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The present stulles eve been carried out at kyoto ni-
versit, under the diroction of [rofessor Ichiro Salurada in
1958 ~. 1962. tudies on the ro.iation effects of solutions of
various polyicrs cueh as coly(vingl =lcohol), its derivative,
soly{viny 1l acectnte), soly(vinyl netnyl ether) ané pol, (ac., lic
acid) are involved in thir dig-ei tation. Irradi=tion was
performed with gamma radiation 'rgr a Toe=. source of 2CCC
Curics at the nstitute f.: Checical Yestavch, ¥,0to Univ rzitye.
A1l the papers were and shall .o nublisched in the Zpeclal
issues 11, 111 and IV on !h,cical, Chguical and Biolo; ical
ffects of Ganna tadiatiorn in the Sulletin of the ‘nstitute
for Chenical Researci, 'yoto !niversity, _4 (1iul), i (192)

and 41 (190%).
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Chapter 1
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Althouh an irnumeravle : .ouimn of stud, nas been devoted
on the action of radiation on poly,mer "in solid state", onl,
coporativel, little work no been cosrvied oun i the finld of
radiation che.istry of pol,uers "in solution". (e of planuitlce
reasoa for this lies in the fact that tue procosses tekisng
rlace in solution under irracisticn is much more complicatcd
than that i: solicé state. dhen 2 pol,a=r is irradiatod in solu-
tion, the quecstiorn always :rices whether toe effects croducad

are either due to the direct nits of ral'!iation on tiie golute

Bt

iwo0lecules or due to zacicals -“roiuced in the solvent vhlce

1
then react with the solutie. Site first is referred to as direct
effcect and the secone as inclirect effect. In acouition, t .cre
would be anoihcr Tactor sucn as ouilit; of individual chain
seri.wnivg, whicn secig to intTluc:ce the rate of suct reactions
as crossliniins and e rodation.

nivil now, nowever, only a 3¢, few data were avallable
Tor wadcrotardin . tue .;echanisa of process cceurr.inp in wolyser
spluilons durin, irrsdiatiozn. Morcover, carlisr expariients
were often conduct:. under very unsuilable co:ditions, and wuveb
influence as rc¢sence or absence oF CxyLen, wac net apprecioted
full, cnou:iiiy vhich oftcn led to ioconsistent results among
Gifferent research proups.

je our voe of the prescnt stuviies is te srovide ..ore

=3

detailed icforaations wiith reopect to ohe effacts of .amwna
ra. iation on various pol,mers in solution over @ wide ture
of concentrations and ce ma.c eclezar tue ...cianisi of raciation-

intuced rcactions.



As can be easily e.rcected, chanpges ocecurring 1o solution
during irradietion depend clrongly; on the paturce of solvents
USCUL A large diffurence was observed i~ radiation effect:
particularl; bet esn aqueous and orranic sclutions. "esults
on acueous solutions of pol,{vinyl alcohol) will be descfﬁbed
in Chapter 1I, =nd those on or ey solutioné of poly(vin,l
acetate) iu Chspter 1I1l. In order to understand this difference
and the role of sgolvent in the radiolysis of polymer solutions,
investiration was performed usiag roly(vis,l metn;1 ether) which
can realily diss6lve not only in wvater but also in many “inds
of or:anic solvents. 1t will b2 clarified i~ Chapter IV ihat
the crosslinking in agueous solution is mainl, csused by (I and
H radicols produced as a result of radiol,sis of water, wherasss
the crosslinkin.. ¢nye be retardod by radicals proauced from
ordinar, orianric solvents.

in Chapters 1! and IV, the peculiar behavior is mentiored.
Cn irradiestion ir vacuo of «¢l, mers in agueoug solution, no gal
is formed by any dose, if the pol,.cr concerntrations are louv r
taan a eritical value. However, 1f the concentrations become
slightl, higher than this value, pelation occurs sucdenly and

tn

.
i

the dose wvequired for incipient pelation falls rapidl,
increasing: concentration. Then after reaching a inisua, the

e an

N

gelation dose iuacreases 2vain rather slowly. o devic
adequate theory to explain this peculiar curve cf celoticn Cose
with volymer concentration, it seems necescor, to obtain wmch

nere knowledge concerning the crosslinking occurring in the

w [ -



neighborhood of the critical concentration. Since the critical
concentration is considered to show a marked denendence on the
expansion of tolecules in solution, two charged polymers are
irradiated 1in aqueous sclution. Cne is sely(vinyl alcohcl)
partially acetalized with glyoxylic acid (Chart-r V) and the
othor is poly(acrylic acid) (Chapterz VI and VII). ‘he expan-—
sion of these volymers 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) 'ith various derrees of
polymerization (Chapter Iv). It is concluded from these results
that at the critical concentration every poljymer moleculs is
just connected tc every other within solution, The elucidation
of the physical significance of the criticul concentration
cnables ugs to interpret tie peculiar pehavior obzcrvad at the
gelation occurring in ajueous solution. in addition to this,
radius of polymer sphzaies can be also esti w=mied uszing the data
concerning, the critical concentration (Chapters V, VII and 1¥).
At the same time, =ffects of charge ' :msity on de radation of
0lyelectrolytes in solutic: are studied (Chuapters V and VI).
Chapter VIJI is concerned with th~ effect of afditiveo, in

other words, the radiation protection and promotion. The
irradiation effect of polymer solution nelow the critical
concentration is studied, The results are . iven in Thapter VIIL
for poly(acrylic acid) and in Chapter ¥ for pol, (vin, 1l alcouol).
1t is found that intro=.ucleculor-cro-slinked polymer, naral;,

micro-rcl, can be formed at hicrh doses. In Choptors I1 and



1X, the indirect effect is quantitativel) discussecd.

Undoubtedly , these studies on synthetic polyrers and
polyeiectrolutes would render us Letter understanding of
the complicated fonrture of radiation chenistry. Fowever far
the way to (¢ is, the final ;.cal of this fiel. of science is
to ¢t an understanding of the effects in biolorical i,ctenc.
The zuthor vishes to have been able to contribute somet:aing:

for this.



Chapter II

A UL0UL Addndb,  ALD WA s=  LER W BT G LUIY(VILYLD ALCGICT)

I.3akurada and Y.llaco, ulle Inst. Chens Besey " yoto 'nl.,
39, 99 (1%01)
Effects of Cobalt-il Ganma iladiation om :0ly(vinyl alcohol) (III)

Afeets of anma rolistion on water-gwollen
films and agueous solutiors



l. lntroduction

In recent ,ears a consideravle nuaber of invectigations cn
the effects of hi;@@netga radiation on high pol,mers nave been
renovt -de Generoll, thesce works have beoi: carricd out on
polyuiers in the co.lid state, while for olyrer-sclvent s, stems
only a fow papers hi.ve teen publishecd, In tihe case of IV. .=-uter
systen, studies .ave wvi.en corrier cut not only in our laborator&l),
but also o, A. Charlesbya), A. Danno5), Se Okamuraa) etc.
According, to ti.ese results, when FPVA is iiradiated i: the solid
state ot room teunerature, cressiinking docg not occur to an
extent that an ingoluble zel is fored, indeperdently of the
rregence or tre absence of air, However, if water is present,
vel formation is observed. “he followin: two factors may; be
mainly considered as tliose relati%% to water; 1) the sction of
the radicals producel b, the radiol;sis of water, and 2) the
increase in nobilit, of cicin sejcenis by the presence of water.
.0 elucidte the role plsyed , water, it is necussar, to obtain
more ac:urulative datz cbout the behavior of woter ceminowi
,the effects of t.e irzra iation on VA,

Acccxdinrly, the present exrveri oris we.e cirried out on
aquecus «cluilions o:d water- wollen films of VA coverins =&
more ide ranse of the pol mer concentration with which the
previzus workers did not “enl. The e¢ffecte of air, concentra-
tion and uobility of chain seorents, and nl-o the diffcorences

in the effects of irra .iation on the sclutions and on the

-5 =



swollen films at the s me concentration were studied.
2e Experimental

2.1) Materials

Unfractionated and fracticnatcd PVA were used in thics
experiment., The unfractionated : VA is the sa ¢ cne that was
used by I, Sakirada et a17). Its viscosity-zvorase degree of
pol merisation, Pv, is 109C and its distribution curve of the
degree of pol;merisation is shown elsewhere7). The fractionated
i'VA was obtained ., fractionatin~ 2 ccacreisl PVA from agueous
solutions b; the slow ad ition-of n-prorpanol, PV of the
fraction used in this cexioerirent is 199, Re=saponification
of both VA was perforied, after which the exceco of . all was

co- pleiely e. . tracted Ly .cethonol and no acat,l recidue was

detected.

2.2) Frouoration of suollen f£ilis and solution

The swollen filus werc prenared by the snnce nethed oo

described in tlo referencesl’?). The polyaer was cast cn the

(]

{lags plate from 1C) ajuccus soluticr to yield upon dryinc
films of (.07 to C.08 me thickness, The film was dricl under
vacuun at room toorerature and prescorved in a desiceator

containin; E265. The fil: wag intersed in w . ter at 3C¢ for



two days till it achiceved a swelling e.uilibriu:, and was
then cleared of i'.e water from the surface. The agucous
solution for the irradiation wag hecated to eliminate the
dgssolved air rrom the solution, after the solution of a given

cancentration was prepared.

2.%) Irradiation

Irradiation was carried out in pglass tubes at room
temperature. The ose rate is 2.1 . logr/hr. The glass tube
containin  the solution or cwollen fil: was sezled in z2ir at
atmospheric rress . re, or in vacuo after repeating evacuation in
a nitrogen at.-coohcoce. 1ﬁédigtion was started irmediately

after the tube was senxlcd.

2.4) leasurcionts of viscosit,, col fraction and de, ree of

swelling

After irradiation, ater was nuded to the cemple, and the
sample was left to octon! for a doy at roocm teuerature. Then
the sample wog heoted on a Loilin uafer bath. 1f tae sasple
contalng nc rel part, it was rendlily dissclved in a few minutces,
but ctheruvise it was iigoted for 1lu hrs 2:d the insolube part
(gel) wos separated fros the coluble part (sol) Ly a ["lass
filter, Imnediotely, niter the seperation, the swollen : ¢l was

welghed and then oricd ag:icr vacuuils The de{rec ¢ swelling



was calculated by the followin~ equation:

- 1(at 100°C)

Pv of the sol ,zit was calculated froa the liuiting: viscosity
number [7] measured in 2 ucous colution at 3C9C by the following

equatioﬁ:

- ) o
[77 = 7.51 x 1077 x Py"*% (conc. in /100u1), 1

3. Results and ‘iscuscsion

P " " I!

3.1) Irradiation in air of the wat r-=ucllen films I
it gex:s ver, interesting to invesii ate the effects of

irradiation on water—z ~lier films, sincc water contents 1n filag

can be chan el over wider ranges than ihoze of solution,

Irraciation wag carried out in 2iv cn t.e water-=zwcllen

films of variocus water conteniz, wilch had ben - resared £rom
the unfractlonated VA vith Iy of 1290. &y the nrobability

of a2 fracture ¢ and other quantitien are listed in Table 1.

a was calculated L, the Sakurs - l-ouras unuauicn5) using



me[7]/07], ¢ where [1] and [7] are the liniting viscosity

nunbers before and after the depradation, respeciively. To

calculate ay it was assumed that c.ussliniin,

that all ends of main chain fraciture were suobilized.

did not occur and

8 can

be seen in Table 1, the main chairn f_acture isc increased with

Table l. Gffects of zamma=irradistion in alr of water-
guollen films of FVA,.
Concentration Jose S0l fraction Ll Pv a
(wt. fractiocn) (xr) (.2) (1 ..1/g)
unirradiated VA e e 0.655 1085 e
04157 54410 1O 0,560 429 0429
' 11,9 * " 250 210 C.'CY5
" 2040 M " 0.158 117 C.(2
0.193 SR . 0,390 480 . C24
¢ 12,9 "¢ i 0.2%51 211 (. 074
" 12.5 * " G225 206 0.1 079
" #2.0 ¢ 13 0.294‘ 306% e
04235 CI 100 0.584 468  C.lC24
" 7.1 " o 0575 459 0.0026
L ) [ L Ce300 518 C.11;4
. 12.9 " X 0.2:1 287 G
" 424 " 15 0.188* 155% e
Cattl5 95 " 1c0 o375 HH7 ClT 027
8 11:9 ©® : Cede: 505 Qa’ C37

LR Py of sol part.



increasing dose and at the dose of about 4 x 107r, a gel was
formeds This is in accord with the results obtained previcucly
in our 1abowator36).

a is plotted a ainst dose R in +ig. 1, where it is seen
that the relation between «¢ and R is linear at lower doses but
deviates upward fron the linearity at hicher doses. This
increase in « at higher doses can be interprctced as followss
if in addition to main chain fracture some crosslinking occurs,
the poly.er '.¢clecules would becco .¢ increasir;l, branched and
their 1liniting; viscosity number ould fall incooasingly below
those of linear uolecules of the soie molecular veight and, hence
the value of a would becou e lar~er than those iich veul!d be
obtained when only =zain chain fractuxre occurs.

Now, we will cclculate how the indirect eff:ct of water
contributes to the main chain fracture. Por a ralintion dose
R in roentgen unit, the cuer;y, absorbed per rmna of gwollen
£ilu is RA (where, A=C.58 x 1014 eVeso Thercfore, the eneryy
absorbed directly .y polymer in vhe swollen film i RAC, where
C is the weight fractio: of polyuer (i¢/g), and sisilari, the
ener, absorbed by water is RA(Ll = C). Proviced that all
RA(1~C) is not used for the depracation but that onlﬁffraction
k of it is uscd, the totel cnercsy dissipated fur fracture
acounis to RAC + kiRA(1=C).

The nuaober of main choin fracture per wram of swollen film
is Gha/;m, whore T ig Avoradre's numbor asnd LT is the ..0lecular

:

weliht of the monouer unit.

= i =
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-0 the ener, dissipated per Tricture, Ed' is iven iy,

A0+ 1 (1l -~ )
R (1)
a n—ls,c,/la]

or
a = (RAN /E;N) {k/C + (1 - k)} )
Assuin., that md is independent of the ¢zi a1t fraction of the
poelymer, k and Ld vill be piven Ly t e slope and the intorcent
of the siiai it line obtained by pleitin, a oainzt 1/C at a
fixed doces

gquation (2) also indicaies that a plot of a araingt R
snould be a Cireig it line, if C & const at. A5 mentioned
above, the :lcits in ®i~, 1 1g 1irenr only at low dosi:n, nossibly
because ¢! v:i:¢ formation of brauehrz: polymers. 504 (iﬁu/;dh)-
{k/C + (1 - k)} cbtained from the initisl clo'e was plotted
apgainst 1/C in i .. 2. The ccrresnonding wvalucs obtained in
1)

our laboratory air¢ also plottee in Tig. 2. Ag shown in Tig. 2,

a ocd straigst line "jrs obtainel, fr.: wvaich k = CauY, ‘C=5‘ eV,
were derivod. this shows that not 51l the e cr 'y avsiruved
water but only 9. of it was visslipaied for auin chaln 'Dactiucc.
The value cf 30 eV.y 1e€sy the encriy dissipated er umoin choin
fracture, is in =zccoi wit:: the volue of %5.7 eV. whicl was

0 tuoined in the case of irradiation on ér, FVA by 1. Sakurada

et a1’

- 12 w
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342) Irradiation in air of the aqueocus solutions

Studies on the aquecus solutions s¢ far published have
dealt witi solutions of rrother low concentraticng. in tue
present study, irraciation was c¢:zricu cut usin; agquecus
solutions of comparativel, high concentraticns and the effects
were comiircd with those of the water—-swollen fil.:z. The FVA
use: and the radiation condition are the saue as dopcsibed i

3.1)« The reculis are given in Table 2.

Table 2. Ffiects of jar - =irradiation ic air of agueocus soluiions of VA,
concertration Dose 501 fiaction L7 P# e 'ree of
(ste fraction) {(r) {/a) (1 oml/e) sweliinr of el
unirraaiated VA — e C3655 1085 ———
0.10 RORT: 160 Oeozie 1544 -
" L% 100 1.0 2y —
" 2.0 " e . 0726 1292 00«3
" 265 " 55 Ce'+12 522 477
" 3.5 m 27 G, 3% LA 4% 42
! 7.1 " 25 C.30C 51 25.1
" 8.0 " 2% Colieit 50 22 .4
O PRE laS # 10 C.797 1:G* —
! 5.5 100 1.0C 210¢ N
J - oL M 5C C ol 3 \;,5‘;?-'\-;- 73 i
e 4.9 9 4? U055 1 65 £5.5
o - 7.1 52 Cedit __ﬁiQi 2w al




_ shen vhe swollen fil.s :¢re irraciated in air, the Ly was
décreased with increasing doo: and abruptly a geﬁ was formed at
high doses., In the case of the solutions, on the contrary, as
the dose was inc.'caged, PV was increased consictently and a (cl
was formed. Thic phenomenon +thot Pv is increased wit:: dose,
firally resulting in el fouuation, iias been found in eorlier

i
& . . Y. 5
2934 )03 thhe effect of irradiation in vacuo on ajueous

studies
VA cclutionse It is nls0 reported that nolymer degrades 14,6
when the solutlon cf a low concentration is irracdiated in zir.
Notwithstanding it I1n our case the solution wrs irradiated in
air, the result obtained was essrntially the =i ¢ as that
obtained when irradiation is carried out ‘n vacuo. This . g,
well be due to the faet that irradiation wre ecarried cut using
sugh a =i h ecoicortrated solution ao a el structure was formed.
Therefore, air would not be able to diffuse sufficientl;, into
t.:c scolution, while the oxy .cr hes only alfecte. the surface of
the sclution, In the case of the swollen fil s, it seens likely
that air is able to < iffuse Lore easilg inee e igterior of the
film Leccause of itsg thin thickness. ' The effect of aiv is to
be Jizcussed in celail later.

The enery,; aboscxiod by tae solution wi1ll be partly used for
the reaction which concerns neitviier with ecrosslinii: nor
de; rad -tiou, 30 bue energy actually used for crosclinl ing ond
der redation of polymer will be le-g than all the croiry absorbed
by the solution, Therefore vhen the sclution is irracdiated

with the cosc of R, the energy fSetually usc for t.e polyuer

- 15 =



reactivtic will be reduced to REf(C), w:cre £{(C) is a “w.ction of
whe wei, bt fraccion of .oly.er C, and is riven, as in 3.1), oy
te Toliowing e .uation

£(C) =C + k(1 - C)

Recontly a ... v.iiical eguation nine doeduced oy 4%e Charlesby
and ... ile rinnerd) ¢ caleulate thoe wvetio of depradation and
croc.linkine from thie Cose and the col froction 5. The
o mation can be rolifies in cur enge as follows:

S48 = Lo/ + 1/chf(C)ul,
where p. and 4o is tne {racture de.oiiy and (he do:npit, of
crowslinied unite pexw unit dose respoetivel,, & ic the dose in

ig the inilirl zuiLcr=evors ¢ deiree of

reenteen univ and uy
pel acvisibion, Frci the intercept of the soiaiint line
obtainec oy nlouvtiog L8 A piant 1/%, % /- can be obtoined,
g . 1f £(G) is actually . nowmie Po Zie s €0 oo calculated
BCarately o

S+l was plotte ! apeirst /0 in Tige 3, and the result

S nlots 1o . iven in Table 2, As the value

B : N T
U d A0 ~Tom o

Table 3. Radiatior paraneters orl iclation doses for

A

alr-iyrwWiated a_ ueous solutions of rVA.

