-c:i:.11-n sciscsic.,', thc 

reciprocal of the droe of poli;,y-tiorl of the irradiated 

pol,y.ue,.s was calculated f1: the .;:ocults shown in '' 6 and 

plotted against the 0() 1_, Fi' . 7. G-values for decation 

calculated from the alopeC of the staight lines in Ti.: 7 are 

given in Table 1. Gdo denote the (---lue in the case of the 

absence of t.., altives. 

                           . fiecssion 

i;/ 7-:;,ra:,o1aion of ci0 to uni'0„ o(1 c9n o-utnin from 

2ib. 6 the :Aini7:u rlu:er of each additive olecules per polymer 

molecule iTU1CcI to affect felition ihe values are ,73own in 

Table 1, hjich indicatef; .L,,t, there is no (2itinct correlation 

between 46,,..e ulrijouC olt of a.':itvcs to affect the c-c:oslinking 

and Gd--vnl'i.,forthe do,rtion. Inother!fol:f3,tIn77itive 

-Alich Iretects the Eelntion .lore efficientl4
, does Ici,t neceril:y 

retar-_ or ore tote the ',,e'-rdation morest-ronL1,.lt should also 

be note that ndOitves _Ii.ci re etc the crosiinLinu cold not 

be feu:d out in or c-..]:rint. 

The resits descricC above e:).]12 vi ..,J co rAiclted, 
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 suggesting tlot reactl schoine of each ad(Ative are dii'Verent 

from each other. in the followinr., we will discuss the process 

occurrinr, in to sustem in etail. 

     First of all, we will suiliarize briefi„y Lno mechanism of 

in and de radation occurriLL in the absence of aduitive 

Denote the INA ,olecule b, thc s,y-tbol of P, 1...te 

radical produced as a rcsolt of lid6rocen abstrction from a 

by tLto F,71bol of tlien the iLoiois of aqueous 

solutions of .:‘,7A may be described in terms of tl_lc followinc 

equations 

H2C 11'9 a).Hd0(1)                        / PI22 

--> + ii(2) 

   P + P +a9(3) 

e + P +(4) 

P, + lo - A (crosslininE)(5) 

Ln ail:. is ,4.:e_ent, the :_,ectec reacion is assuned to be

H.4 02 -' iiC. 

   + 02 R.:00 

 P00 + mo- C -vv.' 4. 

                 0 

de,raation 

0C" 

 + iC 

                 OH 

C 0 

vw\-Cii2-C-0 C 

Cdi 
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0 4 00

+ F20 

      -

(6) 

(7) 

() 

(9) 

(1C)

(dc-gradation) (11)



It has been found that the  a  ounc of 1- produced by the reaction 

(2) is very small, compared wit n that produced by the reactions 

(5) and (4). The rate of reaction (7) is cr,enerally considered 

to be Juch higher than that of (5). 

4.1) Organic athtitives 

4.1.1) Thiourea 

     It is rell known that very low amount of thiou.es protects 

many materials a sipst Thwl-,=, by radiation. This co-pound -1s, 

exist in solutions partly in an enol. form, (NI12). (hereafter 

abbrevi?t,e, as P3H), ar,i it has been found t'-t the sulfur linkage 

is particularly re ctive toward free rs,ics1:. Thus, tie radical 

transfer occur re!.d11, bet:eon thiourea an6 radicals: 

P. + 1-?3.1 +(12) 

H + " + "(13) 

He' + " H2C + "(14) 

,C +j2c2 + "(15) 

It is also likely that r-dicat dinatior occurs r,et;reer 

and other ra-icalL as follows, 

p. +(10 

PCO, " (CSR(17) 

From the reactions (12)^-(17), the nTzotective i)ropert,) of 

thiourea 1-aLrIst the ere: Lin: and de, r'14ati_n is quite 

understandable. In tLlis connection, Charlesby and Yopp5) found 
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using labelled  thiourea that the tiourea ieculo, or at least 

part of it, combined with the poler molecule.

4.1.2) i'lEk and ethanol

      These c000unds were found to hinder tie Lelation, ':mcl to 

pronote te degradation to some extent. For simblicit, wo iil 

denote these additives t- „/ %H. to thiourea, RH 

 attack the radicals, though more -ild1,) than %,,!.ou_a. The 

recombinatioi_ of id with is also quite probable. Taus, the 

crossliniAnr 33 'tor-Ity occur as a result of the follc .,win 

reaction. 

H. + RI + '2(18) 

HO + " h 4 L2b(19) 

P. + " . 4 P(2G) 

   + LA(21) 

It should be eJ,hasied that h rrc_aceu from ordinal,/ or ?nic 

coLpound is too unreactive to abstr.lc:t "rcm coljmer 

:iolecules. The fact that islel!laul does ,2ot Iracticalld affect 

the crocLli-L! mat, be ascAbed c the lo;:ar of 

racical-fortion than the other or“Inic aC-Itivos°. 

It is rat' difficult to ,-;lain the re„,ult that vL1, low 

quantity of LLJ and etLialL1 accelerates the vis,!csit„ cl.cLoase 

(Yosery,c under irradiation in the ;17(sence of air. (11,, of the 

plausible cx)113 tion Zor L-lii is that these co20.bunds 

co pletrold inhiLdit to crosslin1.1n,, Lhe ,oLsoiliLd of ,:A.ch 
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could not  be nefjirible even under irradiation in the presence 

of air* Naturally, it follows that the viscosity of irradiated 

solution. decreases more sharA.,y when the crosslinldny does not 

take place entirely. 

4,2) inoranic aditives 

As has been intensively studied?), rehults obtained here 

can becxolained rathGr easy in terms of electron transfer, 

which is usualL obscl for oxidation and rAoction. 

4.P.1) FeAO4 + C.6 H2S64 

     This system is I,nown as F'riohe's solut1on9). Alen air is 

atIsent in the solution to be irradiated, the mechanism oa be 

writtc,:n: 

OH, + Fe" ------> o + Li.(22) 

                                                            _4- 
14 4- Fe++ 4- --.> Fe+++ 4-2(2) 

Further, presumably Pe --. b a -raction c.12 as 

P, + lie" + 14' ---4 e+4-4. + I'(24) 

Clocrl, theinctions (22)--(24) lead to the i):-?vc:tion of 

crossliin . On the othoL' hand, it is not understanable to 

us why the 7resence of so 0E1E111 aticunts of ferrGus ions causes 

such a large deci-cace In the solutica viseGsit,i under irradiation 

in the niesence of cir. If illadiat1on of pol&mers in aerated 

aslueGuu solutions ra'oduCes consitleroole fl- ounto of 1C.:j c1-1,3 this 

;Joro.,,:ij:„ic Heid can be assod to De fail, stable n LAO a,ueous 

solutionL, then the fe_Lr ions roduc.: this -rod'Jx.t 
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 rOCH + Pe++ + + Fe+++(25) 

The rU. would Give rise to tLie de, ,rcatl,n through reaction (11) 

4.2.2) KBr 

     As is well-known, ..)r- is a 1:edJcini aLent, as powe ful as 

Fe++ 

OH. + C11- + Br(2) 

H. + Br +(2?) 

Hence, t_e rate of eactions (2) and (3) would be roziar',ablv, 

lowered, so that the crosslii,L is prevented, 2he r)rocess 

occurAnL under in:_o_iation in the t_escnce of air L:11 'Je simila 

to that supposed i. tJe case of Fe." 

Aka ;;/.- + :dr(28) 

4.24,) Cu .C4 

Cu+4, a powerful oxidizint, Prjeubt reacts 'vita L. to 1),Theclle 

+ . ,Aa1 .col,cts CH. 

ii' + Cu—> + Cu+(29) 

+ U114 ++                               + Cu       2(3C) 

he reason for the nost striLi2 decr-ase In viscosiL, of 

solution iriadiatej in t,Lo pJ:00,nce of tfir and Cu3C, be 

that r0011 is i)e.A.hc.,s at-uaci„ed uu+4 an,u+ with the 

mechanism, 

-()Git + 1 + eu+ +(31) 
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 POOH + Cu+ + Cu"(2) 

Finall" it nust be noted that in the re' ction schemes descibed 

above, no ener Lransfe in any case between secies and no 

occurrence of main-chain scission in ttle case of irradiation of 

degassed ,.clutions weLe assumed even if additives are pfeent. 