" -\'l " T
Loncenvraiion Do s o p., X 1.7 de X 10" Gelovion . ose
(wte £ ction) (x)

Cel0 0. 7 By 110 1, = 1¢¥
Ce20 0e39 b= g IR u
0.5 {55 2.5 B Lol "

- 16 =
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of k involved
in 5.1)-
in Table 3, p

been obtained
As shiovm

fraction, while q.

weisht fraeticu of the nol,:co,

fracture occurs in2:2rcently

welyat friction.
about vy the rLie
gatent, but (ke Jo

- . )
Lo pekstion Jonc

=1

3
1ls

It was obtained fron the i:lot of tie vocipzocal of tae ce roo

sw.lling arroingt the dule.

* r
10 PaRrTnG

21y Anecrenged with increasing

- bécores

radaticn od

in the functiun £(C) C.9 yag uscd, wiich had

of the woeleht fraction, but viat
difficult with inec:
surr ests tiat increased o bility
i:fluences the crouosiin

= Le0nz)y e

of water

ele)

iven in the logt column of Tall: 3,

of

he doce at vhich the reci oo}

of the de rre of zuellinr=l was toi-on e the pel point,

=t

3e¢3) Izvadiation

and in ViaGile

In this soction, we investi atc.

OXY 8N,
VA with PU of 19-C wveve

fixe. dose of 3.0 z 1lC“r.

o ‘
srly up w0 10 “m: Hg Lecause of the uroescunce of

in the filu, but in the case of the 4y, film, it wac ccaled

hacd 5
evacuation u. to 1C

of nier-cwollen films at a Ti-o-

The votor- 12ollen filss
irradiote

The roulte are

g Sup.25 Arse Jien

cainly the effect of

C e

in vacuo and in air at a

€T

[ R

o in Toocle 4,

= 18 =

- ey e
£ Y

gater contoirod

is nearly i uvcrendont of the weight

Thio sghous that the nain chain

g}

pepared from tac fricitionated

gvicuatoa

afber

s

=)



Table 4. uffects of | amma=-irradiation of water-swollen films

of FVA in vacuoc and in air. R=%.2 X 106r.

in vacuo
De. ree of I n) . , . De;vee of
11ing Concent.ation ¥ 30l tiaction e e
??iﬁ;*n% of (wt. fraction) (1COml/g) ] (:3) ggeééinb
10.8 C.L9Y5 Ca722 1%9% 255 18,7
7e5 0.120 C.897. 1760 21.0 c2e2
5.1 0244 e R large large
1.8 0557 Ce992 2063 1CO e
Lad ' Ge't76 C o943 1903 100 C—
Dry film 1.00 O =520 1501 1GC e
iﬂ air
Degree of _— (] " , ercdiaiion Degree of
swelling of %ogcegﬁréﬁ}gn (1CCnl/g) PV tol ff§6t10ﬂ swelling
films Wl IIaCElUﬂ) WL 1} g e of iel
1C¢.8 C 095 C.59% 922 25 2049
73 _ 0,120 0.578 886 100 —
3 08 O .208 D I698 1190 " Twva——
Sel 0.244 0.705 1209 o ——
1.8 0.357 C.718 1243 " B
1'1 0.4?6 C.?il'é 1520 n pemonm—

L0 film 1.00 O ?98 l"l—Lb‘? " ——u
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carried out in air, it is desirable to irradiate the sa.. l¢ in
ah open tube to =su :l; alr constantly, but in our cace as the
sample contaired water, tie lrradintion iras crrried out
unaveidably in a sealed tucc,

In Fige 4, Pv of sol part wus 1.lotted a oingt the weipht
fraction of the polyner.
It shows that ticic 1s a resarkable difference between ivzcdistion
in vacuo and i. air, In the former case, LV was - -decrenso.
aonotonicelly and | ol was formed wiien Ev vas decreas.d suldenly.
This may be explained zs due to the formatio: of broacied
pol, mers, cve.sbtually resulting in the Toraasion of network
structure, as mentioned in 3%.1). The ::ouiunr concentratiocn for
gelation was about 23,. ©.r irrziiatior in vacuo and 1(,; for
izrzdiztion in air,

lext, we will disecuss tne cherical mecinanisn of crosslinking

and de racation.

a) Irradiation in vacuo

The ;nencienon w2 }v,beforc g%lation wae incrcaced with
decr asin wyeicht fraction, fiaulily veculting in pel formotico,
may ve inter..ct. s follows;y with decreasing u.ight fraction,
the concesitration of :H- nne HO yzeducod 5y The rodiol,sis of
water is incrons..), 80 the indirect eoffect I inercaco. an

hence crogsslicisiag is croroted. It geoss alsoe wver, »lussidle

that, as a regult of the increrce in .cbilit, of choin ool onue

- 20 =
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vy -cuetration of water, (.c reactions vetueen i, s gy be
promoted and intcouie the Fye  rrobabl, both of these effects
goy iniluence the i Te of crosslinking. “hether watur promotes
crosglinki:, ualily L, behaving as a plasticizer, or the radicals
produced by the ra:iolycis of water have i rpe i filucnce on

crosslinking will be treated is ¢ subscguert chartooSe
b) Irradiation in air

In this casse, iy was decr-ascd with decre girn; weill ot
fraction of the .olymer. If degrad. iicn is due to orl, ¢
digcet effect of the pol,mer, it should ocecur indu cicently of
the wzi at fraction ¢ t.e pol,..cre. 1t is clear tizt oxygen
influences e rudstion »owwiably,, but as it ig prcbable tint
the amount of oxy; n is constarnt at 2n, weicht fraccion iaxn e,
s0 the phenc:iciion that L; char-es with Lle wei .t fraction, can
not be interpreted 4, tre action of ox,i ¢ Cnlye rodever, vith
reference to tie Loc .cndsm wiich was roposed Ly thilliss et 31?)
iz the stuc, on the effects of irzo’iation on o usous soluticng
of c¢-rbowhydrates, iiie phencrwcu cir be cinloins qualiiativel,.

Accordins to Chzir mechanisn, toe HC.t whiech ic rofueed b, the
=4 9 o o'

resction betwsen oxyre: 22 He i~ consiere’ to 2l a iiportant
role.

o -ERddAvlon ., n. 4 gc- (1)

M 4 0, == _° (2)

2 .
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The hycro-ens of

action of radiation, or u,

follows:

H

|

HE - c-uvv\ -Ii.:)' . '-;%.n’ e

, or ., L

CH

v WV""UHE -

This pol,mer radicals 1oy react with oxy.cn,

the following processes.

colymers will be aosicneted oy the Jiract

the radicals produced from witer, as

c + H,04 H (%)
¢ o ¥ Hals o

Cil
and dervode via

00~
- 3 emnn

(4)
b

1:

O___

The .olymer rualicals, being avle tu crosslink, vrvduced in the

reaction (3) may Le iuacediatel, attacked i, (.ycen and do rude

as indicated in the reactions (), (5) and (6).

i g
ANl Lnereane

ii: the concenteuiicn of F(.¢ with decrsacing wei v fraction of
L

the poly..er leads to an inc.oease in ti:e uagin chain fractiu:c.

oW, @8 Je, rauation procecds conoidcroauly, the

aeounts of



rolyner radicals ma;, be incrcased and hiconce the probability of
formation of branched pel mer: will becoie higher and firo iy

a vetwork gy Lo foau.cle Lt .y Ue also et ol accounti

that as a result of complut: coungumpticr ol cu:en, the reactioc:s
(2) aid (4) con no wore verus awd tuen crosslinking reaction

begins.

3.4) Irradiation of aqueous solutions at a {ixci dose in vocuc

In order to make clu v the effect on . Ja=uiter .,sten over
vhie entize wei ht fraction resye, irradiaticn was carried out
in vacuo usliy; the agueous solutions to cover the low woiiat
fraction roni e whiich wos 166 dealt with i Gue rproevious Lecvions,

The wterial used wns cthe fructivucted LVA with Yy of 1uC
and the ra iation doce wag Ze.2 <« lcbr. T e e fuctg of ir.o. i -
ti o axre gives in Teble 5. ol iraction is plotted ay ainst whie
uelcht fraetici of [olyusy in Tige 5.

The sclutions of Ce "1 and (.C02 veizht fraction Lecouue
colored yellow to brouw:: by irradiaticn. As uie wvelight fraction
was incrucsed, Iv,pas incozesed and finaly a gel woe fcroed ob
CelCD wte Tz ctione. at hicher conce crations toan C.(C%5 wh.
fioction, a sli it iccrease ir the uui il fraction reduced
suddenly the col fractiui frow 1.0, to Cro ana at C.llu weipgnt
fraciicn no sol part wos iLowad. The gel foruwd by irradiation
of the wolutici of {LLu~C. 1 wiight fraction floatcs: freely

in the soluticz ualch was esscaiicll, iTeo oz ol ioisc. v



Table 5.

of WA,

f:ffGC-tE Of :"_‘{.‘_‘.;

R = 3.2 x 10%

=irradiation in vacuo of niu.cus solutions

Concentration
(ute iraction)

nl]

S0l froction
: (1c0onl/;)

(%)

—

Py Degree of

cuelling of el

wiisradiated FVA
Ceill
Cli Ll
Call3
G048
P S
U120
C o050
Coibl
0.1C2
Ca124%
C.152

e RIC
.G ¢

” C5CL
8 04935
1.50

15...1 L] 5 c 0:“!“'.5;’{-‘
S oL C.42C
(4527
CaS43
C « 560

42 t(‘
Ol o %

85.1

1 ‘-:Ii-;i(_} s
724 IR
1027 s

295 large
—— 22-5
——— Eq'na

&30
558
795

27 .6
20,1
1.7
23 4
43,2

GG weight fraction of 0,03, a polymer fraction which did not

e Lart in gel

L@ONTOL g, TACDE

anGanG wos L

ce-onpol with

incr asing weipht froaction of polyuer untill iv reochew to W

at about C.i. welignt fimction.

convraciong ©ho

bﬁiqt atl U-‘..-L, L

3)

Ao Danno”’ .

Tpecticone a

- 25

> obtolned by A. Charlesi,

Jhe rosuls that at lover cun-

W Qe L% wai ht fruetion no el wan formed and

rel was forwad most coadily,

2) and



o I TR R

"ics D

Concentration(wt. fraction)

0l Teuction 5 against concentration for agueous solutions of

VS drraiiastes in vacuo. Dose=5.% X 1lu'r.

o === sclulicn, ® ~~- uollen il ..
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Pize 54 in which the reultes oitoined for v..¢ water-swcllen
filme were compared with that (v ¢ e solutions, shows thot the
swollen film has lower ol fraction ti:zn the .¢lution at the
same wel 1:t fracciche. This 17y, be attributed o the diffoercrnce
Iin crgstulliiy, vhich is hipher for {ilms than that of solutions.
1t is probable tiat eros:links foried b, radiation protect the

crystalline orts, leading to the inecrease in sol fraction.
%4.5) Irradiation of hisher concencra.sd agueous solutions

It is cll lmoun that a gel structure comnected ©; hydroso:
sond. is vormed on standing a hi. hor concentrnted aqueous solution
of - FVA at room toiicrature and that tie viscogiiy of the solution
iucrzases with the gtandin- tine, Thercfore, if ixradiation
is ' carried out on solutions vhich have becn stoc? for some periods
before irradiation, tuec standing effect will be reflected upon
the eifects of irrs iation,.

The VA uszd ond raciation conditlion are the seiic o
described in 3.2) and 3%.4). The wei; it fructicn of polsmer in
Tl solution wos Cl10. This solution ¢id not flow elfter scondio
for a Jey after prepavation., Icradiostion vng cerric. out av
four tiues, sviely imacdiascely after vreparation of the solutiony
one cay, four doys and tem iys sfter preporaliuil The tem) sl
ture of irradistion and standing uos 20°C,. Goble Gy Fliige. 6
and 7 show the raesults,.

Ag can be seen in Tigf. ©, sol fraction and degrec of

I .



Pige 7

Sol fraction (%)

15¢0 7 ¥
I -
e S

1000}~ g -

LA
l_‘v .1/
5CCHE
O b . i i .
C 1 s 1C
stewrin €ine before ivvrdistion in dags

vegree of Loly.erizetion Iy apvilaost standing time bow-

fore irradiction for higher concentrsted squeous

solutions of “VA.

it.fractions=- .1, lose=%. xl “r,

—
@
&0
[
o
P s |
b X
. e,
@ ‘-‘“‘-—,_.
g . — -~
@ N\ . hel
\.\ R

B S
® 2( - ?‘M-“"'—-—-*—H_ L =
v B e = —
& o
H

1C : i ! ————

§: e | '+ 1C
Standing tioe L.wlfore isrsiiztion in ¢ ;s

ool fraction(n) and dejree of

time before irracdistion for higher concentraied

solutions of FVA. tefracei

- 28 -

o=t o1&

“welline{g) apeaing

el
)

: S ~ K
oge=%.4x1{ "1,




Table ©

Bffect of pa ma=-irradiation of hi ner concentr.ted aqueous

solutions of FVA, Concentration (uwt. fraction) of

polymer = 0.1 , R = 3. % 10°¢.

Standing time before : ¢

irrasiation in days 0 0 1 4 10 X
.ol fraction (.) B - 43,7 40,6 Di1eH 30,2 30.C
SeT Cnl/g) 0 o540 e G o560 0.5 C 4703 G763
Ly 797 820 843 1158 1203 13
Degree of swellin- 28.1 306 214 17.5 17.2 20.7

of gel

swelling were decreased sli iitly with the standin: tiue. 1t
is cuite 1likely that the polymer c-gmente are =arran-ed by the
ay4drogen bonds in the solution during standing so as to favor
crosslinking. Accordingly, sd fraction and degree of swelling

of the pel would be decreazecd with the standins time, alvhcu b

the mobility of chain gopgment were roduced b, the gel formation.

ol

“hie resulig answer the cxcectation but the effect of standing
on the irradiation effect is not so renarhkable as exrccted from

the viscosity chanze occurred cuving standin,. .
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l. lntroduction

vecent siudies on t ¢ croussiivoking aw de radstion of
pol,mers im swlution o, ionizi. iadiations have sLoun vhiut
pol, sers undovpe degradation (r crosslinciug upon ino . dcion
in solution as vell 28 in «clid state, and bt elfecty costrved
a9y wic.ly deceud om thre coiccnirations and the enazocter of
polymers and - uvlvintge

‘e mechuuis of o Cdiniiose-induces cuuanges in solucico: ore
Jove coipliceted than th 4 in zolid staie,y since tnre, oo, rosult
from both a civeet effecty of radiation on the poli, .oy unc an
inuirect eff-ct via i1 solvent.

Cne of our at.e. v to .lake wwe effcets of radl: tivi on
tae ool ner in golutior clearer congiste 1o gpiodglo: 1VAc under
verious conditicng. In t.is chapuer we will .oser bt soue data
on the effect of solveny, concenw.ation, Geu erature 4w wuw Icc
of Lolymerizotion co the rrdiablice=iniuced de rao tion o .g
crosslinking of tue oigmer irn (cludiorn, will criculate ore
relative awurt of de: racaticn omid crossiint lo, sad .ro.cse

a mecdarism of crosnliniiinge

2. LUxreriioeortal

2.1) Hateric.is

FvAc maued in taese eancawlae: L was precarusd ., W00

- 31 =



acetylavicn of rolyvinyl alcouol (iVA)e The ori. inal FVAc
frow waict ine FVA was obilzine. was rieparer elther by, the
pol.icerization of monowmer in etiyl acetute L 0% in the

prec.rce of benzoyl peroxide or Uy tae bulk sol,:erd

o

z-ticn
initiated by radiaticn at =7uel, The latter pol,ier was used
onl; when the effcct of the ue rez of ,olyucrization on crosse
linking was stusic..

The 1VAc was I‘ructionatec inte coven fracticns and the

gecond fracuvicon was used in nost sxperisents o oweted heres

2+2) lrraciation rrocedure

lyzocietion was corried cut at wvoom tem: erciure, cucept
for tiie case wuzere the te:verature cifect was ianvestipated.
The cose » te was ir the vieinity of l.. x lObrfhr. Glass
tuves conteziring solutions or vriy films were sealed in vacuo
after heating unter a recucec uiessure (0 elisdrate disaclved
Lir ood ceceating ev:cuation in a nitroien atiogohore, and (ban

expoced to gemma 1adiation.

243) Analysic

The r:“iation-induced chanres were folloud. by eagurenents
of viscosity, sol f:iction and der ree of uelilag ol #ole

fier iiraciatios, the solutions iwie poured into vater

or wetroleum ether to griciitate tle iLiraviated pol,uic,

= B -




shen a pel was formed, it uus heated at 70°C for 16 1we in a
large excess of benzene to exiract the sol part, then uric:
and weightud. s0l fuereticon was riven by t.¢ following

equation:

50l fractiony 3 = 1 =

wei ut of I[VAc used

Lixitine viceocity number, EQ], vag deteraired im 11 cases in
benzene colution at 3C°% using an Ubbelochde vicccrebor, The
viscosiiy=overa; ¢ deprec of poly tswizaticn, .4 vas coleculated

by thae equationl)

[1] = 8,91 x 172 x T e02
T of FVA obtained i; the alkaline hydrol, cis of the irradi-ted

w

PVic was calculated by tire followin: e;untienl):

[.Tl] = 7.51 ®x 1{-’ 5o .u.\l"_‘.“;‘_

where [7] i copeocssl in dectlit ro/ ran,

3. Tesulty and Diccassion

3.1) iiradiation in Varicus .olvenis

In - i°s 1 are shoun the resulbts obitined o, iloro ivntion
of +iic in voricus uoulvents. . f the pcl.ceor used wes 1o iC
and the concentraticn of the nol mer was LV welrht e heoge

¢ in pood a rourent with the pesultes ze.owtd o, flllen leis” 7,

g ¢ 'n be gseoen f£rul Fipe 1, change in [Q] with dose lenenis

Y Ty
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remarkably on the sort of solvent used. for exai. 1., in
methanol and benzene the rclymer racults in crosslinkine, while
in other solvents degradation occurs predoninantly.

The follouing t.ro factors may be considered ss most
important ones in solvent effeccts, 1.0.4 the solubilic; of the
nolyaer in solvent and thoe sengitivity of solvent to radiation,

In Table 1 arc riven thece v lues, nemely, roly.cmiclvent

Tahle 1. Gq-vmlue an: interacticn constnnt}ﬂ-of the solventso.