The latter as:umptic,n, beinr opened to criticisms, will be 

discussed in the future. 
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                   1.  Introction 

     During t'le course of a conti,in procran of study 

concerning the radiaion-iiced crosslinhing of olel-s in 

                1.,)4) aqueous':::31::ruion-$'
,it was found to be ver5, likely that 

the criAc!.:1 concentration for (::1-fera1on corresponds to 

the polymer concentration where the folymer coils just begin 

to be in contact with each oth. Jf tAo is 'f_.ue, Le size 

of thecpity.10.1coil will be able to be calculated ea;-3j1,), 

using the data conc nç the crosclink.in in solutions. In 

.ilo .revious works2-'4), te eanAon of polyions was cal-

culated briefly for varim.s oilare densities and added 3;11t 

concentrations. In the case cf poliyelectrols„ however, 

the c:juantitative treatment of experif]ohtal .cults wms not 

eaa,y, since the crosLlin):in was larf-el influenced b, the 

electrostatic repulsive forces arising fro?: , tte ionized side 

f_roLlt)s. 

The present work is ei iL2tem:;ion o.' .,vevious investiu-

tions, with attention Dein. ftcusseC in vle effect of size of 

Toler coil on the creeL:lL in in dilute cueous solutions. 

The sac'4.1e used here is pol-,yvil 1chc:)1 (JA) with various 

&eLrees of poltjurization fro to 1W0C. In a(lJition to 

the estimation of ti ::: radio of oleo42here, the contribu-
tion of wato to the crcisslimAnG (., ol.er was cluarcAtative-

14 discuszed. 
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 2. acneental 

2.1) Material 

     Initial degrees of u'olyAorization and 1imitin3 viscosity -

numbers of PVA used. are shown in Table 1. The preparative 

method of oricinal polyvinyl aetate (2VAc) is also tabulated 

there. Sample I, 3, L and P were o,etained "e-,, re-e,'T,ponifica-

tion of fractionated linear iliAc, and samples IT and by 

fractionation of PVA. The devree of saponification was iE 

all cases arexiatelw 10Q:. The polymers obtained were 

purified several timeo by precipitation from aqueous solutions 

wi:A methanol or acotorle and by extraction ),_, methanol in a 

3oxhlet eLtractor for 8 hrs. After dryinc under vacuum at 

500C, thew were store over P005. 

The decree of ol.,,taerixc!tion i was ejaculated from the 
                              -';', - C. 64 

equation: [TO. 7.51 x 1C. -' x * (5e: water, 3C0C)5) except 

for 1or; of I.-1 and '.',-.2. 70,12 tose two sa:mAes, tle 

equation could not be use, since 7: of hose noLmers were 

too hiGh fol? the equiTior to La aplic,I. Therefore, thew 

1J'J2e estimated indirect that 77:. of these samples 

were precisely equal to those of :31/;1c, which was obtained by 

aceMation o thee 2-'1A. The value of 7 of z7.ese acetylated 

2VA was calculated fron the followinL equation: EV. 6.91 x 

1C 7 °•`-' (in actore, (-)'':!)5). 
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 2.L.) irradiation Procedue and T)ete.rAnatioLI of 701 i-oint 

Thev are nearl,), siLllar o t:lose descrilJed previou1,3). 

The temperature dinc iLI:a.liation was about ,C,cv, and the dose 

rate was 2..45 x 105r/hr. All solutions before irradiation 

were quite transparent. Irradiation was car led out in the 

aboonco of Ax in all eLses. 

30 koults c.f1( Discussion 

3.1) Lffects of Doree of kolerization ad. Cuncent ation 

     on Gelation 

iAniulh doses needed fur ihoiyjiont L,elation, i.e., 

L,Jlation (:loor,.;, a32e clotted 1...:Ai-:;,1 aLainst the iDeler 

coLlceLttion for the i;!::Iples iL_vinc v-izAeus initial de ,2Jes 

of pulji,:eAzation. .vieent,,, all the cu yesin i • 1 have 

the si,Jilar sae to tLeseT) found out _:ho li a rn.ILeer of !,e1,- 

mere wei2e irra:ate: in raeous solutions; bejond a certain 

concel-itra,ion celation7:,_,-J2utly, occurs, and. the Eclation ose 

cLec-reases verj sar',)11, with toe ccccehtI2atien and then after 

roachinL; a mil-:h_liun it increases auain rather slo). The 

critical cc: co bolocaaichpnl canot be folod 

howe:r larue a dose IL used, see .s to be soe;ihat ai,i0Aous 

from the shape of coves i.o 1. LIOJOVO , t,.:tos could be 

dete-lined vorj defillitel,, since the solutiens never ah!AL:iited 
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 celation when irradiated at the concentrations o-:-: on34 G.A.C.L 

lower than the critical concentration. At such low concent-

rations the 1_22rIated solutions were t(li _ irrespectiveL 

of the deree of poLmerization of the smiplos used, indicat-

 inr, the fc,rmation of --,,,lecular crwislinhin. 

      The critical concentrp,,len as v, fnction of deree of 

poLme2ization and limitin viscosit numea:' of uniz!rdiated 

IVA is shown in Tiss,2 and 3, respectivol,y. The deLenence 

appears in either case to be linear a2 n first El.-roxi,..lation. 

The observed deviation from the linearit mf.4 be due to 'Cie 

difference of the deEree of fractionation rather than to the 

difference in the :01,',yriza,tIon condition ur o-' which tho 

original -171,c was prepared. The relatil:e1,;. 11.nLe deviation 

of plots for ,..C) sample ma .be azJeribed to it: beinv, rouLhl,i 

fractionated because of fin711 fraction. 

     The linear rolaton ob2evo0, in iH. 3 c be civen b-,y 

                     ,„         • ['2]"''''=C; „(1)            Ccrit .L 

where Ccrit .ii:',2e critical concenty2ation forel-formation 

and the pold-2er concentraton is expresod in 410Ccc unit. 

(:)w, we will discuss b.viefLd the eqution (1). Umilarl to 

the treatment in -;:; ;:rwleus nrers299 we will re r& tle 

pol,T:iel coil in dilute sGlutic)ns ac a T.hore. en apsu-iiro: 

that the,73e spheres exist :h so1utionr3 ir tno clo—a 

struct,l'e, the averaLo distance 3..2 inetuoll i, J, :ic,lec7:11nr 
centers at a polor conceni=tir C and for a --JolocuLDr ucic!it 
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 Miss 

       R (  1001,1 ) 1/3 12 CN(2) 

where 1: is Avocadro's number. For C = Ccrit .9 R22 = 2R C9 
whereRradius ofthe,,olanler molecule, hence 

                                            ' 

= ------------(3) Ccrit
. 