¢§lvent Gp (Ll die) M
liethanol 1540 0575
rvenzene C.57 .91 O o840
vioxane 12.5 L.ﬁﬁl
Toluene ' 2o 950
Aceucrg 31,0 0.41&
Acetic acid Ce:rn
tthyl acetate 20 .C (Le376
Chloroform 58 Cez33

ra_)

interaction constantﬁ), as a neacure of solubility, and Gn-value“

-
i

of free radicals prouuced by rociolysis oF the solvent, as a
cousure of sensitivity. As evident from Table 1, the =2ffect
of solvent is parallel to ncither the interaction constr it nor
a=Viiiciy @ven if beuzene, toluene and chloroforu are exce.ted

because of their p:cuiliar behrvior to radiation, As a conclusicn,

- 35 -




the effect of solvent can not be discusced onl; in texri:is of the
solubility or the sensitivity, bul should be interpretea taking

intc account other factors than thece twoe

%42) Irradiation in iixed Sclvents

In order to clarif, thc relation between tae rauziaticve-i .

chan, es in solution and the solubility or the sensivivity of
solvent in more detail, irradiation was carried cut in nmied
solvents which were prepared u, =z suluvoble combination of tvo
different solvente,

Two sorts of nixed solvents were uscd in this cxperinent,
Cne was prepared by mixing cuch a solvent as ethancl, hexane,
xylene or chloroform with methanol b, 1C weirht e In Table 2

are civen the precipltation roint, T., of solutione before

Table 2. Froperties of =2ixed solvents,

(methanol : adued colvent = & : 1)

adaed solvent «Teeipitation pcints of colutlon Gy
sthanol 7500 15.2
Hexane 4 4 50 14.7
Jlene w0 1146
Carbon tetrachloride -/ e 15..!
ilethanol 0 o¢ 15.C
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ireociation, which can be reparded as a uicagure of the sclubilit;
of polymer, and Gp=votiuc of mixed solvents calculated on assumizi
the additivity in GR‘ Thesc values ‘ndicate that u, addition
of one solvent to methanol t.:e sclubility is considerauly
cunn ed, whilz> the GR-value wemai:  almost unchanged. The
results obtainec by irradiaiion at e  0l,.cr coucentoation
of 1C¢ are shown in /i . 2. 7The followin, tendcincy is seen
fron these dataj crossliliulim, is  romoted as TP is lowered, that
is, as the solubility becomes larger, but it is not decicive
since crogsslinking occurs morc readil, in .u.e methpol than
in a me.licnol=tiexane or nellLorclect ancol ixture, aithouph the
soluLility of the polymer is smallor in the'e wiw:o solvents
than in pure nethaucl,

Next, irradiation wue performed in 2 metinnol=water nmixture
in greater detail. 1t has seen fournd by one of us that t.e
solubility of iViec i vhiis ﬁixei golvent is largest at wotex
content of ca. C.;g). urves in Tlyse 3 ard 4, where the ro=
sults obtained are :iven, shwu relther a =awi w: nor ini i,
but indicate a monotonic incrcace in the rate of crosslin iag
wici dncrv wling water conuonte The decwzasc in [M] observed
when the uoclymer wos irrvacisnted at the corncenwvraticn of 1. Loy
well be attributed tc .o fernction of the initno= lecular
crousliiking, These facts ou pest that the effect of a0 lwe:t
on cro:=slirking of polymer in solution cer not be inter zreted
cnly in terms of the :cluzility of the olyre: in sclution,

1420

A, Hen; lein has rocently reported a rosu ouviousl,
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different from ours, using !VAc with Lq3 of 4.2 uwhich 1s about

ten times us larie a8s ours. ;04 to confirm wicticr thls
discrepancy is due tu the w.f erence of materials used,

branched FVAc with [1]1 of 4.. which was prepored by pearl poly-
merization was irradiated under the ca.¢ conditicn.s as Henglein's.
The result obtained here is, as shown in Fig., 5, exactly the

game as tnuue obtained above, but no maximunm rote of crosslinking
as .englein has rc oried is observed. 1he reason for the
discreyancy remains as jet unexplained, but our results suggest
stron.ly taat crossl. ) ing is promoted divectly .y the radicals

produced iy radiolysis of uwatere

%.3) Concentration Lepculence

1t is well kicwn that the effect of radiation on a olyser
in solution devends on tie cuicencration of U e polysier as well
as on the prouorty of the zelwvent. “he stud, on the concentrie
tion derendence ray; bLe necessary toe disclosc che functicn of
solvent in the irradiaticn of pel, "er in soluiicn. LOMBVOD ,
the arnalysis of the concentration dsuendence is vor, difficult,
because the incicare in concentrotion of pol mer leads not only
to the decr.acs in the relative usicunt of solvent tc .olyuer
molecule but. also ic the chanie in confipuration, mobility wd
entanglenent of polyner chaing whicih are consilered to have a
lar: e influence on the formation of c. usslinking. In adéitvicn

to these, it should be also tal en inte cccount that the c.teit

- 4=
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of the attack of solvent racicals on 2olymers and the encely
tronsfer between polymer and solvent wny be changed with the
concentration of vol,mer,

o, we will onl; give suncrimental results neres. The
doses for incipient gelation are plotted o ainst the cincertra=
tions of polymer in ~is 6 when the polymer wac iir:.i:ted in
methancl solution, Thig curve i: gimilar te that obtained
for other polymers in organic solvents, it distinctly different
from that of the ajgueocus soiution of .a .oidaexﬁ). For exa.:ple,
the critical concentzation below wiich no rel is forued, is

higher Ly about one orzer thon that of i1+e auyvecus sclutions.

Next, con:i'ering that even if de rudativas ocecurrcd at lower
concentrations the polyiic, might creszlinl at hi her concoife

tions, we irradiatcd .ho nolymer at a concentreticn of 40H i
acetone, ethyl acetate or cioxane ~olution, The respult obtained
7r

by irradiation at a docse of 5 x 1C is riven in Table 3.
Table 3, Fadialion effects on V¢ irradiated in 40%

solution =t a dose of 5.0 x 1C7r.

solvont [M]aceer ivrsciation jel froction (G.)
teetone 0,652 1CO
b2yl acetate —_— a7
dionarne R +.9

when the polyner was izvsciaved abt the conconupsticn of 10, in

- AR w
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these solvents, [} 'as scarcel, changed in dic.cne, but drcrped
to about 50% and 5C#% of the initial velue in acetone and o'yl
acetate, respectively (sec Fige. 1). Cn the other hand, the
pol,mer crosslinked alunoct completely in ethyl acetate and
dioxane, but not in uccione though [n] was siscd =lirhtly, when
irradiated at & high concentration, as shown in Troble 5.  These
results indic:te tiat vhen solvent becomes corer, crogsslinking

is promoted at the concentration of 1(j:, but i: retarded at 4C..
3.,4) .f7:ct of Teaperature

The effect of te erature on the crosslinking and - ¢ rodi-
tion of wolymer has Leen invcotiprated crtensively with regard
to the lrradiaiion in solid state, but there are only fow
experiments ever published on the efiect of tenperature on the
rwuiation effect ol a scluticn,

In ¥iz2, 7 are shown the recults obtained by irzaciation
of PVAc in organic solvenis at the corcentration of 1CI: in a
temperaiure run;c of =S50 ~7C°C, T of ¥Vic used in this .-
peri.ent was 1. :.%. 1t ig obvious iwxoun. Fige 7 that tle cflect
of te:.pcicture is not (o larre, cozpared with what hss been
observed at irradiation of v riuag polymerc in solid state? .
A likel, ex lanntion for this is that the fle ibility of .., -
mer in colid state iicreases with incrca-ing temperature,
particulail, at thwe temperature above tue lass Lransiticn

point, whereas the mobilit, of ‘ol uer in sclution 1ill be

Y
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affected very sligntly by t-mperature. 1t is of interect that
the radiaticn=inducecd changer =2ie relativel, small at =50°C.

The cffect of freezi~~ which occurrcd in the case of benzene

and acetic acid solutions at =509 was not reficcted on racise
tion effects at all. The values of [7], utich wouli be obtained
when the polymelr was irrs iated with a dose of 7 x 106r, were
read from Fize. 7 and plotted against the irza lation tenperatuie
in Fig, 8. 1t shows that d= rodation is sligntly enhzrced as
the irradiation temperature rizsez, except for tue case of

benzene zolutions.
%3,5) .fiect <f Degrec of Folynorizaiicn

It .2y, be expreted uvhnt as viie dojree of polyuerization
of polymer incrences the viccosivy of solution incichoscs,
resultinr in the reducticn or tne 1ckbilit, of pol,uer se nents,
In ord.r to examinze whether thic chanpge in viscosity of solu-
tion affecis t.e crogsslinking, polymers with v-rious TP wire
iiradiated in 10,. benzene soluiicri, Lie derrees of olymerizi-
tion of the -0l _mer uscd in this expericent were 741 and 1,14
vhereb, polyaers were prepared by tne polymerization using a
catal,;st, and 5%23% ard 19700 whereb; nol;mers were prepared by
Glie radiaiioa-initiated polymerizaticn., The change in [1]
plotted =2/ainst the radiation dose are shown in iy, 9, and
the dose for inciiient gelation, RG’ are plotte. nyainst the

P of pol,:ur in Pir, 10.
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It oy be shown theoietlcally that if the Qengitd of
crogslinked .nitsy Q 4 is proporvicorl to the rociatiun dose
but independent of both | and the mobili., of po:, mer, lg should
be inversely croporiional to T's It is seen from /i e 10 that
the product i, x P is constant within the experi ental error,
ag theoreticall, . r«diicted. TFrun this result, i1t cun be cone
cluded that the increase in viscosit; of solution causecd b,
;increasing the Jeiree of poiy erizaticn (ces not affect the

A

densi.; of crosciinked units in the polymer in solution,

-

3...) Ratio of Nusber of Scissions to Crosclinic

A number of metho.: have ucen pros- nted to caleculate the
relctive amount of crog.linking and depradation, Among thaea,
the following two methods are well known. Cne .as cu pested
by Charlesby and Pinnerﬁ) ard consiste in the pursuit ¢f the
anount of rel procuaced duriin, irradistion. inother was
proposed iy, kilbg), waich consisis i the pursuit of tie chan es
in [1]. Kilb has dealt with ihe c¢uaares velow thre gel point,
while Charlechy- inner have dealt with the changes in el
fraction after sorme (el has been foried. Yilo caleulated vie
chares in [N ], coubiniag his theor, that [M] of the rranched
polymer was smoller than"28V 5f tne linear polymer, with the
e licular wei ht distributicn function ¢ iven by Stucuuagerlgp

Howevis, as 1t has been repart:dll’ 12) thot in the case of

PvAc the uarnitude of [ﬂ] of t.e branch:d polyrmer is ranlly

_51-




equal to that of the linear nolyser if (] is measured in a
good solvent as benzene, we derived a revised equation only
using the distribution function riven vy Stockmayer, without
any consideration for the effect of branching an[?] . We will
call it Stockmayer's caquation, whiech is not shown here becauze
of its complexitiy.

Charlesby derived the following equation relating the sol
fraction S to the radiation dosé R for the most probable .icle-
cular weight distribution;

S+ (8 =0p/q + 1/Q°FnR
where Tn is the number-average degree ¢f polymerization, and
p. and qo a¥e the density of the fracture and crosslinked units
per unit dose, respectively. Accordinrly, the ratio of the
number of scissions to crossliiiis amounts to 2pe/q . Plots
Of[ﬁ;}/tﬂjo versus R/RG for data obtained by the irradiation
of PVAc in 10% methanol soluticn, torether wit! the theoretical
curves, are shown in Fig. 11, where M1, and [1] are the limitin:
viscosity numbers of the initial and irradiated polymer,
Comparison of the 2xp rimental result. with thecry ;ields
2P, /G 3.2 . ‘The changes in viscosity and sol fraction at
the irradiation in 20, zethanol solution are shown in Figs. 1l
and 12. The ratio is about zeroc when calculated by -tocknayer's
equation and 0.52 by Charlesly 's. These two values may be
regarded as identical within the experimental error, indicating

that <c . radation scarcel; vucurs.
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347) lLechanisi of Crosslinking

At present, very little inforration is ¥nown concerning
the mechanism of ercocliaking, altiourn cuny deoniled studies
have been done on the eross’!inii . of nolydere In the case
of 1ViAc, fortunately, the mechanism of c¢rosslinking can be
pursued raviuvi easily since these crosslinis can Ue partly
hydrolyzede. As the calcui tion of the number of crosstinks
bocc.en difficult if degradation occu.'s simultaneously with
crosslinking, we will <1l .cuss t:. & 7-chanig. of crosslinking
usin the -se-ults obtained by irraciatic. in 20 metunanol solu-
tions where it wa:s found in the above experi. st t.iat ti:¢ pain
chain scisgssions occur only to a ne; il _ble extent. The degree
of olyierization of the irzodiated FVAc, FAC’ and that of VA
obtained ?d h,drolycis of tne irraiiated PVAc, ?A' are sioun
in Table 4 arnd -1 . 13.

It was demons.ratoc Uy Tcddlﬁ) taat H2 and CH4 buv no
CH5COOH were troduced un.er irras istion of 1VAc in sclil state.
Reuenberin Guls obsorvation, we 1, o resent tiue crosslincirg

processes as followss:
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Taole 4. piaditing vitcosi ;, nunbeor and dJdepree of voly-

merization of 1Vie, L7] ard of the h,dr.1,zed

AC? “AC
VA, [?ji’ FA, and nun.oexr of crossliniis k£ of [VAc

irracictes in 2C.. methanol solution.

f.6 r Lo T - s . - . ze 4 . e q—
tose(1( " r) LQJAG ' AC LTJA *a Ll%:nlt 15x1\ (h1+24h3)x1C

C c.95& 1-14 L 4 § 23 C C C

1a3 215,  Cey¥i: 2000 G e30 Cell G o7
2ai l.201 0 294 L1728  2uYo C.a51 1.3 2.11
57 fetd2  Buuft  1l.1YS 275u Laf & 1.9 2.93%
De'f 2..9C G5l 1.7 HLU4 173 2ar 4,71

The crcesslinks foored ©, the renctions (1) and (2) can beo
ciccved by hydrolysis, but those fored by the rection (3)
can not. Therefore, viie nuzber of crosslinis pcs nononey
unit can be calculated i, the folloirine e¢ijurtionss

Y40 = (1/3?A - 1/FAG)’ : for the to.nl rercticns of

(1) and (2),

By = (1/F, - lffA), for ti:c rooction (3)
P OIS IR I; is v..e nusbei-uver.ce de re: of pol,.ierization of the
univeaciated tVAc. cw BL@ 3 Fe tﬂﬁ gdegree of pol ncrization
whieh i caleulate. usirg tie [M]~F zelation described viove
is puluvereavera; e, for tic relation was cobtained b; the os otic

UPeBswle measureeats of Vae haviag the sooe uolocular veirht
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distribution as v rs. The caleculat . valu o are :iven in
Table 4 and “i;fe 1%, wiich show that crossliiniis are formed not
only vip o0ir chains, but alco via cidc chains. r5 is seen
in :i.« 1%, the curve for the total numbers of crosslinke,

K +K3 is anproximet~l;, a str-irht line. This wmeans that

142
the dengit, of crosslinked units is provortional to .o
roo'iation ¢ose and that the G-value for crosslink is 9.7.

The ¢l obtained under ir.-2iation uvit:i the coze of 2 = lc7r
compléetely dissolvel iz boiiiag water as a result of iydzc!l,sic,
but for the pels obtained ith a dose hi her than % x lC7r, a

yatcr=ingcluble -zt was obs-rved even after mvare h,frclysis.
4. Cornclusion

Prom our daota it is concluded that various factors should
be tzler into account to ~uplaein the irradi~tion offcect of
olymer in scluticn. However, the temrerature =ffcet is vew,
gli - ht ard the doverienc~ of = on radi~tion effects is iilar
to that of the irra’i~ticn in =o0lid :=tatic. The faet tuot the
raciation=induced c..anes denznd largely on the cocnecentre-tion
of tiie ¢clymer and on the preovertiers of the solvent urc’ ig
undoubtedl, ctrony evilence for the indirect effroct, but 1t
is net rossocahle to coerclude thrd the indirect effect is entirel,
due to the atinclr ef sclvent radicalr to the voljnier olrccules.
Results obtained o . 2-e alsc surrest itheot ir crder to ..oue the

effect of the solvert cleaxer it is pecessar, ¢ irrvadiate vne
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polymer in more various colvenis and over a widoer sunge of
concentrations of the ;0l, jer. It sev.s voer, dangercus to
draw some conclugions fro.: i.radiation experinent:. at only

one {ixcd concentration. Many avallaile data liay be obtained
vy the e.pccinnts wiich were ot coivied out here, for
exonple, thc irradie.lon in a co dilute coluticn that pol, uer
a0leccules arc not in contact with cach ovier and in the

presence of o.jsen and adclivives.
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Chapter IV

A.UsCUS ATD CRGANIC SCLUTIGC:. . OF L iY{VINYTL wPhYL aTi.)

I.%akurada and Y.lkada, '1ll. Inst. Chem. '"05., i yoto Uni.,

40, 1o (1962)

Lffects of Gamma Radiation on ifclymer in Solution (II)

~oly (vinyl methyl ether)




l. Irntrocduction

In Chapters I. and III, ¢ie eTvocts of radintion have
been investip- ted c¢n polyviiyl alcohol i1 acueous solutionl)
and polyvinyl acetate in various or/ anic solutionsa). The
works wvere chiefl; concerncd with tho erocglinking and the
degradation of the ¢ly:ery, and 4o ong:roted that the eh~nres
induce. by, radiation on nol mer in agueous solution are Ai“fer-
ent from those in non-aqueous coluwiions, and that the crosslinle
ing reaction depgends luercly on toe ol,iwer concentiotion.

The »res »nt study is intended to supnl, informations
with respect to the r~firtion effects on olyzer in solution
and es ecially to make clear the -cle of solvent at the
ircadiation of pol, ey in soluticn, For this wrioce,
LOolyvingl-netiyl ether (#VIT:) wi:s chosen ac a »ol, ner ecnuse
of its wery :ocd solubilit, in o, cort: of solvent such as
water, carbon dijulvide (032) and almogt of orpanic culvents

exce.t alishatic hydrocoribons.
2e Ipciivenisal

Viry inethyl ether w:ified in em o dnnr, vy weg bull-
pol,erizad at (OC u:ing boron trifluoride ether complcs as a
catailyst (0,02¢ to 10C: monomer). The noly=er obtained at
40,; conversion of moomer wis C(ofed o6 5000 and 10" . its

arpoarence vng tacly and Lihi=rrowme. The viproclity-"verare
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degree of polymerization was ©w{ and the degrec of co,otollie-
zation was nearly equal to zero. The »ol, ui,rene apioyed
in the experiment showm in 1ig. 7 vas obtained .y a bulk=
polymerization at 709%C and the nuubor=rveorspe moleculor
weight was 824C00. The solvents used for thie irradiation
were all of the analytical grade.

Irradiation was in 111 cases curried ocut in air-free
solutiocns at room temperaturc. the preporetion of the solu-
tion and tine irradiation procedure were the soie az 1 reviously
descrived?)

Viscosities of irradisted polymers vere measured at 3C9C
in the saie solveat that was used for the iz siiantion, since
it was very difficult to cetiarate ii: < irted polymers fiom the
solution because of their -ocd solubility ané weak tacuunl

sesistance. The gel point was (cterminec L visual insvectione.

5. Hesults

3.1) Viscosity Change of Irzaiinted Lol mer

The changes induced by raciction on : ¢olymer in solution
have been found to be affec ec zalnrly b, the folicwuing foctorss
(1) the sort of colvont, (2) the pol,uer cuncervyution and (3)
tue atmosphere during irprodiaciille In our czperirciito,
irpniiction was corried ouv in tine aboonce 0f alr using vorious

gorts of solvent over a yice ranca of the ol 1oy concoentlation.
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Avountic and walosenoted hydrocrybous were not uucd us o
solvent bocause of ©i.elr . culiar behavior in radi .vicn
che [istry « In this regiect we will digcucs in the part
of Genernl Disc .. '' .

vlotcs of the viscosity changes [M]/[M7, aosinst radiavion
dose for thue iren intion at the concentration of Ce., 5, 20
and i whtew are siown in Figu. 1y 24 3 and 4, rout cctivel,,
wvhere [1] and [1] represent the limiting viscoesily nunbers
of irradiatos and uniiradiated ol tierce. The gsc:le of abseissa
of Ji. 4 ig helf t-nb of other fijures. Theoe lata ghow
clerrly thot water and o favor the crossliniin - resarkably
cunlazed vith other (ifonic solvenise. dien i conceniiation
becamne corsidera.l, hipgh, viscosiiies wore incroased in all
50lventse. it ic also woyth . ointin: out that the ordox of
golvont which wog (etorvices on tiie begis of the g mitude of
vigeowii, chesse was protially rovised wlth Lhe incrcase in
tlic concentiaticn. In orier {0 see theoe plhonoicna -.ore
clearl,, viscoslit; chapges witleh cudd be clivrine. under the
irrediation at a dosc of 5 x lCGr, voite nlotted againcst the
concentration in 1 « Se The :ossibilii, of “ormation of micro
gel at 1o concontrations gy be c.cluded Lec wse of tie
clearness of the izr-disted soluticng.

>

3422) Gelation Dose Uenci cuce on tie Lol ner Conceiveiaition
The “osaes fou inclpient pcelatioe: cere dever drel for wiwe
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ajueous, 032 and cthyl acetate gsoliiionge The results are
shown in Pig. G. The curve for water is gquite «i.ilar to that
of other polymers in ~a usoap soluuiurn and the curve for ethyl
acetate Lo that of other colymers in organic solvents, whereas
the curve for 882 is ~uite different from these two nn'i lles
betwean tholle The a.ueous and 039 soluticns bucame turoid
during the irmadiation below eritical cunceatratiocnse.

Poly:t, vene also underwent peolation on irradiation in

very dilute 082 solutions, as shown in Ti{. 7.
1o Discussion of Hesults

In our preli.:r, experiments, it was round that the
irradistion of IViis in solid state i vacuo led to oo i=-iloscition
with a C=vrolue of crosclinling = loUty Q, = 1.9 x 10™" and
P, =Ced X lﬁ"w, where p, and g, are t:e density of the fraciure
and the crosclinied units ner unit doceo. 1t is ceen clearly
from these data that thls ol ,z0r  ves notv exbioit any csuoculiar
behavior to radiation, nr. erce tiis cur be rorapied s a
model matorisl to sou ; btre role of colvent withouv ary v .dct, «

One of the most interesting observivion in the present
ez, riment is that cof the irradiavion in CBB where gelation
occurs even at ver, lov concentraticus. “he ecrivicel cun-

centraticn for pel-forwstion (C it ) arrees witn that or the
L

cr
agueous solution. Co, ceos wo afiect the crvog linking nou
i &

via the solvent radicals, butv zct onl; as a diluent, because
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GR-Malue of free radicals rroduced by the radiclysis is negligibly

small as shown in Taule l. In other words, this sclvent is

Table 1. Solvent wowcw, i -=value of free radicals and

v

viscosity of solvent.

Solvent ) e Gg—valuea) Visceosii;, of solvent{20°C)
— 0.10n (ceniincise)

Carbon disulfide Q.71 052

+othanol - 0e393 15.C 0.593

Acetone C.296 31. 0+551

Uthyl acetate 0.400 19 C.wi

Dioxane O4'+5% 12.5 N gz

. - — - -
a) The volucs oti-ired by 'arat, Chapiro et 2l. G(Ee++ )=15.~

extremely ingcacitive to roflotion, compared with othser organic
solvents. Consaquently, the ' clation dose-uoentration curve
for CEE solution oy be intarorosed in terms of coetiticon

Lacueen the eff:¢t ef dilution and that of obilivy of the

Glymer.. The former ret-rds ths crosslinkin-, but the latter

foveos it. ‘rom the discussion above mentione! ~n? tie Tird=
, P s, -
ing thot the gelation doses for squeous solutions are cor=iceriu-

ly s :nller than thwuon for 0S5, soluticna over & wide rorpe of

the concentration excent ne.x C the followins inwortant

erit.:?

vy

conclusion may be drarm: the rrec otion of crosclirting by

water is aottributed Lo the jidiiveocet eifoct of the reactive

= H




radicals forved by the radiolysis oi water riather than to the
increase in mobilivy; of the uacromolecule ¢ uged v, e
presence of woter. un the physical meaning of Gcrit.' we
will discuss iu subscquent chapterss

In e case of otue: oriani¢ solvents, the resulic are
different frca $r0se obtnined ac vae iyraclacion i water and
082 esteciall; at a lower concosniyaiion ran;e, as seen i. 1ifce.
1, 2 and ve This oy well de Juc to the diffeic e of
reactivivies of va.icals reculting from the rodluiysis of theue

solvents. As well lnous, ver, reactive radicals.such as Clir

LW ]

and - are produce. 1o wateri these radicals abstract hyydrogen
atons frou macro .clecculos to form mecroradicals. Very few
nu.bers of free radicals ~ve wroduced fro CSE. On the cone
t.ow, , the frec i1dicals produced fro.: other ovr unic solvents

seem to nav: listle ucniiency vo avsuiact hy_ ror an Tpo
racronoleculss, but mors likel, to deactivate lhe gacroradicaisa).
g a conssyuence, o radation predocinsates ovor crosslinking at
iou concendrations wihicre the fyuction of zolvent in 4:e .oluiion
is suffieci -tly larxye, as s:woun in “ie. 5. ‘the azount and
reactivity of 1ie-c¢ icidicals may be assused Lo be practically
identicnl, iovesuaevlivel, oi vae sort of oricnic solvents

except for the case of acetvuoes Therofore, it is very reasonable
to decide that the diffcrence of radiation-~induced viscosity
changes and the reversion of tlic order of organic solvent

should be ascriboey Vo the aiffcrence ¢ solvadion wnd Leulliyy

of the pol,:er. The former .vovents voeh Lile ¢ o=vuve tination
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which would proicet the polymer from suffering main-chcin
seission, and thc coupling reaction between two diferent
macroradicals which would result in crosslinking; the latter
proumotes the coupling re-ction. As a conclusion, th~ i/ 'Toepe
ence of radiation effectc ot low concentrations may be ascribed
nainly to the difference of solvation, sircc it mgy be assumed
that ouving to a lnv: e unutver of the solvent ncleciles per
racroaolecule, deactivation takes nlace exclusively so 28 to
make the effect ¢i the acbility zlmost ingignificant. if this
is true, better solvents in whica solvaticn occurg more
strongly should favor the derradaition -wore nowerfully. Cne
can see from Fige. 5 and Table 1 that this cijplonation is
accertrile.

At higher conc-ntrntions, on the other hand, crosclinking
predominates over dec redation owing to the decrease in the
fraction of solvent iz the soluticr,. Then, a cousecvition
between deactivation an' cou lirr of mnocroradicals, ¢orseouentl;
the 4iffusive vrocess may become rate-—ieterming. Thig effect
is more pronounced if the 1lifz time of the racroraiicals is
very chert ond the sclution is hi !y vincous sc as (o 1limit
the translational noetion «f Lre 0lyner chainse. Thiugn, the
mobility; of macrciaolecule ancezors to nlay a more importent
role than the solvation. The mobility of polymer scument
decreases with increasirg viscosity of nedium vhich is siven
in the fourth ccluun of Table 1. Our vecilts shwu that, as

expected, cronagliniing proceeds more readil, in the solvent
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of lower viscosiiye Cne excepvion of ihis is seen in the

case of acetone solution, The peculinriti, was alsc oiwcorved
at the irradiation of polyvinyi asceiate in acetone zoluti. i,
The possible explanation vy e that acetone ivetards crosslinke
ing sore roapidy, than other solvenis becuuse of its luupe

GR-value.

5« General Discussion on Tcle of Solvent

The yresent exp -riments and wrevious related onesl’g) perit
seneral conclusic . to be drawn concerning the role uf sclvent
at the irrsdiction of polymer in sclutione.

In geperal, iiie :ascnanigsm of crocclia-ing in solution is
complicated because solvents vossibl, influence the radiation-
induced rcoceticns tainly via oo independeny effecise Cne
is concerned with the attack of solvent iudicals (we will ¢nil
thais "radical effect"); tu¢ other, wiih ine change in .obility
of the pol, mer, diluticn and sovation due to Lue =olvent
("solvont effeci!). In addition, a 1lorre desendence of taese
effecis on the anature of soivent makes tuc analy,sis of the
rgsults wore Jifficultbe. In the cnse of tue vol,merg vhich
deirade under any concéitions, thie interpretaticn of tne radia=
tic¢n=inuuced changes ir solucicn is ralier sasy, tecauce in
tuls case only two factows are sufficient o be cousidercd;
nacely, the attack of solvenu ra. icals o wae Lolyucy and the

cage=-recombination oooveniion botih of wihich accelocrate the

= T =




degreadation with decreasine concentratione.
In or:er to make the :iscugsion easier, it is convenient

to classify the solvents into three groups.
(a) Solvent radic=1: have very strong reactivity

dater and halorerated hydrocarbons belong to this ercup,
whose solutions have been investi ste  most extenzively in the
radiation chenisiry of soclution,. The com:ucn feature is theat
the radic:slc are so reactive that "solvent offect" is almoct
overshadowed by "radical effect". He arnd CH- favor crosslink—
inry while Cle and SGﬁ {formed by the reaction of [i* and 02)
favor derraiationm. Therefore, with deccensing concentration,
crosslini ing occurs nore readily in water in the absence of
air, wnrile in halogenated hydrocarbons the rate of derrauation
increases., Howev:or, hwen the aqu.¢i's solution becomes o
dilute that a nacromolecule can not interact with the others,

; £
relation done increaszes suddenly to a indinite value,.

(b) zcicals are not nracticselly prod:ced b. radiol.sis of

solvent

The tyvical solvenis belonging to this group sre CS, and
aronatic solvents. In this case, contrar, to {(a), "solvent

effect” srouls be congiiered fircl of z2ll =ss menbticned a oVoe

The gelatior '«ro=covrentootion curves obtained at the
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irradiation of polysty.ene solution are given in fig. 7,

which have the quite same shape as those cbtained au the
irradiation of V... (see Fige ©)e (L7] of unirraciaied
polystyrene were le.cb and l.l4, in CUE and etiyy1l acetate,
recuectively)s It was alsc found in our ex.eriments that

032 solution of rubber also sets to a continucus cl. These
results indicute that on irradiation of vinyl poi,mers in

such solvents that do not .cevent the crossiinking reaction,
gel-formation should al.uys occur above the concentraticon

where macromolecules just interfere with each other. In cother
wvords, if viscosities decrease under the irradiation in
moderately concentrated solutions, the solvent ralic.ls can

be assuiied %o ceactivate macroradical:. vencerning the
aromatic solvent, many workers have carried out investigations
to find thai energy is transferred from the cxcited polyuer

t0o solvents so that the polymer is protected Ilro: racistion,
and shows voery slight erosslinking or dagrsdaticn, which occurs

aluost independently of the concnetration.
(c) sclvents aave uediun Gn=valucs

The interpretation of ti:¢ zgiistion effcets in this case

I

~

becomes more dilicult thianm vhe we#repiingez, because "solvent

2=

effect" as well as "radical! effect" should be taken into
account.
The solverts mentiored in (a) = d (b) show nearly the

sane effect i-dependently of tuw sort cof polymer, wiaile tuoce
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belon;ing to this .roup which include al:ost of the ordinary
organic solvents, exn"ibit differcent cffects on diffcerent
polymerse. This surrests possibly that there is little di"Tos=
ence among the renctivities of ihese solvent radicals, wvhose
major role is to deactivate the mecroradicals. Conse uentl;,
even in the .:.¢d rately concentrated solutionc, polyacrs show
degradacion. However, at coansiderabl;, *iigh coacentrations,
the effect of the mobilit, may become occasionally uore
important than that cf deactivation and dilution. Therefore,
in that case, the gelation dos:=concentration curvec has a
minimum point as shown in the cose of ethyl acetate solution.
The variation of the raciation eff«cis with the variation
of the orianic solvents was  iscusced in dotall in the voxt
of Discussion of Results riving & satisfactor, exvlanaiion so

that the discussion in this respect will not be repeated here.
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Chapter V

AGUS0US wCIUTICHS OF vCLY(VISYL AICCICL) FARTIAIIY ACLTALIZLL
JITH GLYC 'YLIC ACID

I.5akurada and Y.Tkada, .Jull. Inst. Chem. "cs5., :30t0 :ni.,

80, 25 (19¢2)

Liffects of Gamma kadiation on iolymer in .olution (III)

:0l,{vinyl alcohol) partially acetalized
with ¢lyoxylic acid




l. Introduction

The radiation che:zisiry of the nolymer in solution,
especially in aqueous solution, has been gstudied intensively

by many wnrkersl

) ir the recent ycavse. As well known, if the
doge for incipient pelation is plotted sgainst the polymer
concentra:ior, a oeculiar curve is obtained, i.e., the relation
dose decresses very shar ly tc a minimum then increagses slowly .
Until now, c¢elinite explanation has not been “ivecw for thig
remarkable change in behavior, =2lthoush various theories have
been progoseﬁz). The reason iz that little or no information
is aveilable as to the echianism of ceroszliniilan of soljuer in
solution, ¢z .ceiall;, in the neil hbo oo’ of a eritical cone-
centration below viic: no nacro el i, formed.

It 1s tac uvain wopese of the vork desceriboe’ hicre and the
subgeqguent ones to inventi; ate the peivtion of dilubte oqueous
scluticns of jolyver and to eluciiote the ueaning: cf the
critical concentratione. Te thiig end, 2 polyelectrolyte wog
chosen for a sanple to be irwvediat:d, since it can be oniected
that thc dizengion of the nol,uer wolecule can Le chan-eu VEr;
easi), .ii": changes in ionisable [woup content ¢f saaplos ow
added ulectrolyte concentration. The sample veed in this
investiration is a polyvinyl nlcohol (¥VA) coidvetive, that is,

VA partially acetalized vith plyoxylic acid (LVAZ).
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Da Bxpoviaentol
2,1) Preparation of au.le

PV&Q%B&% first Geen prepaved by A. Mokojinn et al?) nnd
the samples usged in this investi ntion were preparcd;uccording
to ©heir method under the condition tint neither decrease in
chain length of the parent FVA nor the acetalizantion between
different IVA molecules occurg « uring w2 reaction. The cix=
perimental details of acetalization emplo,ed in this work have
been given elsewhere3).

The scheme of acetaliz ition is:
P CH2 - ?H o Gl o 1H = + HCC COCH
CH CH
PVA
gl;ox,;1lic acid-
S GHE - ?H - CH2 - CH - Cﬁ? w CH e g H20

0\\\ ‘///é éH
CH

l
cooH

PVAG

Zhe parent iV used was an industricl -reduct and had the
dg r'ee 07 soly..zrization of ill.. .No attent of fractionation
was sade in this e, The ac-tnlized FVA wes dialyz~=d apainst

runs:in: uiter for a yeex and then was jassed Tooourh an
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Auberlite Lu=10 and IR='5 culumn by turns. The agucouc
solutions thus obioinee, contained about 2 wei it v of EVAG.
1t hes been showm by l. Sakurain, [He -lozoio and He Ice ), fron
votentiowetric nelsurenesis, that IVAG ic entirel; analy: ous
in itc neutralization bebaviuvse to tuch a strong acid as liCl,
having pk of Ze i ™ ZeCe The scluilvig were uiorcod in ¢he dark
21d were usew for all cubse uent cxperimentse. The total

carsoxyl group content of esch cauple was deternined by

titrations with C,)l. 5HalCd usin, . henolsbthalein as an indicator,

and the dissociated carivuiyl group content was detoziised from
the hydroycti ion concentration meucured roconcicnetr ically.

“ugy were sunnarized in Toble 1.

TFuuvle 1. Carbuwyldl ricuap convent or cascles.

sample L=l D =T Ll -5
Total carboxyl _iouy conterni(ucl’) Ce382 €552 Ce2 168 357
»* Disgociated carboxyl group cont.nt(mol:) Ca777 Co39 Q00 1.1 2457

2e.22) Prepar: ition of Agueous Solution and Icrocintion Frocc . ure

solutions of lower pol;.er cornccri.avions tcre Tepaze’
fro.: the stvocl: golutions by succeusive dilution vith frosh:ly

pr¢r.ned conductiviiy, watev. —The swie uyric. also wvas used in

all other cuseriments. The added salt uged in Lhis investl ation

- 8% -



was analytical« valo sodlu. chlogide.

Alr=free sclutions in which iivvadiaticn was cuoformed in
this study, except for the case mentioned specislly, were
prevaced as followi. succeselive ceocks vere piven to tue
glass tubes containiiyg the agueous solutiocn undel a reduced
pressuie at 20°C to bubsle out tie pis dissolved in thie soluiioo,
The glass tuves were g.nled off after the dissclved air was
considered to be eliminat... comuiclclye. When the elinzinetion
of air was not sufficient encvush, the e porimenial data were
not very reproducible.

These sealed tubes were irradinted at 30°C with ga . p=r 8§
from a 2000 Curi.: Co=u{' gsources. The dose <ate was about
1«99 % 105r/hr. In the case of avroted soluticrs, they were
irradiated in conicnl flagks ithout stoprer under the some

irradi_tion condition as Jc:cribelr auuvees
“e3) Golution Vigcogitios

Dilute solution viscesitioc of snaples wiwe measused in
an UbLelclide viscometor iomersced in a woter-bain at J09C.
The kinetic onezyy, corrections were not ecumployed.