The limitinc viscosity nu .!Jer LINa be z--.) f_idect as a measure 

of the ratio of the effective hddron volume do (VecC h3) 

of the ,foljmer to its _-ciccul-,1- weiuht; t':It is, 
3 

[T] DC(4) 

And the III- relation for 2VA, in a lueoup o3,1i(„1-_s has been 

determined as 

5) 
CV pc•(5)                 "n 

Then, b cobii (1), (3), (4) and. (5), we find tilLit 

R DC 11°*7(6) 

                ,C .55  z(7) -h 

e.luations indicate t'_aL L, .0 iadu is ncarlzi 7e_nortional 

to the s,,,laare root c tdo o1ecu1r uci dt. 
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 3.2) Dimension of PVA :olecule in Aqueous 6olution 

     If it can be taken for granted tHat the main—chain 

scission occurs to a neLligible extclt durinc iadiation, 

the rtli of'k:VA in solution can be evaluated from the 

equation (3). The 1,ossibili* of scission is, now, supposed 

to be quie negligible because the dose used acire 7':,:e ilich 

smaller 1),, a factor of several tens than tbose reared to 

c.L0L:rude solid IVA detectab47). Furthermore, the facts that, 

in the present case, air is eliminated ctiotei,, from the 

solution, ad t the rie observed in the curves in Fii:. 1 

is in all case 1,--.cd narp, z:ad provide also a suLport for tie 

,'-nce of the ucissien..:1. A. )1.eu8), also, col-xluded that 

deGradation did not occur, based on t:Ie visccf3it c,Ale of 

PVA solutions irradiated under the sale corAtlon as auLs. 

id rewriting (b), we o-tin 

                                                        ...,    'i:= 1C.::9*(9) 

          7     

, N-77-9 

where R, is w:fessed in A. 

:iLjure 4 is a double learitholic pj_ot of Aao ,7A6ius o tLe 

s_here calculaed fr0L! equa71,,A (':;) aninst dee f 

F-7-7 poLynloAzotlon. -c.)12 cearison, rndil _•c: 'd.:mi_ori\- , 

ali, ydroJdna.A.c. effective7-.AUlus',1,vse-i/oo olotcd. 

As can be seen fromir4,wouldbefaiC ohe about                           C 

t1( same order (.):;'ma.FIAL;a t,hat c) o.:: 177 .
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3.3)  Mechanism of Crosolinkinc, in Solutions 

     The radius of pol5i..ler s:Jiere calculated by regarding the 

critical concentration as the minimum concentration, at wUch 

overlappinc of polymer cJilo berint was near34 por3L'tional 

o th, ro.),nJ:ic rn.-Aus. h.s fact ma-, cive a certain 

evidence for the assumption concerning the sini1ficance of the 

critical concentration. It is robablzi- because t'le meaning 

of the critical concentration has nt been made clear that a 

satisfactory exlanation has not been riven concerning the 

mechanism of crosslinin in dilute solutions up to date.' 

If the critical concentraAun can be 1.-orAled as the minimum 

concentAratien of overlaPping'as'described above, te, anoalous 

concentration dependence On crosslinlAng oserved in -i. 1 

car be o:AidaineL. L the followinr:: sillie .:(Dcani. ;Je will 

treat, in the present chapter, inainlj tnc crosslirkinr occurring 

in the concentration 22fIL e aboveC.en0the'?._'6oils as                                   c _t.1- 

to the crosslinA.nr below C ' will be ,recnted in the                               crit . 

subsequent chapt:r. 

dhen the criJsolin(in Liocharisfn h awleous solutions is 

concerned, the indirect offoct duo to water s:Loul6 ,',:) taL:oL 

into account, first of oil. am7ev,:), as the ccioort:2ation 

of tho solutions becco reltivoL low, contet or crero 

of poL,mer coils -fao bocce a ftoro iortant. fctor for 

crosslinAnr:, than the indirect offoct. In ':ic. 5 a :cc.rItic 

re.Dresentation of the 2,lativo locn cf±' c:ac-la '3u'Ler 
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sphere in solution is  ;iven. When the concentration is so 

low that the sphere cr :ot inte:cfeL.e each other as is 

illustrated in AG. 5(a), the forrr:atiin of three-dimensional 

net-work gel will be iossible undoubtedly. In the case of 

a moderately concentrated solution as is shown in -1_,. 5(b), 

where ail DOVOL spheres just are in contact win each 

other in the solution, a continuous macro-Lel can be formed. 

The concentration at this point corresponds to Ccrit .. 

As the solution becomes more high14 concertrated as shown. in 

Fig. 5(c), tae effect of overlaix,in,J, will be less il-tant 

than the indirect effect as fr as the concentration deoendence. 

j.] concerLe, because the inter-molecular crosslinkinr can 

occur ruadily in this case. The influence of this over-

lapping on the crosslip'Anc in solutions is jL-1(yc:n aualitativel& 

by a curve (a) in Fig. 6. Tor convenience, we usc-d the 

gelation dose as a r__3aoJe oi: the rate of croslinhin. 

     Next, we will consitler .[).> what tyne of rcaction the 

cosslink is foLT;L. je have found, in the ;;revious studies9'10) 

on the rai,).tio..2-inuced croaslinL, of various RoLimal:z1 

that R. and CH. produced b., -the action of radiation on water 

play an important role at -the crc ii i:r reaction. 

P,a1).eL, the crosslinlAn.may'be formed -2.'tl.'). b-,, couaiinr of 

two polymer radicals 7h1ch are :ruc.i a.;: a e:iu1t of 

hydrogen abstraction fros. the poLor chain b J a .d Oh-. 

The reaction 13ellee is then:
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~ ~p . 
7 
~.

(b)

 C

 Fig. 6 chu:Latic representation of concentration 

,:-Jr)ononce of the overlappil effect(a) and 

the indirect effect(b). (c) reixsents the 

resultant effect of these two factors.
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 H2O radiation  > H. + C.L.(1C) 

i +L1 -...---------------------4 i-, 4. H2(11) 

1' + CH. ----------------> k- 4. (r(12) 

P. + I- -.1: - A?(13) 

where i- represent the polymer molec,J10. In addition to , 

these rections, the crolinA,ne Llay be partlj formed 'L:,, the 

riction of P. proced from polers by the diA.ect action of 

radiation: 

                     radiation     .L'.------) k-(14) 

P, + 1------------------> 1- - f.'(1' .,,) 

The formation of crocslinJ-ing through t'',20 ir:cActions (1,:.;) to 

(13) is ,:onerally called "indilect effect', and tat throuji 

(14) and (15) "dLrect effect". Obviously, the inLiL:ect,effect 

depends on the po cocelAratiu,i, .vilile tie direct effect 

does not. it has bee: L:arzth, icce- tilt in Uliute 

solutions tne dirct aect i;::, al ,ost ';-ii.,i10 cof .Jaroo. witn 

the indirect effect. The ccheocLon J.01,.,Loi-co on i;: 

iiiJiL'ect efileot will be :::Labn qualittivel,) 'o, a curve (b) in 

Pi. t.., The stcaz incase of t'i.o :,:elation :_c'e w-ith 

increasing 1:olymer eoncentrution is c1uc; to tile incrainc: 

amount o id, and OH, :;cr LoAer 'Tic1cA.0. 

(iciLing toe two curveL; of (a) and (b), ohe en cbtuin 

a curve quite similar to tIloce in:db.,.1. This indicates 

that the cros_linking in a:jueous olu-,i,h. j.: L;tron,-J, 

influenced by the degree of oveini_ of the ,Aer coil 

in the niiLTIbcrilood of C'-T,;71.e.e!=)intheziore crIcbtrated                                         c- --lt. - 
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solution it  depen(le: exclusively on the indiect efect. 

It is, of course, very liLely that, besiaes these two effects, 

there may be a few factors influencine the concentration 

dependence on croselinkin7. Main factors among them may be 

the mobilite of ,oe. secmente and the Jieension of polymer 

coils. However, these concentration dependence le sueeesere 

to be neelt, ible compared with that of tee Indirect effect, 

except for the nieh coneeeeention rence. 

3.4) Indiect -Iffect 

Altllouele it is very imeortant to estimate the indirect 

effect quantitatively, only feu atteepts')111) have been done 

erebebly because of the uncertainty of the :mechanism of 

reactions whin are closely rcAae,a ix:, tLle inclirect effect. 