Z«%) Deter:ination of Gel roints

The radiation-iniuced chf:aw-es can be detected Ly a verict,

of ph;eical and cheiical measureentSe o the wurose of




thig uﬁéh, however, it seems most celecvent to determine the el
soints at which not=corl o are firet formed and to plot the
celation cdosco as a function of the pol, e:r conceniration,

The gel point could be eacily and accurately ccicznined by visual
observation, as the reiation of the irr:si iated golution occurii

quite ~briuotly.
5« Results
%2.1) Irradiaticn ia t':«: Abgence of Added Llsetrolyte

The gelation doses ‘or PVAG of vorious carbox;l rroup
contents iwveo 'isted in aqueocus solutinsns itocut added salt are
plotted =painst the polymer concent:zolicn in Fige 1, which shous
the peculiar curveul) frenernlly obs rved wien wat «w=iuluble
virnyl ol me s are irrocinte. in  fue o dilute sgueous solu-
tionse. It is of intcrest 0 rote thot the gelaticn dcse and
the critical cvoncenirutice for gelcti ot are deecrcagcd narkedly,
as the curwoiy, 1 grou cortent of IVAG sre incieased in tle vmase
of tioe caruox,l roup vontont stu.icus. This sus ecte that the
crossliciin: of the polysner ir wsolution 1is clog:ly reloted o
the dinension or thc uxu~npsion of the ol mer molocules, zinco
the .VAG 18 ¢ »anoe A ors strer )y wilin iuneress'n. carbon, L
cuoup ce.otent:. as grogm in Fi . 2, vhore recucod vigeonlitios
of widrra.iates TVAG (acico -ud sodio=golts fully neutialized

with Yal%) in aguecus solucicn ave .lotite. arrinst Lhe po'yoor
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concentraticii, Fl . 2 citous that the weducey vicultles are
inc.eased with decreasing .:wl,uc: concen.e - tion, rrticularl,
shar:ly in ti> raiv-e of lov curcentzutlions, indicatin:g that
the sanples Leiinve as i, ical poi,electrol,v: even in the case
of =]l whose coibei, 1l group content is co 1o oo G382 nol § .
The relationship between the c.itical conconcrrtion avid the
digsociaied ¢irboiyl group content i shown in Fii e %, whore

those of neutialized EVAG are clso pefllvuai.
3¢.') Irradintion in the lres-nce of Adied .lectrol; te

The effects of vhs ocx o .sion of 0l er :clecule on
crocnlizkin, can be sgeen more cloaxd; by addiig a L= cleculare
uveil Lt electrolyte such as TaCl, as it leads Uo suirreuspiin
of the ex; inion of the polyner molecules. fiovzever, it should
be taken Gy pranted that the added sall - oes not sonct ulth:
the radicals roduce. from witor and wlynors.

Reduced viscosities of unirradisted +VAZ in C.-. Dall are
Given in Fige 4. ibe catue lie nesrly upon a strai ht line
and can be extrajpcvlated wiithout difficulyy to cunluate the
intringic viscosiiy. 11« D siious wuce resilits obtrined on
irvadintion of PVAG in C. .. Ta'le. As can bDe scenn fiin Filrs.

4 and 5, 1clation occurs muwe readil; Joith increacing c-ebouyl
group content, althouyh all the ' VAG have o roxialely the
stne intrinsic viscogity nnd hozce the same cxpansions

Hovever, chan; @ in gelotion coee ig consideral dy less thar thc
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case oF golutions without MNaCl. The most interesting fiading
in this experiment is that all the critical concortrations are
e:ual to that of the perent PVA independently of the crnrboxyl
~xzcup content of the samples, The slight enhancenent of
croeslinking with inc.casing carboxyl roup content. shnown in
Fire 5 ma, part be due to the cifference in the deirce ol
acetalization, nanely, to the differcnce in the ide=chain
structurc among it ilose Hovevery in the cuie ol partigll,
5)’

acet, lated LA in aqueous colution tae pelation dose uas

found to be increased as t.c derree of acciylation was increasede.
3.3) .iffect of Ionic Strength

Fige © shous viscosities measuced in Cy Oov and 1V HaCl
aquecus solutions, and Fice 7 the regulvs cuinined cn i . 2ice
ticon of these solutions. Samples uzed bere vers bthe porent
EVA and "=, It can be seen fr.. Fine. © thot vio.ositice cf
the .arent IVA in 11 NaCl are lower than tucse in the nbuonce
of added salt. Turther addition of salts inm a.ucoug goluiions
of the parent FVA uve rise to ¢ phuse sopnration,

ingroased in

o’

otl

§=ls
i
-

“iive 7 si:oue that the gel-tion ose

cages as u.2 expansion of ¢l ced wlecule ic reduced. Thi

a

behavior is quite similar to hat shoim in the asove cursrime (c.
~he net that addition of C.2N Unl’'l caused no chanye in relation
doge in the case of %t1e pavert PVA but coused a re-arlable chauge

for the <5, wun,; be considered vo lend siycrg st .ort for the
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above=gtai.ed ascuiption that aCl locs ncet react with zadicols
produced L, the direct or indivect action of radiation but worls
only in the direction to suppress the dissocintion of the carbox,l
group. However, in orier to make clcarer the influence of the
added salt on crossliuiing and degradation of polymer in scluticn,

further works should be carpied out in ove detail.
32s%) Irradiatic: in Aerated Solution

ve, palavic. induced by ruadiaticn on (VAG in acrated agucous
solution in the - rlesence ard in the avsonce of added salt is
shown in lirs 8 Irradiation was performed in €. sclution
with a dose of 400UCr. The de rec of degi detion i expressed
ag the [ercenlage decrease in viscosiiy

ZP‘ Qé
”Lgf

v
where qu and Qq: are the sirccific viscosities of the solution

x 100,

before and after the irr« iacticn, messured at 50°C and a Gl
mer concentration of Ca o It is ouvious fronm Mice. & that

the rate of de, rudation becomes larger with incressing, carbox;l
crouy cone rt uwhen NaCl is absent. This condercy has been also
recocynized by L., Aleonder et al?’?) concerning the d:: radie
tion of ;cl,acrylic acid and  «lymethac,lic acid in aeroted
toueous soluilion. It must zlsc be em hacized st there was

no ac.vreciable (e, rndation vhen FVAT =g irrndiated in the

presence of 1. laCl.
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4, Discucsion
4,1) Critical Corcentration and Lxpansion of Fol, .er 4

The result that there is a distinct shift toward lower
critical concentration for pgel-foration ith increasing
expansior of the samnle is the rost girmificant feature of
this investigation. A likely explanation for this is as
follows.

In order th2t crosslinissore formed awong different
pol,mer molec.les, it is rejuires that pol:ners s-culd, at
least, inter-ct with ~ach other. On the other n2nd, as tie
expansion of tug polymer is increased, the orobalilit, of a
pol,mer to overlan with other ones is irncreasce’ and further.-ore
it becomes -~osciile to form inilertalsmcular crosslinkirn: at
lower concentration, consoguently peloation doses wiwow 2
definite tendency to he decrcas d wii~ inereasing corooiyl
group content of VG, ‘Towever, it happens quite rrob-bi;
that the _ate of crosslintine snsears to e ir tu be decrcased
as the ioniz~ le group conient becomes considorably, hirh, in
other words, the effect of eleclrostatic reyulsion between
ions, which hinéers tae coupling of mecroradical:, prirdoninates
over the effeuect of the o vn=aion. Thig crne has been, in
fact, observed cn the a ucoug solution of noljyecr; lic acid by
e Alexander and A, CharlePtg“). dey also, have gtudi=d in
t.'ig rescect, and the detsils of thls resvlt 01l be desuribed

in ChaptersVI and VII.
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it .igy be conclu.ed o the above consiveraiions Laat the
critical concentration ccrrcoionls to the concentration wh.ecre
the colymer GLolec lul ave Just apart fron ciiieige This
conclusion is alsc supperied by tie rinding shown in “ig. 4
that vhe  the FVAG with vurilous carboxyl group contentis iece
irrudiatec under the condlition thav the sa.ples were same in
thelr ex, ctelitily L.ere was no difrecence in the c¢ritical
concentratione

in oy to explain ¢'ic peculiay cusve of [ elltion woce
with puelymer coicenveation saown in Fi se 1 and 5, the ii.irect
effect sucul. Le Wwten inte account iu aduition to tuc eff.ct
of itne expanciouw of the poly.cu. The reacen is tual vue

cucves will se obuvained ws o zoouwal of loe dzter ic; of tuese

two cifaectis, siice bhe prob-bili., of interacuvi on is licreasec
wite increu ing col,uce concen-iouliliig while the indi:cect
¢ffect is decrooueis

wnhencenent of .egradoaoion wivi. increasing curboxyl gioup
content ic the case <f the serule solution wie LUt “wued solt
I ot be e duivod in tesus ol Gee suapnaricr of the poel mer
tulecule, Yor tue copangicrn is vavg it ve nave little effcct
on degradation. It see o more 1liizely th:it deprnduiicn is
promote. as a result of preveniti.n of mrcrc. avical=Tece Lination
owing to tus clicitrostatic repuloicre iy crnoilanaotion cuit

be also ap:lied to tue wel = ...n fuet ©oot clyelectec !, tes

are de;raded extracr . inaril, severel, wlith ve.y small ccoes in

diluce agueous solutionse. ( “ee Chagter Vil)a
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4%42) Calculation of ‘xtent of & ansion

It is, therefore, possible to calculate the capansion of
polyions from the data of the critical concentr-tion, on the
basis of the conclusion thav it corresonds to the conec atiie
tion where the overlap of (he polyer rolecules comnuences.

The values calculated thus can be coupared wit: those calculated
according, to other ecvhovs such as vigcosity or ligat scatisze
ing measureientse.

let us calculate the c__i=nsice from lhe ~ata of the crivcical
concentration snd viscosiities, asguming tunt the .air=c¢ihain
scission unt the intracolecular crossliulrin - occurred to a

~lue

ol

[43]

n-gligible c.teni, and courare thece tuo o If a olyaer
molecule can be represented as a schere, its eflective voluie,
nazcly, the volune of solution available ver particle is 1(C
nfﬁlcc, where = is the moloecilaceight of tuae noiyuer, ”I is
Ave adro's number and GC is the eritical conrcencrotion ciiiencad
in - /1(Ccec, Therofore, thve radius of the sichere R can be
niven according to ihe c ustion:
-"—"’373 R? x e o VO 1Y (1)
where C.7 is the voluze frzction fur siliercs ln -~ closed
packing arrv, e The ralil cr-loculaved from equation (1) oo
given sg ¢ in Table 2. Cr the cther homi, accoruin® to
Te Ae Orofino and i. d, Flory ™/, Tic cr =ie= disionce of

a .clyclectro!;te J%é i

0
a8




Table 2. ‘xparslion o PVAL calculated from the critical

concervration ond viscouity data.

Sample 4(§C)1 CC(;-.‘-) R, (n) R&(fi)

0 C.25 203 I —
e Ou! €426 200 - 177 201
1.0 C.«30 191 e 175 197
o C.25 209 1.4 —
0.2  0.25 203 s 179 202

C C.22 212 11C —
B2 . -
Ce” Ce2% 206 — 179 202

G Le2C 219 1l4 s

-3
{ a2 (24 200 — 179 202
C Qell 2ty 150 — e—

Bai)
Cal2 Cai' 207 — 130 203
0] U.l0 259 172 e e

1.0 Cell 192 —— 178 202

_ .3
(1] =c.9 = 1% ) .

where (] is the int_ineic visconity expwessed in ¢ ce/g.

radiue of the

The values of \ B can be trensfor-od inko ic
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polyue. sphere R using tie relationship introduced Ly
J. J. ermans and J. Cveseck?:

2 5 ol 52)2
n" = A= (1 ) (3)
& M

[

where & and I are the lenith of a ger2ont and the number of
the segment in a rolecule, resrcectively. The values calcutated
from the equation (2) and (3) are i iven as Rop ir Talle 2,
where ch and R&O are valuecs ¢ tnined on assunming A = 20 and

Q
8C A, regpe. tively. R of polymors in sali="rec soluticvas wes
calculated from the Jinstein e cotion assurin: QW/G at the
critical concentration to e (], becauw.c theories to wcobl te
the e..ansion of il:e ﬁolv;ox in firite dilute scluticn only
fvon the viscogit, dat have ot becn cstalliszhel.

Ag can be seen frca Table 2, Ru@ are ver, cloce to RC’
while RL are too cmall. The latier Cizezo-wre. i, be
attributed c¢i:iefly to tue very rou h gprroziuasion uode for
the calculation of h.,. Iuvthewiovre, 1t should be rcinted out
that RC are not necesporily in accoxd with RE or RGF’ since
the effective voluse of tice polymer syhere m.y, var, depending

on tic property of the pol,n-r goluticn to ve cuigide. .o .,
celforornees
(1) “or exsiaple, Pe. Aleiasnder ud te Choirles., s de EClyacr

Sciey 23, 355 (1957); A. comme, de Jhys. Boc. Japan, 13,

722 (1958)3 I..okurs?a acd Y. 1kada,

Ckarliu I awd W
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(3) A. lNakajima, 8. Ighida and I. sakurada, Chesistry of
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(4) I. Sakurada, I's Hosono and N. Ise, Hemoirs of the Faculty
of Inpgineerin: , Eyoto Univ., 59, 402 (1957)
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(1957)
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Chapter VI

CRGLSLIIMING AlD D_GRASATICH CF DUIY(ACLXILIC ACID) i

A UsCUS SCLUTLICT

I.cakurada and Y.Ikada, "ull. Inste. Chem. /les., rYyoto 'ni.,

41, £1963%) in press

ffeets of Gamma Jadiation or Folywer in “olution (IV)

Crosglin:ing andé de _rodution of woly (acrylie
acid) in aqueous solution




l. Introduction

In Chavter V, radiastion effocts weire stuaied on one of
char ed polyners, iee.y polyvinyl alcohiol artially, acetalized
witha ~lyoxylic acid (iVAG) whose carboxyl rroup contents were
rnged from ¢ to 3457 7ol ve 1t wags found that botihh the
crosclinkin and the derradation are ciron:'l, affected by tac
cerree of e-pansion of the polyion ar! it vow concluded that
the ceritic~} corcenir<iion corresrunueg t¢ the concentration et
which overl~epiznr of zolyrier colls Jjust comarnres. 1, this
case, as the nol,ner ig recarded as a cocol, mer, it s
ruo-ible that chaqre in ecuenical ccﬁj%ixion of the polymer
gccompanyirpe acetalizaticn ::scticn 71 ht affeet t.e creoss-
lirkire, ornecially when the carboxyl wvoup content wes
considerabl, h'i .. Thu«, it vas not desirable to use this
polymer for stud,  ing the effect f expencion over a uwi o
rznre of charre densit;. In e present work, tazzelfora,
volyacry Lic 2cid (¥:A) was chosen for the saci:le to be
irraciated. This rnolyelectrelyte, vhich is a weak volyacid,
has an a:v-ntzre for the urpose ubove described bociuce of
the .onnilLilii, tount the charre donsit, can Le coutrollec
readily b, addition of alkali such ag .aCHd vitiout modiificuation

of side grouvs.
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2+ _Xnerinental
2.1) Material

The IAA saisle was prepared by polyccrization of monomer
in 445 wtev agueous sclution using 3 x o mol/1l of potassiuz
persulphate at 5% for 17 hrse The conversion of monomer to
polymer was about Slake rurification of the polymer wsy done
by uizlyzing against runnin.: uvater for a week and thercsiter
passing several times throuch a ¢ylinder filled iith ¢
cation exchan; e resin, Amberlite IR=120, and an anion=cucirange
resin, Amberlite 1&-#5. The polymer was uscd Br the folloringe
experiment without any trszavtent of fracticnation. The
viscosity=-averare degree of jpolymerization, calculate’ from
an equationl), [M]= .52 x lt"; gheabt (in 2N Haliu, at 2500),
was approximately 5%7(C. Partially neutralized FAA as
prepared by ionizing the carboxyl ;[ roup iy addition of
appropriate amounits of NaCi. Water used in all the experiients
was conduecbivity water of about 1U?£2cm, ans atl (enalytical

grade) was uvode
2+2) Irradiation Procedure

At the tine the Co=-o source was uscd, it was rated at
1.50 x 107 7 fs 8 Irradiation was carried out at roon

temperature Lioth in the presence und in tae acsence of air.
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Evacuation and injection of nitrogen gas into the vacuum
line was carried out reuvectedly untill further bubblinp-out
wag not observed at any violert shocliiri. Finclly the
puuules were sealed off, It secmd that our method was
more erfective for de agsing thon the usual one which
requires roreated .rocegsses of freevinr and evacuation.
Jhen our method was ncopted, results were found tc be nuch

more renroducible, cospared with the other crse.

2+3) iieasurc.enie of Viscosit; and Gelaticn ose

wolution vigcegities sere ugusured at 3C°C in an

@

Ubbelohde~ty ¢ viwcomeoey, on diluting the solutions in this
viscometler,

The ielation dose 1o generail, cctuiined from the suaden
changes in viscosity, depree of gwelliiyy cr amount of scl
frection which occur at el ociiute 1 the c¢nse of ilywadiation
of sclutions, tic app¢.izice oi irr dlated suvlutior cuauges
abru;.vly as a result of incipient gelaticn, go that iae
relution dose cun be wevvaminved easzily, and ver, piecisely Uy
visual ow. cyvation. In ti.is experiuent, (el pointc wore
deteruine. L, inspectic: of appe-raunce cof the irratlated
solution uvhich was taken out fxo. Tthe irradicstiom position at

a few winute invosvils.
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5« lesults
%.1) Irraciation of Leaerated ‘olution
%3.1,1) In the Absence of Ta’ 'l

7ife 1 shows the concentration de enderce of 7% /C fer
unirradiateu PAA vith vericus degrees of neuty:lization of €,
5, 1C and 2C, . it can be seen fru:n the shsue of curves thet
FAA behaveg in dilute agueous sclution as 2 typical toly=-
electrolyte even in thc case of a derree of neuvrolization =
Le Jhen thexe aqueocus solutions contaeining no c-ir, were
irradiated with csuna-rays, gelaticn cecusrred if the solution
for irradiation was rot a.tracrainarily dilute.
The most convenient neasure of following the cicsslinking in
the present case un; be by the use of th:e gelation ‘ose.
This is illuctrater in ¥ic. 2, vhere pelation ?crer wewre vlotted
a.'ainst the polymer concentraticile An interesting feature of
1ine 2 1s tiiat the eritical corcenitration shi:t: towards
higher concentration s:. the de roe of neutralization increases.
It should be furthernorsz noter that bs,ond o certain —olyler
concentravion of 3 ~4,., the gel Toriation sceus te be vievtuall,
indevencent of the Je r:e of neutr~lizution. Alo..ander <nd
Gharlesbyﬂ) have shown that tie o .4 does noi cubiuit crosslin -
ing when its de ree of neutralizntion becones hij e than 10,

In our case, ' o1 wag ool even for the :Ah 20w neutralized.
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This Jiucrepancy mo; be due to the difference of the cervec
of polymerization of samples up~! or {to the desrec of elindini-
tion of dissolved air, The erizicoel concentration is showm

in ii,w 3 as a function of the “e: iee of neutraliz:-tion.
Yele2) In the nregunce of Haul

As can be secn fro: -ir. 1, the ¢..anslon of :cl,ion in
dilute aquecus solutione increases renerally with increasing
degree of neutralization because of increzuing: couloibic
repulgsion between ionized TOULIS 1t is ~lgo wvell Lnown that
when neutral !lowe clecuizy=iciht salt ig slued to the poly=-
electrolyte solution, its e.rauclicn decreases wiih inercosing
ionic strength. In order to cee in noise Jdetail how e
excangion ¢f colyion irfluencec tie crossliniiing renction,
the followin;' experiment was carried out usging alCl s an
added salt and tAA in ccid form as a sanmple for irvadistions
Thercby, if »aCl mirnt influerce radiol,sis of water and
formation of polymer ruwdiecals, interpretation of rsults
ocbtrined would be uch ¢ aplicnteds ir. tuis regpeet, however,
our succeCuliip exrerimentﬁ) claiified ihat U wse efficits of
lisCl are uucccessory to be tnken inbe socount, and that ta’' l
affecty the crosslinking orly tixouzh the actier it reduce the

expansion of polymer coil.

¥ige 4 ghowe the solution viscosities of unicracisted LA
in the .rescucc of vorious concenir-iions of laCl. .8 is
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secn fros I'i . 4, addition of C.l: aCl was cufflcient to make
the viscosity behavior of this PAA quite sinilar to that of
uncharged pelymers. The gelation dose for AL irracicted in
the presence of C to Q.4Y a1l is nolftted in Pig. 5 apainst
tiue polymer concentr-tion. It is of particular interest to
point out that (el can e for:ed more enyily by the vreconce
of KaCl unless la”l concentration is ii; 'er than 0.Cli,
Influence of iiaCl on the criticel concerntiition is ghown in
Fig. ., which inclicates ¢learly that rel- forastion cccurs
nore re=:diil,, at first, witi increasing ta. 1 concentration,
whereas ve,cnd the liacl concentration of .01, tne foramatien

is retary.elas the coLcentration inereas
3.2) Irradiation of Aeraied 3oclution
34241) In the _.oszuce of Tal l

Concernifn irradiation of soljelectrolyte in acrated
azucous wolution, a number ¢f wagers have buoer already
publishedufv?). It was founu in all coses taot vhe pel,ners
having ionize' : roups derrade in the proscucy ) air oith
rather smull doses =nt morc readil, as the doree of
neutralization incre:ges. In tho prowont vork, thercfore,
the stu:l, on aerated sclution wes dove briefly onl; for
comparison with the re.ultc ¢n ivreadiabion ol doaernted

solution,.
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Figze 7 chows the .evcerntuie decicuse in visecorli, induced
under irradiation of C.% . solution at a dose of 2 x 1‘ .
The viscosii, of solution ic found to be lovere  under iroadii-
tion, and the decre oo in iscosii, become 1lar er as the

cerree of nmeutralization inc:ionges.
3e2¢2) In the Iresence of lall

In tiis case, the iezult is apparently sii; le. The effect
of 'aCl on the de radetion is ghowm iv Tice & for PAA iriadinite.
at a dose of 2 x 1Q4r in 0.%" morrted 2gucous seolution. it
can be seen that defradaliiy is sunpressed stron Ly vhen ‘a1l
is added to the solution for irrodiction. Indeced, do, riaction
occurred c:l, to a ne~libil. le o..iont wvhen 'aCl concentrniion

was as ni h as (.%o
o Discusgicn
4,1) Cn the Crosslinling

<hen the nmectaris: involvesd in callatioco=lunduecer crosslixlgng

s to be discusced, it

¥

of pol,electol,te in a.uecus solutions
should  pe tai'en into account tat there src elocirustabic

re.ulsions LSebween thia ifontze: jrouuns fined not only, oo the

. 7

-

gare ¢lecule but alse on the ¢if“eralt ores. The rengon 1o

that the repulsion 7311 affect Bio crosslinying mainl, throuw
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the followin two f:ctorc, Une is rointed vo prevention iy,
the re ulsive force of ¢ ubination of rol nmer z:v icals whicn
would ot - 2wige lead e the formati.gn of int .- or i:tii-'Olec
cressliznain o ot factor is to extend the wl,uer cnain,
tlicrely causing the erossiiveicg to occur ore readili, . Jith
these tu¢ competing effects In .iind, ve will Jisecuss the
experimentsl reoults acove dzuoesilec.

The rezult zucw in Fipg. 3 ic sgoavaatl, inec istent with

that of PVAG in theo previous cirapter, uhic: is = oin chour in

4]

r-.h

Fiie 9 ( i7e % in Charer V). The curve of ‘i . 9 in.icates
that, ac tue c¢vag e dencitl, of polyrwy ions Iincrease frow ( to

e/ mol 5, the criticsl concentraticn decreece, wiile in the

(=11
f

case of FAA the c¢ri.i. 1 concentvation stiad were-ges vith

T~

3 1
the de rec of neutrelization. The snoarent incogistenc, is
not, Loy ry sus origcine if one woenlis that scme anounts of
the carbox;1l scuss i the voly ik cre existin In Forized
form in aguecus oluitiovn even ir Li:e unveutralisel & ~Le.
Inis ¢arn be, @also, sxrected iuc @ Gha vimcusit, wchevier saoun
in Fi, « le §i s M roown the critical concentiationr for
l<lormatici: of A4 plotted apuinoe the aciuwuli, Iesizod

carbox, l : roup curbtent in plsee of the de ree of reaveolice-

tion. vhe lomize. erxr.ox,l rvup concent wos veler:ine. from

the measurcuents of p. of their sclutiviise Ve incioree, Loe

carboxyl ,.rou. content = 3,17 1 % corresqponts wo the e _ree
o

of neutri3zation = C (i, Tasins attentior o Lve gliffolonce

of charpe densi.,, ore car sec fron "irge 7 nwd M Lant, os

g is
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the coni.nt of ionized group increace:s;, the critical con-
ceniration vecreaves .at firsi, bubt v ioe resching o 1indiun
whicie lies in the vicinity of 3™~4 o1 ., it becins to increase,
The przsence of the ainiuus giwen; l, cu pestc the inter,.l y of
two competing effects influencing crosziintics, ccaction.

This :ia;, be also suggected .y Fi e ve >ince these hiciicliena
have been ooserv..u only in the crouiniiviizt.of polyelectrolytes,
it appears likel, tinat ©the 0 comvetin; effects we, ve ulis.d
fr.i. the repulsion veiween the ivsiseu puuise shen the
voprlsion furcue Jocks uvebuecu Lae ucjacent (ioups belongii, o
tue sane uclecule, it happens ool the chaln is oveo cxbordod.
In t-ris case, the rute of crogsliuvins would incrcase ith
attendant loweiins of tue crivical coucentration, since
possibilivy; of the polymer se;ient of differentv chains 10 be

in contact wivh escn oiucy increases with increousin, el v Jlie
Cn ine contror;, the repulsicn vewuccw the icnized (roups

iy Lo the Jdiiferent clhaing would lead o vreventiocn of
cobivetion of the :cuy &L o icals, ucnsoquafﬂ:;a, TG

Sup, .eseicn of t.e rate of crossliosing. Oty 1f iLic.e are
true the behaviors swto.i. 'n i g. ©y, Y o L can e cxplained
as fullovus.

In a o0 e of tow.u icnized cuwove,l saou., culbente, the

AL

2, fect ©) the incroase in g:2e .7y GvelSau 0w tuat of
previention of radical coooinavi Xe wyrefore, at first, iie
critical concenivration .oy becocne lower with inciocaging chouvie

densiv, as is secn in Fice Je Houever, ot tne icedgzged | zoup




content becomes hiigh enough not to be able to ner loct the
repulsion between the groups of different polymers, the critical
concentration increcascs with "reoensing carboxyl rroup content
as is shown in Fij . 1l.

The minimum of (he curve in "ig. v ¢ 0 be cx:lained in the
similar 2, , becauss addition of neutral salc to soluticuc has
an cffect oppesite to ithat oi w.dition of .al.l. in other words,
addition of 'all cavc.s iic icuizacion to decrease i’ Lence
reduces the exp:rnsion of .ol,icile As toe cureoavaation of
WaCl increases, the roeyulision proverting the tau ical combinatvicz
decreases, so that the ;jclotion ungy ocecur ~wre o ily. i
the liall concenvrutlion becones hicher than (.21, the criviesl
concentravion inecr«as:s stcedil,, since the effect of decreac—
in;: size of pol,u:er coils -»; becowme a dominant factor. 1t
is of interest to notle vant incra=noleculni=¢.. ssliz ed volynuewy
s formed when soluticns containing LaCl ubove (. 17 were
irra .iated below a critical concentition. in tiils respect,

details ill be preg nted in oue suovseguone clLapter.

442) On the vegradatvion

Inspection of Fi e 7 and ¢ saows iinl the de rad«tlon

Leed 'y increacsingly wore efficicrt as e charve densly, oF

polymer chein inCreiscie thils fact v alse found Ly other

i - i ) . . .
workers+'b’8") on the éerracotion of volyelecuivs;te in
dulutc agucous solutiocn. everal thieories have Leesn pro-uocd
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to accout for these resulic. fmong th oy, we will discuss the

follovin: +three theories.

(1). 1ihis theory assuiics that u-. bonds of main-chain becoune
liable to scisccion as a result of the rpwes_uce of char e silde
ETOUDLS 1t is prorable that electron cencit, in the C= bond
will be variec by the electric charpe oscut neraw=-ny, and 21so
that tne C-~ bond will be s.roinzd owlne to the revuision
between adjacent groups. However, it is ver, wcnrerous to
accept this theor, wi:ncui any doubt, sincc the ten:cncy above
descrived was alcc cuserved in lhe case of ¥V.G whose struccire
is given .

(-’ = Gl = Ciy = C = )

¢ ¢ ’a

N

i

L

o

{—
In this case, the C—. Lond of the nain= hain is taivdly Jfoount
from the ionized carboxyl pi  oe Theretcre it seems unilausible

that the vonding force of iuis bond will be aiiectbued covun 1y

by tuae presunce vl the caiboxyl proul.

2). The second 1. ccwvy wve avcs tae incre se i cize of clymer
coil as the .ust iaporcant factor. with incrcasin, charge
density, the expansion of ;olyion ircror es aux! nence the leral

concentraty,n of the ssgvent —ithin the donnin of = polyaer

'+
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coil ill become Jloiigie ihis lerds to an incresse in tae
relative asount of waier mclecui-s availabile per .ol ner segment,
thus, to an increase in the indirect eifucte. As a conclusion,
increasing charge density re:sults in the increase in the

incirecyv effect, which causes the do radation to occur nove
rariely e This theory seems .ove acce-tal.le than the first,
However, large de.cuience of de;vuldation on the chas: e density
observed at the ivrodintion of cias zud FVAG in L.”.. solutions

is not favoravle fer %..iz theoiry. In such a relativel, high
concentraticn as C.%. the amount of water .er segment =, be

congidered to .e alicst ilude ei-lent of the charge den-:it, .

(3). Tiils theory is related tc the electroctatic repulsion
between ionized groups pelon in., to the su e molecule. It is
Cane.wlly acceptz. that radiciles producocd as 8 result of naine
chain scigsion . acvily reco-vine at once as il ¢ chuwe never
occurred. iIf the radlical recombinstion ic prevected ' some
48y over-=all c.t ni of de:rafation will becur: liiver. It
seems very trobable tuat taz repulsicn force will praevoat the

polymer radicals to reconbine. If tris cclieue is cerrect, the
rolyier 1g, un.ergc de radalion wmore effectivel, with increasing
charge deicity, as is sucwn in Fi . 7. This cheor;, also can
account for tie fzet that the doze to aicain » noeticazzbiie change

on pulyelectrol;tes is ususli, four to Le rooaycsably caall

o g 5 . NG
coaared with the uncha:r o0 polymars ’L).
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Chapter VII

Lol Am OLuCULAR CLOLSLIILILG O #CLX(AC 31006 ACL:) 1f

DILUT.. A U.0US LCIUTICE

I.5akureda and Y.lkada, Bbull. Inst. Chen. Res.,  yoto "ni.,

41, (1963%) in press

iffects of Z“anues Radiation on oljuer in .olution (V)

Intra-nolecular crosslinking of poly(acrylic
acid) in dilute agueous solution



l. iutroduction

wffects of ionized wroup content znd adied salt on cros -
linking of polyacr, lic acid (FAA) in =queous soluiicrp, dose
eribed in Chapter VI, ma, be suamarized ir i-. 1. These
two variabvles are put to.etiier in ipe. 1 in such a fsivisn
that the expansion of polyion increases in the ri howard
direction of abscissa. Asgaaing that, in the lait=iad region
frou the minimum of tne cusve, the effect .of varying sicec of
polymer predocsinutes over the effect of repuliicn, while in
the «oposite re: Lo the effect of rervulsion owreve 15, cone uig
able te ex:ilair the change in tne eritic 1l concentrotion.
(bvicusly, pro.urties of ti.c continuous gel prouuced on ivra ine
tion of solutions above a ecriiical concentraivion ey be independent
of whevhicr fornation of the rel is iaflienced . 2ither sffecte.
Cn the other hand, bzlow vic critical co cortration reactiuas
induced 0b; irradis.i.n of .‘ilute solutions may be roessibl,
influenced by these Lwo com.eting. effects. when ooelutions are
irra ia.ec belov the critical concczntration, as is well known,
a continuous =el is nov.r foruo., out eilcnors a Hicro—gai-lu:mationg’a)

or de; ro.ation tales nlace. 1n Lue case of polyelectrolyts,

e

it »ay ve exsected tumt, if the repuision is guaificientl,

struli: 4 nolyners exhibit no sic..- el<firuation, bub only
degradation.
The prescnt wori was un ecbaken to find out /aat reacticns

are occurring under irradiation of ¢ilute sdwiicns Lelow the
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crivival concentration anu to confirm the mbove supposition
that crosslinr ing of polyelectrolyte i influenced ., two

competing effects, thgl is, repulsion zm variation in size.
2. .3 erimental

FAA samples uscd, irraciation vrocedure and methods of
viscosity measurenents were quite the uave as described in the
previous chapter, Jhen it was necessary to renove the added
saltc froo the irradiated solutions, t.., were passs: throu h
two columns filled with a catiuvn-cuchian ¢ regsin, Avberlite
L.=12¢, and an anicc=exchan(e resin, Amberlite I..="l:,

The relative turbidit;, of soiutions observed during
irradiation was cstimated from an couation T = 2.3 log Il/Io'
where I0 and Il are v.e intensities of the lisht scattered in
a direction of 90° with the dirccticn of an incident 1o, for
the soluitivn beifcre and after irradiaticn, rc.sectivelye. The
intensity was rmeasured at a .clyier concentration of Cell Iy
means of an elcctrophotorneter.

Potentiometric titrations werc performed at room tenperature
with a r=type pi meter ( .onufzctured at Horiba Instruients Ince.,
kyoto). 'The solution to be titrated was stirreu on o ma netic
stirrer, the stirrer beini stopied for cach recading. wach
titration was mase with a pericd of a few . inutes w.cowoen
successive readin o, as the pH Lecwie conutant aluost ingisane

™ o

taneously after the adécition of a base, (.01U Ta ..
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3. Kegults

It has cvecn found in the stulies or ¢lyvinyl nethyl
etheru) that irradiation of this rolyucr in ajueocus solutions
below the critical concentration does not lead to formation of
a continuous {el, but makes i@ soluticns turvid. This suggests
the plausible transformaticn of molecular configuration in
solutions due to formation of inlrs=_.vlecular crosclinkings ty
irradiation. It is of interest to see whether the intra-
molecular crosslinking can be fﬂ@eﬂ in the 'A% solutions where

intra-mnolecular reculsive force exists.
%3.1) Occurrence of Turbi ii, under Irradiation

Zhen tue ionic strei th of solutions cxcecicd a certain
value, the soluiions btecaie turbid under irradiatione. The
solutions befeore irradi-tion were, of coursec, trorsiarent ine-
dependent!, of the prosonce and the abscnce of NaCl. oe
relative turbidity of solutions of FAA irwy¢:iate’ in zcid form
at a polymer concentration of C.l wt.’w in the absence of air
iz showm o “1ie 2 The icnic strensth was nijusted b,
additi.n of approprirnte amounts of “'aCl, The turbidity was
neasured without rzuovir, from the irr:ziiat-d solution the
Hasl vhich: wag yvo-cent during irraediastion, because the presence
of HNavl seencd Lo affect the turbidii, not st all, or onl; veuy

slirntly. If a sufficient amount of 0ir yas dissolved in the
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Relative turbidity T of irradiated solution as
a function of radiation dose Tor VAL irradiated in
the avsence of air and in C.l solution verying

spount of =dded Vatl.
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golutions to be i-r:udionter, turbi ity d¢id not occusr, however
laz ¢ a dosc was used. From Pig. 2, the relative ilurbidi
appears to approach an upper limit as the irradiaticn .roceeds.
To demonstrate the relation between ionic s.veapth and
turbidity, initial sloiecu of the curves in Vif. 2 uvere rplotted
againgt .aCl concentration in Tiv. 3. 1t is of uwwiicul
interest to note that the minimun concentration of WaCl ne:dled
for the incipiert vocusivence of tusLicity, a reeo cioctly with
the 1.aCl concenitratien correcponding te the minipua eritical
concc:tration “hich Fire 1 cliouc. It is clcar that solutions
becoie turilid onl, vi:cn irradiated at HaCl coneccrtrations cbove
0.,i1"4 Tuis findins afforcs o guipert Yo the exsectation
above mentioned that eithew of two differcit reocetiono wvoul!
occur preferentizil;, in ench ran e of 2.1l conccnbretion below

ans auove Codllie

3.2) Viceo.uetrie Behavio - of the Irvadiated olyuer

Cecurrence of ui:e turticivy 1y be atbribuied mainly
eliier to aj . re ation of jpoiyners or to .wore Tiootly colled
confipuration of .ol merc. The latter nay Le veoupht about
Ly the forontion of iriyrecclovular crosciinking unle:s the
sclvent power reasains consbtart during irradicsgion. “he
trono? contion of the moleclni: confijv. aticva ig cx . cuod to
affect necessaril, 'yarol,naiic proreriicg PUCH as solution

viscosit, e Fir. 4 chows the intvingic viscosities aeasured
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3 i’r. é i‘.