In order to avoi eiCf!Lcultiee in calculetion, we will diecues, 

here, the crossliniee ccui-nrz in thc concentration ranee 

relatively hirhe-e than theC.sineenear the 0crit . such                                    crit.' 

factors as the de:-ree of ov7r1a:inc sould 1:_)( /men into 

account. Jo shell make the asswptins: (1) polanor coils 

"drain tiL'ouh" oc?-1 other ee ht the sepueni, di; ,t2ibufLen 

is uniform, (2) tle formation (-J:'illtriocular crossiiiliinc 

can be neglected, (3) the ore: abso72bod clix'ectl„) b the 

poLeu Lolecule is completel used for the croslii:lkin•::. and 

(4) te ener ti:Ticfer does not occur. 

     Let c be the --.01jer concentration arf,,,sed in weieet 9 
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and R the radiation dose in roentgen  uni.. .:0y, for 100 

gram of the oolution, •Wle eneri. absorbed by the polymer is 

RAc and the 01104 absorbed 1),:, water is ,,Vila - c). A is 

the.corversioa-fcor from roaAoll unit to o.v. (A s. C.58 x 

1C14 e.v,/r.L.). It seams vc plausi,)le that the enerL 

absorbed in water, i.e., 11(1LO - c) is used for the cro,- 

linkins not colc-i;oly, )i.it only partly. The, the total 

energy actual], dissicC6e for the crosaliinL is Live L4 

= -^Ac + (1C( - c)(10 

where k is assul tentativel-d to be ,.,:, f,-6- of c. 

The fi.,Lst.t in th,:: ri ht Lie of tz,c euation (1-) is 

related to the direct effect, a:nd he second. tel'.7 tc, the 

iirect effect. The number of polier L-Aelecules which aY:e 

pre.t in 1006ramof the selu, is cW.,, so that the 

energy ,:c.11? jJeljmer 1.)lecule is 

       =rke + p-i).lr:!:.- c.(17) 
                     ci: P 

Therefore, if '.a,2 define .t,-i:; e-..;:-: rllire6. J2::1° L fertion 

of a crossliah as tc, -t,:. nuzibor of cl--e..:.-,ilnks, per po120 

molecui::: is 

           

' -(—--i-.°1--:----,,(L=-.,-C2()          = 
cJ'ciq- 

Aecordinto te ttleo.:2iesprol)eseab.,,;I.H.Ctoc:12) an.er 

A. Cilo:clec'Ja13), the inciAent ielatien occ25 wh.e. nel,:o is 

one :-:-,,ss]inL ,:or two initial molecules and 7then ti, 

initial a uniform :lolecuj ,Jeint f_it-21Jot'Li.n.; 
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that is 

  = 0.5(19) 

Thus, if the  gelation dose is denoted I* -'4-:, we find that 

1/Rg mi, 2AN/T.TEe (100k/c + 1 — k)(20) 

Or, 

1/R0 ga AW5U Gc(10Ck/e + 1 — k)(21) 

where 110 1 the e.lecular went of the Llonomer' unit and Gc 

is the G.-value for crosslia, in other wor3s, the nuber 

of crosslins formed or 1:(2 0.7. of ener[t). The eqution 

(21) indicates that Rg in inversol ifroortionA, to 7 of the 

samples, if c . const. As Cffl be seen from Fic,. 7, T:hich is 

a double loc,alithio ,lot of Ic. at 1:e 1.0 solution c.--ainst 

7, the relation-g0C1/7 is obtnine,2 as (1;_ect'''. 

Furttormcice, accoill to the eqE,tion (21), the -Aot of 

1/77- alinst 1/c should Eive a strAHat lino. -,p.1 

this etion. to the data in IA:. 1, ::ie oLtain a straicht 

line shown in l'iL. 8 in rood ayr:oent wil;: tlae taeory. 

From these results, t!-3-0 raUeve assumAin tiant P; in il?deenent 

of c, is found to be true. The slope and Lc intuL7-ct of 

this stl:ailt line s. o': that P= 6.2, e m in e.V. and 

L = C.C55. 

.e silail define the fraction of indlact effect fin . Such 

ra2, 

                 1Hictc'orfc,(22)         f
in.12-7777777?77717-77177--
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Then, we  o„tain 

    fin . .k(100-- c)(23)               c k(100 c) 

By substituting k = 0.055 into the equation (23), and 11 in, 

     a. ainetv the polymer concentration acco,Lini; to the 

equation (23), we obtained a curve shown in 'if-. 9. It 

i_licates clear14 that the indirect effect; ;_ii,ortant 

in the low concva'itLation range, while in tbo hi, hly concentrat— 

ed ulution the dii.ect effect becomes more i.ominent. 

hitherto, t.ii3 feature ot)s ,e.L-Lcinihv to the 

crossl:n_ilx: and degreJation in aqueous sc,111,m s been 

dascribed only ,ualitativelt>. 
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Chapter X
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                       1.  IntrooucAion 

     In the previous chriptc-c, 1:a.) i,ave invtiate,L t:Le E):I:tion 

of pol(vin,1 alcol)(VA) in r!quoou aoltions, fr-,_ observed 

tL2t, Thun polymer concentrtions o4' tic solutions to be izoLaó.iet 

were below cf:iticl v:Jue, n- c,-.- A., nmelo, en infin;te 

netic,1* could not cc :',_,Ied b,) ,,Jee. It ':IDS conclucc6 Lit, 

t t'_1n cJAtical conceftion for zolation, all poller spheres 

;iust berin to olp eco ot,er in the solution. 

      The_o, if the solutions r,2:- 1._:rr-Ji,,Ae(2 celou the uriticl 

concetration, low coo In too polof bo coon -od? This ,:,1',:olex, 

112s been treated by o nu on of v:orke, such o Beritch et al. 

2)_ D
ieu-1Do-Lcui'A,A.:Jler,;Lana0                                         .cAc. 1.-joevE;r, all of Leo 

stuciled onl briefld and, bes, toeir rosuits ';2ere not o1rno 

in fi_ree'zient '2th .D7-ch others'. 

      In 01 or to :ircvLe a ietnilod ilet!il'e c -ice-1.--dition 

effect on polyrrer solutions below tLO cJ:itli. concenti'nti(in, ;'z). 

s,stcati.o st, io cDrri,:ib_ out JA),Y t:01'CI:1 'A,i 6er: sed 

soluttons of kVA. The nl'esent peer is .)1so eoncerneH pith 

imriuus to cities of -Lle irr,di7ited V& Vitas obtained. 

                          2. .:,,oeriental 

2.1) locteril 

The FVA used ho:.:e is toe osole ' -5, ,Jlose clicteristics 
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 teL.cribeci in the 1::.'cvious chapter. Tho Liitin viscosita 

number LT] and the vicosita—vae do roe of poicrition 7 

are 0..C( and 15(.,C, 

2.2) of aqueous solutions end irfadiation ,rocedures 

These are quite oiiIer to those 

ecet the dose is ap'z'cated1. 1C'r/hr in 

the ,:resent stuja. irAAon 1ms c-rried ..ht in Jost cacos 

 at room -],:eLature (about 2C0C), iiti an exceion of LI5O• 

 2.3) Viscosita L!c,asureents 

rx Ubbelohe—tape viscometer was use,=1 for tbe meaLents 

 in :ato' at 300G1 unless otherwise sc,,cified. 

 2.4) luL'bic'tit Ele.:2w.:eents 

Intenities of senttered liChts jiT the ,Arecticn o %Co 

from the inciLent ii, ht wee surea e rooL. taiperature usinc 

 a LhotoeleeLic :uurbiC,_H(Ar. 2c1_-)orLAentrJ1 

bd the value of relivo turbidit, Ts which e.e ieiine e the 

equation; 

      =2.C3 loL 11)/I1(1) 

 whei-e Io and II are the lefisitieL of ll'ht Bctter:)& fro 

 the solutions i_,efce and 
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 2.5) Reaction of the irradiated -‘1A with 31Laii and ecid 

      ',a(-J,.or Al. was added to r-lueous solutions of iliii, the 

final concentration Lein ajusted to 0.1F, an. the solutions 

thus obtained were hented on a boilinr water bath fer 5 hrs. 

The po14mer concentration durn, the reaction was 0.1. 

2.c„) Acot,lations 

Acet,17-1.1,:cn of .CLIA vis c:arvied cut under n .:lere eve-s,..e 

ecnitien nan ur3ual enecLi). Inc ri:!actior mixture ec,ntaiTlin 

on rt of DIA, 2C ortf.3 of acetic anhydride z72:id 40 ;:lL:: of 

ciridine was soaid in tubes urorL. a nit.1A),-::Jn atin,Jsrlore, w:lich 

were alLowod to stand nt CC0C for 3 hrs, or.O. then rotated 

inceLycal, in an oil 1.;ith of 11(0. for 15 or 5€ hrs. The 

reactant was then ':,oure irte wtor .nc ',hie ccuited iVA was 

separated an nin2ified. The ,:-.ore:: of act,;lation woo (lete=inaj 

from the weic,ht cr:In befoo nd rAte,, the rezion. 

2.7) Infrared snectv-:,),,i:L.c.,-orts 

-1 Pk-15-II , to LITfLared s-ctrohetemeter 1!= used Ath 

a .qaA. prism. Infr :-_ecL-,2 werer.as11:2ed ucino dr, fil'qs 

of the IAA. 
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 2.J) ,AJellinc; lecul.eents 

Derees c).' swellin: were measured. 6,,, iarsinc- :VA flims 

 in water at 300C for 4C hrs. 7iims (thickness; 0., were 

brearec:. b castin the pol,>mer solution on classplr,te and then 

 dried over /.:- C5-at 2000 for 2 dads.'ALcy wee used for the      P 

swellint: measurement witout al-:,j ne-t treaLL).ent. 

2.) _.--.L.ci. diffractions 

uiffraction Patterns were obtained with nic;:el-iltered 

Cu Ka radiation (40 kV) usin a flat cassettd. The distance 

 between the sa=ae and c-mera wes 2.9 cm, and the tlAcLnss of 

samples was about 0.2 mm. 

                                                                                                                                                                                                                                                                                                                                                           ...                                                                                                                                                                 . .                                                                                                                                                                              

I I n 

3. Tesults 

 3.1) Viscosit, cante under irradiation, 

3.1.1) il'raiation at 2,100 

1. • 1 siows the chaLe in ri] occuloinE ,IL-IiILL irradiation 

of aueous L.,lui,Jno of vt:110112 (.):10]. concetrations. 

 Viscosities of -1,2cdiateti polors wore mesured j_I water at 30A7.;. 

 In te evio1,20 chapter, the critical concenttion of :iis pol-,y-

 :_er was found to be G.:::,,, :The 3elLitions of lower concentr?tiens 
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than  C.22_, become turbid upon irradiation and the value of El] 

decreased with increinu DotDils of this phenomenon 

will be given later. solutions ir 'clted with a dose of 

3 x 1CLr became llrht-Lrown. 

ieu2'5)and Danno5) obtained different results from ours 

in the range of small doses. Their results ineicate 

solution viscosity decreases at first with radiation dose, '/16 

after reaching a mine, incs:easos Ihereafter, viscosity 

chanes quite siAaarly to ours. he reason for the viscosity 

decrease chicervod in their caes TTio be that air was not 

thorotly eliminated from the solutions for irretion, hence 

causinE the scission through HO until the dissolved 

air was completely e:Innurited. 

Dieu- ouserved furtherore, that the Y]axiDa of curves in 

Fir. 1 disalced ,Jaen viscosit, was oeasuroi ir the LAxed solvent 

of water and dioxaee. He ascribed the increase in viccosi-* in 

water to association of several polper s()heres h i*Orogen bonds, 

whici ecui6 be aostro,eti b.) dio.:Lane• 

     In order to exaraine 'Lis result, the viscosities were measured 

in the mixed solvent of wate_ and n-oror,ano12 since the letter is 

thou, ht to lectroy the 11, :L:oH on bondu ere oeofeil, than dioxane. 

Tho resuls arc shown 2, where curves have a 0LJilar sLiFpe 

to tiese in 1. FurtlieoL'el viscosi fleasureents uave 

carried out in Duro water at an eiv-Ated ta7lperature of L;,5c, as 

the litO.rocen bonds of iVA in aqueous solutions have been found 

to we ensily broken es'Jeciall at teqpertures hicher than 60007). 
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 Flu. 3, where the viscosities measured at 65°':2 Jere plotted 

 against radiation dose, also indicates the .3.:- c tendency es that 

 shown in Fids. 1 and 2. We found that the viscosity of 10C_ 

acetic.ted PVA obtained from the i-rnOiated PVA that rave the 

_-xi;ILlin Urt] is hiHier than that of 1(,(0 acetylated PVA from the 

 unirradiated IVA. This finding, to,.ether wit a FiLs. 1, 2 and 3, 

rives a strong evidence 'Api. the :re once of )01,i;:ler molecules 

 bound to ,ether 1); primar,--;alczlec, in ether words, for the 

fortion of inte):-.Llecular crosslinkin y radiation. 

  3.1.2) Irradiation at :_,',"„ 

3ince tae rCiatieil effect on polymers in celuticris is 

likeki to deend on the eteto of e(:_tution9 irradiation we": c:,rrie 

  out at an ele-vato temperature of ,35.(k:, whoLe the aqueous solution 

 of i-VA may be more stable than at room telel:ature. Viscosity 

chanuos are :iven in Fi. 49 wich does not show qualitatively an 

features different.1?GM Fir. 1, inHicatinr tilt the diffel-ence in 

 the state of solution between 2C° and 85°C -does not essentially 

 affect tae radiation effects. 

3.2) Turbidityof ir.,:adiated solutions 

       As described ic 3.1)9 solutions oc-;ca:le tu2bid wLen ira:i:Ao 

 under certain condi-Jiens. The 11-el7tive turlAdit, T is rilotted 

 in Yic. 5 e.ainst the raJiation deco for to 3ciut-onE, irradiated 
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at  200C, Comparison of Fii.. 1 with ,:ic. 5 i-nmates that the 

solutions become turbid, ,,111-, hon the solution viscositd boGins 

to decl'ease with ra:f.iation dose, the solutions re:Aain turbid 

after heatinL; at 1000. 

     It shouldbe recalled here that aouoous solutions of pol-

acrylic ac:ih wee aloe found by us become turbid Unher 

irrndiation in vacuo in the )resence of [aCl. Then, it woe 

concluded Iron the voIious ineasureLlents tht the orivin of 

turbiditd should be attributed to the formation of intra-olecular 

crosslininF. These results su6est stronii that tho intro.- 

molecular crosslinkinL; mad be formed also in this msesent case. 

  

, . 

This suestion Jill be justified by v-:.cious .):.:horiental 

evidences decribe:i_ in the subseguent'paT-aiwaphs. 

3.3) Reaction oi the irradiated INA with LaCii or HC1 

'ihe values of EV measaied before an:,... after heitinG the PVA 

in alkaline and acidic a.ueous solutions are Fiven in Table 1. 

[11]5c0 and LiOlLco denote the limiting viscosit-a nuL:bor before 
and after heatin, respective14. The in sahples used for 

these r_actions are the unil.rdiated and i.radi,atod. The latter 

IliA was obtained L, irraiation in C.l8-ii solution and used 

throu0aout in the eerients descIlbed eoeafto. 

     As is eviuent fro Table 1, the il:raiated iA un:2, oes 

no noticeable chehical cilanoDs L),, these tr'eatmonts within 

ex)eriontal 01.0, in:AcatinG that such bonds as esto.1-, carbor4 
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             Table 1 

 Viscosity Chanc,e by the Reaction of Iriated PVA .iith 

Alkali and Acid. (Heating, 10000, 3 hrs; PoLmer Concentration 

       ; Concentration of Solution during Irradiation . 0,184A

Dose(l'ir) Alkali or Acic concentration Pd3co ['L]lco°

0 

0.4C 

1,C 

ft

  0 

HC1 

1T2, — NaCH 

  0 

1N HC1 

— 1;;a0H

1. 