Changes in limitin:: viscosit, number[q] during

irradiation of C.l.. seclution under various conditions

(a)~ (d): for thc coun-itions see the uext.
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in C.1W Fa. 1l of various PAA's obtained on irradiation under

the following; conditiocns; (a) in aerated salf=fic: golution,
(b) in zcerated Cl.1' lial solution, (e) in ceacrnied sali=f{cee
solutic:., (d) in deaercied (.l aCl solutiice. As car be

seen from Fice 4, the i:trinsic viccocity decicoscs with
radiation doge in all cases re ax.less of the lrradiation
condiilunse. The ,resence of nir and the absonce of LaCl in
golutions for irradiation caused the intrinsic wviscosgiiy to
fall .ore racidlye. Among the four cdifverent cascs (R) to (d),
occurrence of turbidit, vog observed onl, when ra_istion was
exoosed to deasercted (L1 Tall solu-iun, i.ce., the case (d).
surteernwre, in tiis cese, solution visceositics dicrous.d nost
slowly. if the vigcogity- rop ¢on be ssyuued to be oiring to
nain-coin scissicn, the recinrecal of ¢e ree of polyiaris-ition
should increase linearl, with iacressin radiation Zusc.

The resulis vro showm in Tife 5, wiierc it is seen thei in the

cases (a), (b) and (c) wvherc the goluiicn reinired trong.orent

o

durin: iwvrdiativn, a lizoocily was ouserved. COn tie other
hand, in the case (d) wi.e= tue irrcdisted solutions beacoie
turbid, the curve was fuurnd not to be linear, wiich imiclies
occurrence of a reacticn di“ferent fre. the mrin—chodin geigsior,.
It ig probably the intro= o diecilar crogslirling.

In order o ascertain the iformoticn of ilriin=cleculsiie
crogolivied polymer, viscoseiyic bLohavior:n were cunmincafor
tiio volyuers vbhains wde: tliesome  epdivgion as udov:

described excepl the 1o iabtivi 1000 irecpdiaticn tine yas
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iipe 5  eciprocal of de rec of polyucrization T as a function
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conditions.
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controlled in such ¢ wa, that all the liuiting viscesity nusbers
of t.ece polymers in C.li NaCl are exactly ideuticals For
simplicity, taiesc poly.ecrg were desipnated according tu the
jrradivtion conciticn as followsy . " =, i-wtliated at 5.0 x

q'1‘ in acrated salt=free solution; 1 '/ =b, at l.1 x 105r in

10
aerated C.,1' NaCl seclution; PA‘-¢, at 1l X 105r in deaerated
salt=froe solubiony ifd=d, at 3.0 x 107r in deacrited (a1 HaCl
solutione Ap noted above, only in the casge of ' Ai=i, the
solution Lecame turbil under irrasiation. Flots of the
reduced vigcosity = ningl the pely~cx concentration are given
in fice We It is .vil’ent that the Loei.uced viscosities of

. =34 =hp ool =c in the auc nce of added salt risc vesy sharply
at lower pol,mer coucentrations cimilari, to t.ose of PAA
befere izsicisziions At the ca:e iiic, for the A -, the
ruduced viscusitleo inerense cnly voi, clightly even at the

concicerably low cuncentriil.i.
3.5) Potentiomet:ic Beiiow or of wuc Irraiinted .olyner

Selution prouorties cf the irrcllated PAA were, “urthow,
exanined by means of a wubontionctric titraticns i« 7 shows
titration cu:ves for the various irsvaliatel LAA volyners.

The polymers studied here are the unirracisted PAA, ki ~U ard
Lichmi o The titration s c~rzied out 2t n L.117 concentration
of rolymer with al’l in the atsonce of ~dded salt. Flots of

X i = : P
pi as a function of log'>—, b:cing or a modifisd
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Hendescon=_asselbalckh e uation, pii = Pk, = 0 log (' D(),

where ¢ ig the degree of neutralization, n is a constant ond

S is the ave . age ionisation costant, are also shown for these
tivrations. As can be goern fruam i, 7, thue pii 00 PAi=( are
clearly higher than tl:.ose of the unirradiated PAA and  i=b,
both of which are virtually i:eritical, in every caso,
Henderson=-ilasseibalch plotsg of the data ¢ive stral :t lines in
the range of 7,020 > 350 ... The intercents and the sloper of
these strai.nt lines indicote it_ot p?av and n of both tae
unirradiated fiA and f.A=-0 are 7.0 and 2.%, res cctively; and

Pk and n of rii=d arc 7.7 and le9, rosoectively.  vidently,

there is noticevvle diifference in pkav betucen FAA=D Cilo EOA=D

or tue unirradicted [FAA.
‘e vigcuspion

vhe si nificant differcnce in vico_ setric belaviors between
the FAn=d and the AA-, ~U and -c us, be attributed undouuter iy
to Lue cifference in chain struccuarc. The content of carbo... 1
rroups sue w to v, e 18 o, only to a negliiille exient under
loradiation in ituc radizticn dose ranzg investicoted fove.

4n examination of Fig. o revesiz that curves of [ Ui-a, —b and

=¢ are & nroxi ately identical ard aave tiaz shape choracieristic
to the linear .iise Froum this ciLsesvatioxn and 1ie oy It @y

be concluded taat g viscosliy=u2e of viese polymols SLOUn

in Fiie 4 113y be aciuributed to viw maln=chiin sciscion.
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Furthermorc, the fact that the iciuced viscusivy of Lii=d 1o
aluays nuch lover than that of Llie iil-a, =b and ~¢ way be
rerarcel as an evidence showing wvrat in the cuse of i fi=d there
is restrictive force upon extensions of ine polyuey coil.

This restrictive force is supposed %o be c¢iin to the intra-
moleculayr crosgslinking foraed unier irradiztione As 8 conclu=-
sion, the occurrence of turbidity in colutions caen ue eiwiributed
to the formation of the intra=-molecular-crosslinked ol .cr,
nanely, the microegel particle.

A further confirmator; evidcunce for vic exisitunce of the
micro=i:2l particle czn be given oy the rocult shouu in Jige ¥
chat the average lcnization consuvunt of tihe A =4 1s noticeably
hi her than thav ¢i the -PAY=D. This diffcreuce way, be
exnlaine. as followse 3ince tue concensrotion of ionizable
carbo.y Ll groups in a volume clement ic hi Ler uith (he Ccrol.=
lin:ed than the linear vol,uers, sup.recscion of ionization cof
COCH caused b, COLT Lecones laryer with the crosslinked .clyiers,
and hence the h;. 10 .en lon concentration decrecscs in tie
golution of thc crosslinked poly..er, Jdeallip. to the larper
ionizaticn constant for the crosslinked pol,iiere.

Although the fermation of the in:. ne olecular crossliabing
was clarified onl, in ithe case of the PA i~ which wag .bicined
on irradiation of O.1li: “aZl colution, it sesus quite Lecsonable
to expect that tue inerr-u.leculcr crosslinking cou be Iciaed
if the BaCl concentration of scluticms is hipher than Ce l..

The reason for + ls igc tinat, in this conecenvsution rangc, e
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gsolutions Leca.e turbid uncc: irradiation sinilarly to tic case
of the PAl=d. Thus, it can be coiacluded thot the reaction
actually taking place under irradintion of the deaerat.d
sclution below tue critical concentration de wnus on whether
NaCl cuncevtration is below or above G.i 1N (ne is the main-
chain sciscion and the otiher ig the imtra=-.wlecular crosslinkin:,
The result shoun in Fi_ . 1 could be explained in Chapter
VI reasonably on the bagis of the following assunpticn. in
a low ionic strcir th ran e beicw C.CL 1iaCl, the repulsion,
which gpreven.tc the radical coxiination, wmay influence the
crossliniing most siruificantl;. On the ciixor hand, when e
I.aCl concenuir. tion becomay hi:wir than Col liy bae dinminution
of polyion-e.cmipion with increasing ionic stren; th moy Lecome
wore important than vhc erfect of reulsicne. Thig ascuuction
is s.rongly sucporte. oy the conclusiuvz vLove Cidzde The
result that the de:radaiion occurs creluisivel, in the baCl
concentration ranie below C.wlF may be explained as Leing due
to the rej uliion wiich prevents the formation of crosslinving
and ould be mogt iuporioant in this rance. Simileri; , the
result that the forpation ¢ intru-molecular crosslinking
becoiics vosgible in the rance above (L1W laCl uoy be explained
in termg of the i:cwviable ‘ecresse in repulsion ulch is
ouvscrved i this range. Increasing rate of the crusslinking
with higher ionic strengtn: ra, be due to vie well<=knowm fact
that kigher ionic stength leacs ©0 more tichtl, coiled

confi; uration, s0 that i:e ilntr--aclecular crogslinkin,. can
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be fermed rcre efficiently.

It 20, be unavoidirbly neceseriy for the i ru= elefo:ilatlion
that polymer coils 2z vriy cnutinlly in contact with each
other in the soluticr or not nt ll. 7herefore, the —a.ium

concentratici, below vhich the micic—- cl=iliizotion bLecomes

berin to interfere each other, if cerradation does not occur
and the repulsion forcc is wov ue iateice as to wrevent the
radical reconbinatione. Such conditions may; be satisfied only
in the case of the scl.tion containing NaCl above .. 1i.

Also, in this coco, the maxinum concentration Tor mic. o="ele
formation may Jjust a,veo witn iie eriticl concentraticon ‘or
(eum) pei=fornati e If ti:ig is true, 1t i1l be ;ossible
%0 ecutvinte the expunsion of wol,ion from the value of ¢itical
concentration on the assuaption of closed paclin: array, as
describe in Chapter V5). The »odil of FAA in C.1i0 and (.59
NaCl shown in Pig., 1 are :ivcen in Table l. The oodiue in the
thiesf eolumn ic calculated ucine the date of the eritical
concentration for o:=f .mation, and the radius in the last
coclwm is the i,drod, nnr:ic effeetive radius cnlculated fronm
sinctein's formulsze. Cbviousl, , theue o nearl; two tines
difference letween tie radil esleculaved v the two c¢iffevent
methois. The Bimllar result wzs wlsc obisined in Lhe gitwy

on rVAG5). Thiz dlfTerence is not surcrising if once considers
the ph)ci-al meanings of those two wodli. In tuis respcect,

datailed discussion will be vresentoe in the suogoguort ¢hopber.
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Toble 1
Dxpansions of Polyion <clealated Using the Cros lipiing

Data and .inctein'c Toimulae.

1 conc. of solution Initicl [7]ef Radius of ©AA

- iiradistion the solution . 2 B . R
Q fron the fru.. ninstein's

eritical conc, formaul~

0.1’ G0 394 A 175 A

C o4l 50 i A 148 "
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iitherto, the decreiuve in viscosit, o .werved during

3

irpadisticr of dilute a uecus ..oiutius has G tor been
attri.ule” to the “craation of tuc fica—.(luculor crosclinkin
of course, except Uic case whore the wni.=chein scissior
ghiioastediy, uecdiCe Houcver, iac.e ias been no Ji-ect

support vui the c.isicrmee of thesge % = olecular crdnslinkings.
The cvoeyuoge in viscosii, is oniy a necusix,, but not
gufficiort evidence for the crosulinlinvge in order to examine
tee forrootion of Lods crosslin in , it secis most preuisii: to
¢ teruwine the uwleculayr weirhi chen e during, fvavw intion. In
the ajucous o,8te.s, however, it is kigus vwe ve rather wifficuly
to deveraine the ausolute value of uLilecular wveight Ly ceong

of i ht scattering or ov:smotic osressure noasaroasente Locertly
dieu and vesieux 540) have utuecied Lice caange in se.incntation
consctut and intrinsic viscosivy ovcurrir dusint irraliction
of ol viryl sleohel (iVa) in diluiec a o2 . solutions. Thay
found thot, in hichor cose ran e, the viscosii, of Livrdicted
VA decruoccd with looe, vheress hie sedizeni tion constant
inereagod, Counonsiratingz tho foranilon of oore s, . wirical
uelecilar clucters, or, tic.i= ¢l pasticlec. 1t sceas to us
that this is on only stud, Jidek gove the strong eviwence for
the inl.rs =1iwlecular crosclin in: uncer irv.adiavion. In ocur
case, 4e exisionce of tie T leculawy crosslilaiiin. could
be conficied Ly deternminaticn of the izscoolic, or iiwe
potentivaetric tlirocic .y by to in, wvavariage of electrostatic

(e, aih, of lonmius? pwoups sicng 8@ Glyaoor cuali-e
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Chapter V.II

EFT. CTS OF ALUITIVES

I.:alurada and Y.I'ada, Bull. Inst. Chem. Res., ‘yoto Uni.,

I~

41, r19c3) in press

sffects oflGamma Radiation on rolymer in soclution (V1)

~aciation protection and promotiocn in
aqueous solutions of poly(wvizyl alcohol)



1. ivbreuction

ln thoo. earlier chm:teisl'a’i), we recoriod effeeus

expansion of iclynior motoculen or e.oasliciing =apd des ra

of <lyelectrelytes in avucous cceluticn. Tne enporsion

poli,ions wa., adjusted ©, vary:o iczizavls sroup coentent

concent:atic: of usddeg z»lt(havl). it wue the: ans

AMeany

ihe aades a1l nuns nce effect o.lier than deciarsirg .

of volyiinrg. deuevor, tne following poscib

: ioox I e I
2lwa, s be precluced tiiatl ol ione an l'a and would

ireact

vith prdicals - rodveed Trom yato: ard sol uwers by iovsdintion.
in grvey W claeldate titvs nroblen; ihig osiuil, was sivried.
ue @main suscose of wee niegunt sl 1s o Lrvesiligete

visel, tae effect of adiitivaee on Lue croocsliziiin: and
of wol, ewre, iz other ords, bae racioticn proiection wm

ticn. For tals Luiucce, Very,

G O e

and ¢i auie co GndE wWwose f.oded te the asucotus :olution to Le
lreaglicoted, and tiie custses ‘n ihe pelation . Gra and viscosiiy

2« xXnetinontal  fec PG
The poly.:.: o.-lcyed is » Tr ctionste. nel, (vip;l
(rvA) wiin & i .cosiy,=averu e deprec of =ol, crizalion
The sdoitiver a3g inciads oot Srorvanie and crraric

ine feimer are taiourca,
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mevharely and Lre latice si1e HaCl, vizg, H2;04, e .y + Co
1,2 :5(,;{_ and C Ll‘..'-(m_ .
saguacus celutions of VA containing one of these mdcuitives
were irradiaied in the tesence snd absence of air with Mo
V=135 A dogse i1:2te of l. o x Li5 rshr was uzea ard the
to. errture during iiosdiztion wog obout 209 weprossing from
golutiarn: for irradiaticn was crigied oul oy, our usuval methole.
wel voint wugs'delov ‘lied visuall,, nd viscosities uvere ..oscured

in watasr at 3%,

» Results

S

%2e1) irrodiztiv.. in t .2 nibeeree of air

8 1s well lnown, ‘T o.inticr of ce: sed squeous ~.lutions
9

[43]

of V4 causes mainl, toue incoevaso of viscesli,, 20d fincll, the
r2lation of tug s, stou. ‘hercfore, in the c¢aznz ol iren. isntion

in the awgesce of air, ths adeitives woull nwwve sons effects oo

the cro-.lin! 10, . Jige 1 slwis the charge in relsti n cose,
vaen (. codveion of VA yas ivre ‘fated in tae vresence of

<griocus ad¢ilives. it wgy be seen tiast raul, iggca S0 netnano.

have .o irfluence <n 1ne crossdin $ip resciion, oven i 4 eir
con¢-srirLliong sre relativoi, 41 e e vemuly irdicgies olso

toet the iong, “Rich pfiect tuae pol,mer riactlor, aie not Fa
¥

—— ol ++ ot -~ PO SR.  J

‘+ Cq P‘:.-‘ kfl 9 D‘L:t—! e L] wu arg v ‘:.’L_:"J.t_'l--j:-”‘u ) ot

s umt thicuse~ hinders tie celati.: rost stroatly.

foun:
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Neit, more cetaile. ex ariments were carried wul, vor, ing
both the pol; ier corcertention and the a2 wount of asditives.

“he results for Cu( i Bry thiouren and ethanol are zicwr i~

o
‘1 8e 2 T B In nll ¢ases, trne reloiion dose increnged wiih
decrencisy, polymer conc-mitraticn, uwiien the ascunt of adadiitives
wag volocivel, loroe. This nn, be due te a fct that tlce

nunber of additive melseul s per polyuer wolecule increnses as

-

thoe pol,mer corecentratiur decra~sehe o

A

=

irs. 1, 2 and 3,

C

L. "

one c¢c~n obisin Ti, o %, grere relativs pelation doses ore rlotted
arainse the number of adritive molecutirs rer pol, ier . ¢le:ule.
The cata fall fairl, vell on strai &t lines, the slepes of wvhich
are @ 3vly, in sccornd with ench otuner. Fi « 5 siows tue change

in viscogity of irradinted scolution: ir:radiation was curried out

using C.%~ anlutions ir the progence of « Nre

2e2) Irradiaticn in the presence of air

shen air is gafficientl, pre.ont 'n Lhe ‘oclution to be

ek
T
e
=
e
e
ry
[}
fee
&
o

irradiated, scluti.n vigcosities clways decreose
dose, irv iestins tho occurrence of malr—-hain ccinsion. In

v er to unserstard the mechanisy of tioe rodiation protection
and proiotion, it seems interesiin: Lo study nou vae derrsmdotion
of pol,mer is afractel L, the cesence of a voiy sall ancact

of acditives.

The results obisined by irvradiation of C.A4% aqueous solution

containing various additives of 1077 are shown in Pi-'. G,
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wvidently, the main-chain scissicn is in rost cnses accelerated
by L. pres-nce of additives. The one exception is thiourea,
waleh protects polytcrys a.ningt e radation considerably,

a3 can be expecta., itie arditivie which do not affwet the
crogi:linking, also cucy no influcnce on the dej .o "Li.u. in
oruer to estinate V¢ rumoer of mal:i—c-iiir scissic ,
rceiprocal of the di.roe of poly wwiv~ticn of the irradiated
poly.le.s wvag calculated “ron the recults shown in "i. © and
plotted against thoe Jceus i Fi « Pe G=values for de rniation
calculated from the glover of the gtaigpht lines in 71 . 7 are

Mjivan in Table 1. Gdo denotes the =y lue in tne case of the

abscnce of iy oo litives.
e nizmcussion

iy exvirarolacion of (/8 e to unii,, ¢re can outain fron
fige 6 the ainirw: run.er of each additive (:olecules per polymer

molecule rejuirce: to affect celntion. the values are czaoun in
Table 1, whic!: indicater t.ut thore ig mo dintinet corrcelation

between t.e niniaus o cuit of 2 Fitives to affect tho c.osslinking

and Gd'vm149 for the de orvoticne in otier rwidsy Lo aiitive
hieh protecis the gelation nore efficiently;, does :act nece. ; ~rily
retar-. or nyo0te Uic Cceuidation more strcngl, . il should also
e rote: that additives which wroanote the cro-glini ing co.ld not
ve feu d oul in car exni 21780V

The results descrin-4 above &pe2y vy, coinlicnted,
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suggesting that react® o schonen of each additive are dilterent
from each other, in the followini, we will discuss thc process
occurring in t:iec s,stem in “etail,

¥First of all, we will sunsarize briefly bthe mechanism of
cioaslin.ing and de; radation occurrin; in the absoence of aduitive.