1.2 

0.596 

0.53 

0.56

C.8(; 

1.C, 

0,8 

0.53 

0.41

anJ other weak ones which can be cleaved eaeil 'cid' alkali or 

 acid, a-f.e not ipraetic-,11;y formed, under ilLaJir-Ition. 

 3.4) Acet,Jation of the irradiated PVA 

      In order to ascertain whether all CH rroups of tie ir— 

 rdiated PVA can be acetlated, acetjlation was cLic2ried out 

 under a selp?".e conditin. The results of Lacetlation are shown 

 in Table 2. Since there is no difference in the deee of 

acetjation between 15 hrs and 3C Ills, the cet-olatn reaction 

 can be considered to hrwe come to the end befofe 15 hr. It is 

 interesting to note that, in the ease of 0:).mples 3, 4 and 5, the 

 final products did not c'isolve in the rctin 
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               Table 2 

 Decree of Acetylation and Swellinc of Acetylated EVA 

(Concentration of Solution during Irradiation=C.184,,)

3ample Dose(r)
Degree of Acetylation

Reaction tiae 15hr 30hr

JeGree of 
,wellinr in 

Acetone at 30°C

1 

2 

3 

41. 

5

C.( 

0.12 

0C 

1.0

1.22 

2.50 

1.32 

C.572

1CC.5 

1C1.( 

99.2 

75.3 79.2 

67.2 64.1

24.8 

22.6 

14.0

    Table 2 indientes that all the OH croups cannot be acetylat-

ed in the case whel'e El] of 1'VA decreases with radiation ioses 

The findinc-, that the acetjlated i-VA's obtained fro[LI sales 3, 4 

and 5 do not dicolve in cIL:leth,,1 sulfo:Ade, chlorofc=, and 

acetone, but only swel4n them, cives a stron c.,ApT2fort for the 
for,tati.on of intra-olocular crosslinhinE, nanel, :Acre—el 

particles. It cannot be concluded, hoyever, only from this 

reult that the intra-molecular CrosslininL; makes the CH c2cups 

lesEr; accessible to tle acetlatie-[! reaction. The reason for 

thi6 is that irradiation itslf :115 have alcay chonr6,d some of 

OR :7;rouns into other ones such as not to be adle to be acet3(lated 

3.5) infrare spectra 

other the mccc acettion of the irradiated i-VA 
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should be  attribute to steric hindrance due to the croolkin„, 

or to partial disapearonce of CH roups irraCiation, tta be 

elucidated to some e,Ltent b measuements of infrared syectra of 

the irradiated PVA. *. 6 sews the infrared si;ectra of tae 

uni,L.radiatod nd irradiated PVA in the wave lencth There the 

obvious chan:-e of socta was observed as a result of irL.'diation. 

Numbers 1, 4 and 5 in Fig. u corresr)ond to the sample ii-,:x-ibers in 

Table 2. It is sees from Fif. 6 that the absorption at 5.05/A 

(c = o group band) aers durinc-, irriaticn, and furthermore 

that the opitical Thsity at 3.' (017. Eroup) decreases as the 

radiation dose increases. It suliests that tne i;,,ceDijete 

acet-jlatin may be ascribed mainl„, to the ,:irap.'earance of CH 

groups during irradiation. 

3.6) 3welliyiE, of the irradiated VA in water 

     In order to obtain Imowleae concerninc the crstali7,aoilit 

of the ir2aAated PVA molecule, the de roe of sweliinu in water 

was measured usin filLs '-.,ref)a_zed from the irradiated PVA. The 

results Obtained at 30°C are civell ía Table 3, which cULsa the 

increasinç. decree of swelling with radiation doe. The acot 

interesting feature is that the film of sample 5 was so f:caile 

especialL when iaaorsed in water at 300':' that the de roe of 

swellinE could not be determine: b our Vor 

in Table 3 the decree of swelling of as uz-2irraalate IVA was also 

given, whose [1] is apIoximatel-,,euri_ to thea of sample 5.
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 Table 3 

De, ree of 3welling ,(in wt.) in 

Irradiated PVA (Concentration 

Irradiation = 0.184/)

water at 

of volution

03 of 

during

aample Dose(nr) Degree of iwellinc,

1 

11. 

5

0 

0.4C, 

1,0 

0

(1.803 

1.32 

0.572 

C,583

5.L5 

 52.1 

CO • 

7,39

      * Apparent fleree of swellinr 

  Comparison of the do roe of swc-All of film 5 with that of 

  film 6 shows cie3rlil thnt the cr;istalizabilit, of the film 5 

  is lower than that of unirradiated, ordinnr, PVA (1:o. 6), 

de.]onstratinr; the ',2e_ence of intra—Liolecular crolinLinG in 

the sale 5. 

  3.7) diffraction patterns 

:chotora:-)hs of the unirradiated and irrnlated .LTA are show 

  in FiLs. 7 and 8, 3haroness of rinc;s of the i2ra iated iVA is 

obvious14 weel::er than that of the unirr'Jdiated I-VA. This 

  indicates that the forer is less crustalizable than the latter, 

   in .f::-.2eallent with the result of owellinc !--leaslLeents. As sho 

  in Table 4, the plane distances of these tuo different films aei 
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identical within  experiLiental error. 

                  Table 4 

:clone Distance (A) of Cr,,stalline Fart of INA 

(Concentrtion of ,olutiorl during Irracliation vs 0.164,_, 

Dose = 1 1&r)

Sample IL A3 .4 A6 I

unirradiateda) 

irradiatedb)

7,V1 

 •L

4,51 

4.52

3.6Q_;
-5

.21 2.74 

2.75

2.41 2.20 

2.21

  a), b); heat-troataj. at 13°C for 15 mins. 

4. Discussion 

4.1) InteL'- and inti:a-olecular crosGlinkLn 

in the pLeocC,LuL oAr_Aters, it was. Liue'd that ti:Le pol;ymer 

molecules (Astributed "uniforml,"" --fro the statistical 

viewoiLt-- in tuo solutions so ua6t one was led to a nopothesis 

of the close- packInL of the molecules. owevel the local 

,deviation ftu this uniformit& ',Ao.o, be DociA.o juo to the 

,rownian :lotion, which woulO, L:ive rice to the collisions of the 

molecules, 

     Therefore, in the initial stare of irradiation, the formation 

of inter-molecular cous11n is uite possible. 

inore:ace in viscosit,i obsuied ix 01:1'02'tLIlO 
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expectation. Further  irrodiation mad make te local denAt:d of 

the polymer _oleculJs in solu-6ions ni her, since each polmer 

will be integrateCL into laroer molecules b the intof-olecular 

crosjiinLing. When irradiation i.oceseds to SOLIC extent, the 

distance from one to adjacent poldmor spheres becoJes so iarLe 

that the intra-molecular crosslinkinL occurs much more prefer-

entialld thri the into-nelecular crosslinkino;. Therefore, 

at hiLhor doses, viscosities beLin to decrease as shown in r'io. 

l'-, a result of foruation of the illra-mcaocular crosslink-

inL, which was eireada ascertained by various results described 

in :3). 

,e will tr, to calculate the _:veraue nuleer of initial 

-oleeule contained in a nolecule of the final product
, to which 

further inter-molecular croslinin: can o,;cur no ia)201 or cni4 

neligibly bti an hi0,1 dose. Let us assume here that the [1]-7 
                                                                 c.i) 

relationship ootained :d NahajiLla and :urutaci'' for PITA can be 

applied in this case and that the deLreo of polu'norization 

caleulateltom the relationsLip is number verso. Then, we eJn 

obtain the number-avercn:e numbers of Initial ELolocale contained 

in a nolecule of t:le final _.-12e(luct, since the numbers can so 

taLen to be equal to 7'max4709 where 7'max and ro are t_e deL22ces 

of oolnmerization calculated frem PrO,''nd[1]the lio initial                       max 

::-VA, resnectively. The values obtained are Liven in uhe last 

column of Table 5. Jhen the cohcentratien of the ulutin for 

irradiation aroachei, to zer-,, the 2,ic per'haps apirens 1. 

awJely, in this case, the intorlecular crossliTh ma,' not 

- 207 -



be  fcrt:nedi 

                 Table 5 

JuLlber of Prinlary LoloCules Contained in a 'Pima 

L:olecule. (Irradiation Temerature = 2000)

Concentrailcn()
rnix  max

!:ouLuer of F)Linar olccule 
= /7' ) 

           o

0.22
, 

C.184 

 0.100 

C.co

00 

1.1C

 gop°4. 

25000 

600C 

25C0

oo 

17 

4

     The decrease in Lin, with decroain polymer concentration                               „ax 

may be due to the fact that as the solution becomes Aore .ilute, 

the polymer molecules be A/L.0 apart from eoch others and 

hence it will be more c.iicult to form cru1:'.nl:s. 

4.2) Structures of the intra—mclocular—c .osslinked PVA 

     Figs. 1--4 indicate evidently that tle intrri—Llecular 

crosslinks reduce tnc iloe of polymer coils, This ten(.1ency was 

also found b, iuhn and Balmer10) who usc.e. t-,trithalaldehyde as 

a crosslini:ing a, ent to crosslin PVA in ciluto acueous solutions. 

It would _e i.,,tereL:,tinIL to estiriate the derree of swellInr: 

and hence the degree of polerization botwoen two cro,clinked 
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points  70 from LIJ of the int1:--:lecular-crosslinkod IVA, in 

other wo2ds, micro-role. Calculated values for the mdc_.o-c-el 

obtained under irradiation of 0.134: solutions were listed in 

Table 6. The degree of =Alin and re were calculated usinC 

                  Table 6 

,.umber of introlecular-Crossliii.:s Calculated 2ro2 

Differont ivations. (Concentration of Solution during 

   Irradiation = Ca84,0)

Dose(iir) In beE. swoll,(in vol.)
C 7-)EP

0.17 

0.20 

C.4C 

C . 00 

1._

2.82 

1.32 

1.10 

C.572 

0.191

25000 

UI 

it 

II ft

93.5 

52.c, 

22.8 

7.6

1110C 

10690 

8330 

3030

1.f15 

1.13 

1.17 

1.50 

4.1

kAnstein's formula and Flolehner's equation for swellinc11) 

  As the interaction constantp, which is art, for the cal-

             , 

  culation of rcl a value of was u:ied which was obtained L),; 

Nakajima and 17urutacA9) The numbers of intr-Ac:leculr-

  oross1inksEF (= 7/27c) are also i:iven in the last column. 

It is interesting to point out that such lare decrases in 

viscosity, solubilit,y, acciabilitd and sharness of 

  diffraction pattern, a-22e causekj. bd so iolativol o all aounts o 
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the

1) 

2) 

3)

4) 

5) 

6) 

7) 

8) 

9) 

 1c) 

11)

intra—molecular crosslinke. 
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  Ch&;)te:c  I  : Histel:ici background of the ra6iation cieftlistiv 

      of poler solutions was, briefl,) writtehl 'no tae outline of 

t_lis dissorth-Coa was c,iven. 

Chauter II : 3tuCiea have been done on t:,e effects of (am:::a 

.1.idiation both in ai and In vocuo on aueou:, :G-1,AL:, hnd 

u'ater-swollen Li toe of ,:oLvin,lalcohol(PU). Me radiation, 

induced cliane: °:lore fullood. b). ile meauro:Aents of 

viscusiL), sul frHctic.n and beJ:ee of swellin. For toe 

'dute .-si011bL fi.L.is, rehl:::.i diffei.enc:os were observed 

between the ir2adiation in vocuo and in air, but or the 

aqueous z:oiutionf of oicler coY!centratins there ':ere little 

      differeices ue,Y;Jeon bot'l cses. Fod: tile irriatin of 

wator-wellen films in air te iD:fi:2ect efct of woter was 

quantitatively ._;:cu ed. it was found o. ':, c_dculation the 

the enerrci r!borved b,, water wis not comletel but cni;) u-..),, 

      of it waz used for the main chain fracture and that the energ 

dissioate ,Der ,Jtain chain firactue woo about':k.,,eV. Jhen th 

      aqueous solutions were L:fadiated, those vicosities ircronsc 

      with dose and fhalid a Fel was formed is the siilar manner 

      observed in toe case of vacuunl-ilTacAatien of the .iater-, 

      swollen films. The ratio of toe number of fractures and 

cro„linke units, pc/q01 incriraofi witL1 the ,:feiriAt fiaction 

the polymer; toe v'lue of pc /q, was 00..:71 0.;,;9 rod G.55 at ti 

weiLht fractiJn of C. (.h and 0..51roDectivel)• The 
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   results obtained  by t'Jcs, irradiation of the solutierre containing 

C.1 wt. fraction of eolmer which had been stood for some 

Period before irradiation showed that the sol fraction — 1 

decleased with stanclinp„ time. 

11airyter III : when pol&(vin1 acetate)(PVAc) was subjecteC, to 

a=a radiation in various erranic solvents at e concentration 

   of 1C wei-t L-, the por,ymer reulted in crosslinking in 

Methane' end benzene, but in '..an>. other ortanic r:olvents 

degradation occurred predeinently. As the solvents became 

   poorer, crocslinkinr. was erooted at low concentrations but 

   retarded et hirh concentrations of the poLymer. Me most 

   optimum concentration for crosslinkinr of the poer in 

  methanol solution was about 2C, where it was found that 

deureeetion hail over ever occ7_1:1:e. :lhen INAc was irradiated 

   in methanol-onHaric solvent Lit.:Ltures, the rate of crosr,linking 

   was rtarde: as the solubilit1 of the poler in solution waB 

r!-AseC. However, in motiaanolter 1]1T.tu.L'eLl no correlation 

was observe beteen the radiation-induced cLnnes and the 

soLubilit, but the rate of crossiinVinr: increased :enotonical-

   ly with increasinF wfAer content in the mixtures, which it-4a-

   indicate that woter is a verd effective solvent for ca.3,1in17- 

   in.. The rediaticn-i.nluced c']anes were ver,> slicht durin 

irrefiation at ...0(e but relativelty rialto at 7C°C. The 

minLium doses needed for fLelation in the 10 benzene solutions 

  were inversely proportional to the deree of polerization of 
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   the  initial polymer. It was dia-ectly. confirmed that the 

dennity of crOsslinked units was eroportional to the radiation 

   dose, and that crosslinks were formen not only from tile main 

chain radicals (not end radicals), but also from tee side 

chain radicals. 

Chapter IV : Poly(vinylmethyl ether) degraded more easilz, in 

   better solvents when irradiated in dilute sir-free ory7inic 

   solutions exceet in carbon Ciaelfidel but in higher concentrat-

   ed solutions crosslinLinn proceeded more readily in solvents 

   of lower viscosity. Gel was formed even at concentrations 

   below 1 weieht U in carbon disulfide; the criticel concentra.- 

   tion for ge1-formation was nearly equal to that of on annleous 

   solution. The critical concentration in the case of poly-

   styrene in carbon disulfide solution was about 0.15 wt.. 

   On the basis of the observed results, a role of solvent at the 

   irradiation of polymer in solution was discussed. in consider-

   able detail, and it oTas found. that the nechanism of radiation-

   induced reactions could be s2tisfactorily ex-::)lained in terms 

   of (1) formation or deactivaoicn of =croradicals by the sol-

   vent radicals, and (2) change in te rate of the couplino or 

   the cage-reconblnation reactions -cclue(L by the increase in 

mobility, dilution and soivation of polymers due to the solvent 

Chapter V : )hen poly(vinnl alcohol)(PVA) partial±, acetalized 

   with c3noxylic acid (PVAG) was irradiaLon in air-free aqueous 
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   solution  without added salt, aelrAlon occurred mol:e readily 

   and the critical concentration for col--ormation reduced, as 

   the de,Tee of expansion of PVAG increased. However, when 

Nei was added to the solutions before irradiation so ao to 

   make the expansion of all PVLG's equal to that of parent PVA, 

   the critical concentrations were fracticall, identical to the 

   value of parent PVA, independently of their carbox;j1 group 

   contents. Further addition of the salt to solutions led to 

   the increase in relation dose. It was concludo from these 

   results that the critical concentrction corresponds to the 

   concentration at which the overlap of a polymer with other 

   ones commences. Based on this conclusion, the expansion of 

   the polymer !nolecule was calculated and comnclr-* with that 

   calculated from the viscosity data. These two showed a 

considerable rood at reement. Jhen PVAG was irradiated in 

   aerated aPueous solution without added salt, deradation was 

   promoted with incroasinr carboxyl roup contnt, while in the 

   case of solutions contain 11, added sal-us der;radation occurred 

   scarcely. 

Chapter VI : Dilute a,:ueous so1ut4, 112 of poly(-crylic acid) in 

   acid form and in oo_ium-salt form have been il.ra0i-ted with 

c,amma rays from a Co-6C soui:ce in the ,re_ence and in the 

   absence of air. Chances in colation dose and viscosity have 

   been measured. On irra0i,,tion in the abs'A?ce of air, nel-

   forrnation was oboerved. Both the relation dose and the 
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   critical concentration  for col-formation increased as the 

deCree of neutralization of samples increased. The critical 

   concentrations we_e G.25, C.32, C.5o aid 1.0 wt., for samples 

   with the degree of neutraliztion of C$ 5, 10 and 20,,, 

respectively. Alen Laol was added to the solution for 

irraiation to diminish the ionizati_n of earooy..d1 groups, 

elation occurrus readild with increasirw. NaC1 concentra-

   tion, if the ,,a01 concenurAion was relatively low. Llowever, 

as the concentration o _aC1 became hijler than C.C1N, 

formation was increasinLld sup zessod with increasing laC1 

concentracd,n, This fact demonstrates that there is an 

   optimum expansion of pole ion for crosslin'Ani!: in a4ueous 

   solutions. On irradiation in the presence of L,ir, the beldmer 

a,peared to deLraue 'he -1i,her to _Lei:Lee of 

neutralization, the hi her to defj,ree of deL;radai,n. If, 

   however, LaC1 was pre ost sufficientld in the solution for 

   irradiation, dei radati,n did not occur 

Chapter VII : The previous s-urk hes shown Lirit (elation of pol5 

(acr,-ylic acid) in s.Aution occurs moot L:ecild in acid form in 

   the presence of 0..11- naCl. The 1)1csent invoLtiL(Aion has 

been carried out to elucidate in more detail the mechanism of 

ciocsliniinL occul:inG in these concentriich ranhes. The 

   experiment was done under the noarl,, sees condition as describ. 

   eci in the ,_cvious chaster, -Lion of the deaeratee 

solutions below the critical concentration led, to main-chain 
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scission when NaC1  concentration of solutions to be irradiated 

was lower than 0.C11'7. However, in the case of the solution 

containing NaC1 above 0.01W, the solutions became turbid on 

irraiation. Detailed stWies on properties of the turbid 

solutions have revealed that the orirf,in of turbidity cn be 

attributed to the formation of intra-olecular crosslinking, 

namely, the micro-el particles. The shape of the reduced 

vidcosity-concentration curve for the micro-el web somewhat 

different from those of linear poly(acrylic aci(J.) polymers. 

The reduced viscosities of the intra-olecular-crosslinked 

polymer were considerably lower than those of the linear 

polymer over the polymer concentration range stuaied; and the 

increase in the reduced viscosity usually ohserved at the 

lower concentration was vey sliLht in the case of intra-

molecular-croslinlked po34mer. The pH values of the intra-

molecular-croslinkod polymer were hiLher than those of the 

linear polymer. The present stu confirms the conclusion in 

the previous chaptr that the crosslinking of polyelectrolyte 

in aqueous solutions can be exT)lainea in terms of both the 

chane in expansion and the repulsion due to ioAzed groups.

Chapter VIII: Effects of a number of additives have been measured 

   for deaerated and aerated aqueous solutions of INA. d1stes.s 

containinc' thiourea, methul eth,:/1 ketone, ethanol, FeSCLl . 

0.8N "2A1 .SO4CuS0 or FBr have been e=:'.ined in detail and it 

                 9 

   was found that these arAtives modified the rate of crosslin"--
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  ing as well  as decre(ation of polymers. On the contrard, 

  methanol, K2S0 or NaC1 did not have any appreciable influence 

  on polymer reactions, althouch thole concentration Jac fairly 

  high compared with that of the former aueitives. The various 

  effects of additives could be explained mainly in terms of 

recombination process and rrelicel transfer in the case of 

  organic additives and electron transfer in the cce of in-

  organic additives. The miaiaum number of odeitive aolecules 

per initial pol,mee molecule required to affect the crosslink-

  ing were 0.L,8 (thiourea), 0.27 (Fe364 H2SO4), 0.5 

(CuS04) 3 (MH), 10 (iir) and 17 (ethanol). Discussion of 

  the acchaniem of raiiation protection and eromotion was given 

  on the basis of these ce.;efiaental results. 

Chapter lh : Dilute aqueous solutions of poly(vinyl alcolel) 

  having various degrees o: eolymerization from 30 to IWO:. 

Were exposed to Laz:lia radiation in tme absence of eie snd the 

crosslinking mechanism was examined in detail. It aas found 

  from the results that the critic-1 concentration for gel-

  formation Ccrit
. can be written by the followia eajuatiee: 

          Ccrit:[1(*b2                                 = const. 

 where 17] is the liaitin, viscosity number of uniil.adAeted 

 samples. The assumption that at the critical ceLcentr:tion 

 the polymer selaces just !Jegin to overlap wit, each other and 

 array in the order of closed aaciarc, could rive a satisfactory 
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   account of the experimental results.  namely, the r.4ius of 

   polymer sphere calculated on the bris of the above assump-

   tion was almost proportional to the hydl.oLlynamic effective 

  radius calculated from the Anstein formula and radius of 

gyration. The rapid rise of kelation dose usually observed 

   near the critical concentration Llo„) be due to slifht change 

   in the de, lee of overlappinF of polymer coils. The ,relation 

   dose at a fiL:ed concentration was inversely proportional to 

  the decree of polymerization of samples used. for 

crosclinkix; was found to be 6.2. The indirect effect via 

   water was quantitatively discussed and it was found that only 

5.5,- of radiation enor y absorbed eirectl, b, water was 

actually dissipated for the formation of crosslinL:in, 

Chapter X : Aqueous solutions of poly(vinyl alcohol)(1NA) were 

   irradiated in the absence of air ',ith Co-U, T-2a„s at ver, 

   low concentrations such as 00164, 0,1a) and C.. 6,). (The 

   critical concentration for gel-formation of this solution was 

0.22,). It was found that at small doses solution viscosity 

   increased, but after .,.caching a maximum, decroa-e: monotonical-

   ly with increasing radiation dose. The incre.nce in viscosity 

   was attributed mainly to the formation of inter-. A.ecular 

crosslinkinc, and the decrease in viscosity :ainly to the 

intra..molecular crosslinl:dn. The evidence for the formation 

   of the intl.a-molecular cressii_,kin was obtained by various 

   measurements such as turbidity, swelltn and '.-rad diffractions
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 lrL.2a-r(5  _  s  'ectra of the irradiated I VA indicated that the 

OH groups of PVA sa, -eared partly during irradiation, 

while ; li`:at formation of carbonyl group was observed. The 

number of ?nlecular crosslinks uas calculated using 

Flory-Rehner's and in .tein's equation.
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