Denote the FVA :1olecule by the gyavel of b, om tue VA
radiical produced as & ircsull of Liydropren abstroction from a
Aanin=cliain by tie oymbol of Fey then the 1ndiol;sis of aqueous

solutions of I VA may be described in terms of tho following

equations
HoC —— Hey dCry iy, Hy05 (1)
P — e o+ HF (2)
P o+ H =P+, (3)
o4 00 >Pe 4+ 1.0 (4)
Pr 4+ 4¢ =P = 7 (¢crosslinting) (5)
non air is wecent, the c...ected rcaction 1s assuned to beﬁ'),

He4 0, —> 50y (6)
= '
Fea 0? — (O (7)
POC: + "502-‘ — %ﬁ—nﬂ + iyl Crg (&)
O
WW-?—ANV — desra’ation (9)
I
C C»
|
E & ;_;02. — s TG (__..,("_T:.--_l - :*12-—:\ + haO {10)
0O
G- (

1 I

thCHg_Cuﬂﬁﬁww =~ w-li= G 4+ -Cﬁg~ww(degradation) (11)
| - i F -
CH (oid

- 158 =




It hac been found that the a ount of I+ nroduced by the reaction
(2) is very small, compared wit' that produced by the reactions
(3) and (4). ‘The rate of reaction (7) is penerall, consiiered

to be much higher than that of (5).
4,1) Crganic additives
4.,1.1) Thiourea

It is well known that ver, low amcunt of thiouies protects
nany materials e airst -i=mma-e by radiation. This co7pound 23y
exist in solutions partl; in an enol form, u*:i(ﬂﬂg);ﬂ (hereafter
abbrevirie: as RSH), ard it has been found v -t the sulfur linkage
is particularly re ctive towerd free rniicsli. Thus, the radical

transfer g, occur re~dil, between thiourea and radicals:

Pe 4+ A3 — F + R (12)
He ¢+ " —>H, + " (13)
HO* + " — H,0 o+ " (1)
iCy ¢ " —>HyCy + " (15)

1t is also likely that r~dical recamcinatiorn occurs betuecen W5«
and other ra~ical: as follows,

P + WS- — FSR (1)

PCOs 4+ " — GOSR (17)
From the reactions (12)~(17), the nrotective nroperty of

thiourea a2zairst the cros: linkinr and Cerradetion ig quite

understandable, In tuis econrnection, Charlesby and.Fopp5) found
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using labelled thioucrce that the t.iocures w.olecul:, or at least

part of it, combined with the polyuer molecule.

4.,1.,7) EL and ethanol

These cowoounds werc found to hinder tue pcelntion, =rnd to
pronote t:e degracation to some extent. ¥or simplicity, ue =il
denotc these aaditives oy, sile iwmilari, to thiourea, RH asy
attack lie radicals, though more wildly than (.loQicie The
recombinatioi: of I* witha i+ is also quite probavle, Thus, the

crosslinkine umy, heral, occur as a result of the follcocuim:

reaction.
B 4+ Ri—s & 4 (18)
HO- + " —> R 4 D50 (19)
Fe 4+ % > H¢ 4 P (20)
Fr 4+ e — PR (21)

It should be eavhanized thet R+ rro-uced from ordinary or.-nic
coupound is too unreactive to abstrvoct o irersr "rom polymor
nclecules, The fact that oeihancl does ot vracticall, affect
the crocelinkinet g ma, be asc.ibed (v the lower . =y iug of
racical-voruation than the otancr orpanic adplLivcab).

4t is rat ¢r difficult to :<.plain thie recult L.at vog, low
guantity of f.k and et:urcl accelerates ihe visecelt, Jdecicase
ovsezvee under irradistion in Cue jrecsence of air, i of the
plausivle cxdonation for iiis is that these compounds Loy,

coapletely inhibit ¢t e crosslinking, lhe procabliiiiy of whiceh
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could not be nerligible even under irradistion in Lze presence
of =ir. Naturally, it follows tiat the viscosit, of irradiated
solution decreases more sanaril, when the crosslinkine dces not

take place entirely.
4,2) Inor; anic additives

is has been intengively studiedf), results obtained 'iere
can be axplained rathur casi!y in terms of electron transfer,

which is usuall;, obsc v for oxidation and raduction.

4e2el) Felly + Cail 1,50,

2)

This system is Ltoun as ‘riclke's solution”’. dhern alr is

avsent in the solution to te irvadiated, the mechanisn nsy, be

writtens
OH- + Fe*t —— 5 ottt 4 T (22)
H o+ 7’ 4 17 — Fe™' 4 H, (23)
Purther, presunmsbly, Pe'™ atticke ~+ by a recction such as
P g P’ 4 WY —s ™ 4 (24)

Clearly, the w-ctions (22) ~(24) le~d to the v wveition of
crosslickin On the othou hand, it is not understindable to

us why the vrescnce of so small amcunts of lferrcus iong couses
such & learpge decicasce ir the soluticn viscusii, under lrradiation
in the presence of ~ir, if irvadiation of nol,mers in aerated
aqucvus solutions rioduces consideracle o ounts of LU 2nd this
veroxi.le neld can be assuned to be foirl, stable ' Jhe o ueous
soluticni., taer the fo.rrus ions reduc o this praduct
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w08 + Pett — e ¢ ™ # Pe*t? (25)

The +C+ would gpive rise to the de;cadation through reaction (11)

44.242) KBr

As is velleknown, ir is a wzeuucin apent, as powe . ful as

ra't.
OH* + Lr~ —s CilT + Bp (20)
He + Br — Y 4 .p™ (27)

Hence, tue rate of _eactions (2) and (%) would be remoriabl,
lowered, so that the crossli.ii. is prevented. he nrocess
occurzing under ir_-s..lation iun the uiesence of air uy Le sinmila

to that supposed i: the case of Fe'"

]G + iz — G- + .3 o+ Br (28)

4.2 .5) UU L’q-

N T o L i .
Cu” 4, a powerful oxidizing arent, reacts with i+ to brooule

. o - , ) ) S ~p
Lu 4 which furiior reucts witva CH-

- . -k Z G

uwr + ou — i + Cu (29)

- K + s - - -, ++ -3 -
Cii* +Cu” — o + Cu (30)

The reoason for the most strilii:.  decrease in viscosit, of

solution irradiatel in thoe pregence of air and CusC,, wwa, be
i
w4 g LN TR I B 1 i "’"',‘., "',.-.. .-
that 00l is peibace aviacked b, Lowe LU anu «u with tae

mechanigm,

4t -+

GG + vatt —s 00 + Cut + H (31)
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POOH + Cut — - + Lu™ + Cu

Finall,, it nust be noted thot in the re:ction schemes decciibed
above, nc¢ energ, trangfor in any case between soccies and no
occurrence of mainechain cecission in the case of irradiation of
degassed cclutions weie assumed even if additives are prezente
The latter asuumption, being opened to criticisns, will be

discusszed in the future.
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Chapter 1v

W PLLTS OF wuGicus COF POLYLULIZATIOR CON CrCooLINKELNG O
FOLY(VIVYL AICGHOL) IN 4 iCUs SOLUTLICE




l. Introdoction

During the course of a contin.ing program of study
concerning the radialilor=i red erosslinling of rol,mevs in
agueous ual:bionl'm'a’%), it was found to be very likely that
the cricicul cuncentravion for @ nl=fouriacion corresponds o
the polymer concentratiovn where the . ovlymer coile Jjust begin
to be in contact with cachh cth .. +f tuls is truc, bLoc size
of the :cCiyue: ceil will be able to be calculated ean’ iy
using the data concuov:'ng the croeclinkin. in solutlons. In

fa
Lvho fewvious work52'+),

ti:xe ewpancion of polyions wuas cal=
culaied briefly for vario.g charie densitiec and added oiilt
concentrations. In the casc c¢f polyelectrolyics, however,
the juantitative treatment of experinerntel scculve wis not
eusy, since the crogoliniine was lavecl, influenced L, the
electrostatic repulsive forces arising frou the ionized sile
[ POULE e

The present work is oo cbencion of pwevious investig: -
tiongs, with attention vcin foecucged in vie effoct of size of
rolyner coil om the crocelis in: in Jilute o ueous solutions.
The sample use.l here iz polyviryl nie bl (CVA) with various
verrees of polyuevization fron o to 1U7CC. in aciition to
the estization of .. radiug of yoldmcéﬁ-here, the contribu-—
tion of water to the ecrosslincddng on colyner was guanvibativoe-

1y discucszed.
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2 sXpoiinental
2.1) HMaterial

Initial degrees of ¢l ierizaticn and 1initing viscosity
nunbers of VA used are shown in Table l. The preparative
nothod of original polyvinyl acetate (FVAc) is also tabulated
therc, Sampler I, S, L and F were o.tained b, ro-copeonificaw
tion of fractionated linear iVAe, and sanples 17 and i by
fractionation of PVA. The derree of saponification was iu
all cases au .roxi ntely 120, The polymers ocbtained were
purified severcl timen by nrecipitation from aqucous solutions
vic: methanol or zcotonc and by extraction o, methanel in a
50xhlet eutractor for & hrs. After drying under vacuun at
500, they were gtouvg. over PECﬁ'

The decree of  olymerizotion T vas élaculated from the

5 =
equations [M])= 7.51 x K™ (i vater, 3003))) except

ha

£
for sanles of I=-1 and =2, Tor {hese o soomles, e
equation could not be uscd, since rs of ilcse pol;mers were
too hiph for the esunldon to Lo appilcd. Therefore, they
ese estimated indirectly acouaing that Ts of thece sanmples
were precisely equal to thome of “Vic, which was obtained by
acety lation of these *Vi. Tuc value of ¥ of ¢ ese acet, lated
VA wags calculated fronm the following ecuations: [7:]= G891 x

= rh [
1677 x B O (in acu ltona, uugf)’).
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2..) Irradiastion rrocedure and feterrinotic. of Tel Foint

They are neari, ciclilar o touse desecrited previouzlga).
The tenperature during iszacdiation wvac about A°. and the dose
tate was l.45 x 105r/hr. A1l solutions before irradiation
vere guite itransparent. irradiation was car:ied cut in the

-

cbsunce of .ir in 81l ¢ ses.

3. tecults ond Discussiun
541) Cffects of Derree of Poly lorisation snd Concent ation

on Gelstion

Fipican dogses necded foo ineijplcnt gelavion, 1l.Cey
celation dogen, nie plotited i:: Vigze 1 orairat the poljaer
cenconerntion for the eraples i vinr vouodiocus initial de ofces
of polyiesizotion. vident ., aill the cu:ves in i . 1 2ave

tne sicilar ghace to tncsef) found out vhe.: @ nulver of (ol -
mers were liviadiste’ Ir aucecun cilutionsy eyond a certain
concentracion gelation ~orunstly cecurs, and the gelation dcue
decrenses very ooarpi, with the coscentraticn andg thewn after
roachin, a miciosun it increases agaln sethior stloidy. “he
ceritical e¢ou ce:stratlicn, Lelow wlhich gel cannot be formed

Dowe sor laige o dose 1 used, 42e.8 W0 be soueununt &a.igjuous

fron the chage of cuuvos ia Wiie le doucve 4 tugy could be

deterainud very defiuitel, cinece thc solutiong never c.iivited
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polymerization on elntion dose .. for VA irradiated in
deaerated asucous solutions. “he number in rorentheses

represents the initial o roe of ol uerization.
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gelation when irradiatcd at the concentrationc ¢ only O. 1%
lower than the critical concentration. At such low concent—
rations taec i:wo'ilated solutions wvere 4ro:3  irrespectively
of the derree of pol ynmerization of the caaplec used, indicat=-
ing; the foemaillon of iuinn=.ulecular cioucclinliing.

The critical concentr:.ion as ¢ Tunction of dejree of
pel;ueization and limitin: wviscosity nunce:r of unirrndinted
FVA is ghown in “iig. 2 and 3, respectiviolye The de cnicnce
appears in either case to be lincar as o “irct arczroxi.ation.
The observed deviation from ince lirnearit; may Le due to the
difference of the degree of fracticmation rather than to the
difference in the coly.crization condition ur oo which tho
original i'vAc wag preparcde. The relativel; 1o, ¢ deviation
of slots for -0 gample may be a.cwibed to its Leing rou-hl,
fractionated becaune of firal fraction.

-

The linear rclation ovpcerved in i« 3 ¢ be given by
; .
(719 2 0. (1)

where Ccrit ie Jie eritical concenteotion for iel=formabtion
-

and the pol,rcr concentraiion is cxprescsad in [/10Ccc unit.

ouy we will discuss briefl, the equation (1). S3inilarly to

29""’)

the treatment in i xovious anrers s we will regord the

rol, zer ceoll in dilute gelutions as 4 suhiere. Cn arguwring
that these spheres exist in solullonz iv thne elowi=y cked
struct.i ey the averapc distance 12 potuces L 0 noleculer
centers at a pol;.icr concentraci. o C and for a zoleccular weisht

< Y65 =




:\QR_ i
C CI‘it - L _‘-"—)NH TR e —
(:.';H\ e )
() ™ Q \“‘x,‘h_\ _
@] \13~&‘
-Q__
L el e
' - -
Cofl f L. fo ‘ L R — ,
Ao W~ 1 1 2 xlo"

Jime 2  Relation Letween critical concentration Cerit,
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nolymerization.
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Miss
Ryp = ( _lggﬂ_.\f§ y1/% (2)

where U is Avoiadro's number. For C = C = 2R

crit.”? R12
where RC iz the rodius of the olyaer molecule, hence

c,

C

- dgde ., (3)

JLC

crit.

The limiting viscosity nuuber [ ooy be we urdod as a neasure
of the ratio of the effective hydroc;nmiic velune Ve (VecﬁL;ha)

of the Jolymer tc its .:olecul~r ueichty Lot is,
; 2 .
[l oo . (4)

And tihe [7]—? relaticn for VA in aqueous :olutidcunes has been

determined as

7 - C‘."\:;:‘ 5> o
(d o< &y (5)
Then, by coabining (1), (3), (4) and (5), we find tuat
Ry o< 107 | (6)
m o W92 (7)

Jotii eguationg indicate thai tne radius is nearly rroportional

to t.ue sulare root of the wclecular uci it
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5e.2) Dimension of FVA [olecule in Aqueous Solution

If it can be taken for granted v:nt ti:e main-chain
scission vccurs to a nep ligible extost during i:-adiation,
the r:diuw of LvVa in solution can be evaluated from the
equation (3). The .oucibility of seission in, now, supposed
to be quiic negligible because the dose uscd here ~we such
smaller v, a factor of scveral tens than thoge reqﬁped to
desralie selid VA detoctably?). Furtheimore, the facts that,
in the present case, air is elininated cuinleved, from tie
solution, ard .ot the rice observed in the curvec in Fir. 1
is in all casen vily crarp, 23, provide also a su.port for e
cusonee of Lhe weizsicue. de A Di@ugD, also, cuurcluded that
dejradation did not ceccur, based on tre viceosity chionse of
PVA solutions irradiated under the sa2ne corditicn as ourse

Ly rewriting (3), we o.inin

??G = lC.-93\1T—{-m ’ (9)

crite
whele RC is ez vesged in A,

jiure 4 is a double loparithoic plot of the :rsiius of the

polguaer s here caleuloted froo equa.i.a () against teg.ve of

==
polynicrization. tor cuzosarison, radius .7 oyrationy 7
aw. uydvod,naic effective radius &y wewve 7190 ploited.
As can be geen from @ 1z. 4, RC would be said Lo nave about

4. same order i magniiuc s as ot 6 o and v 3 .
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(A)

100

Radius of polymer sphere

1C.
2 . ull -
it 10 17 1 3 x 1<

s & aciue of polymer sphere calculated from the

ol

dats of crosgslinking and viscosity.
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3+.3) lMechanism of Crosslinking in Solutions

The radius of polyaer s here calculated by regarding the
critical concentraticn as the minimum concentration, at which
overlapping: of polymer cuils berirn:, was nearly prmPa;tional
to th: hycrodynuiic rotius, ‘hip fact moy ("ive a certain
evidence for the ascunption concerning the sin;:ificence of the
critical concentrationa It is ~robably because t-he meaning
of the critical concentration has n:t been made clear that a
satisfactory cxnlonation hac not been (ivenr concerning the
mechanism of crogsliniin. in dilute zolutions up to datc.

If the eritical concentracien can be rorrrced as the minimum
concenuviaticn of overlapping as described above, t:e unoizlous
concentration dependence on c¢rogslinting coigerved in i« 1

car be capduined oy the follovinr sinple lechanii.. We will
treat, in the preuent chapter, mainly ituc croooclinking occurying
in the concentration run ¢ cbove G .. o and the 4.unils as

. i Al e

to the crossliniing below C will be . regented in the

'crit.
subsequent chapt_ i

When the ercsslint ine mechariocs in agueous cclutions is
concerned, the indirect effect due to unter siould be walen
into account, firct of 21l. Howeveory as the concertencvion
of the solutions beco ¢ relativel, Jlow, centuect or cverin: .in
of polymer coils wmay GLoct @ a more inportant focter for
crosslini-inge than the indircct effcct. In “i. 5 a seienctic

representation of the rolative locotion of each polyner
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sphere in soluticen ic itiven. When the concentration is so
low that the sphere cur ot intoerfece each cother cu is
illustrated in "i;;. 5(a), the forinti.n of three=dimensional
net=-work gel will be i :0ssible undoubtedly. In the case of
a noderately concentrated solution as is shown in “i-, 5(b),
where nil pol, . spheres Juct are in contact witi: each
other in ihe solution, a continucus macro-; ¢l can be formed.
The concentration at this point corresponds bto Ccrit.'
As the solution becomes more hichly concestrated as shown in
Tige. 5(c), tne effect of overlap in. will be less izportant
than the indirect effect as i"'r as tie concentration depcndence
iz conceryzi, because tno inter-molecular crosslinking can
occur ruadily in this case. The influence of this over-
lapping on the creosslinitinge in golutbtions is howe gualitatively
by a curve (a) in "ige. 6. “or eonveniencce, ue uscd the
gelation dose as a miasdce of the rote of crourslinkin

Next, we will congider ) what tyne of r-actionn the
croonlink 1s foilcle e have found, in t e grevious studiesg‘le)
on the rajiisiico=inliuced crosslinki.. of warious ool mers,
that H* and CH* »voduced b, t:e¢ cction of radiation on water
play an important role at tue croselisiing reaction.
Fanely, the crogslinking may be formed perély by counling of
tuo polymer radicals thich are cr.cuced as a weoult of
hydrogen abstractien from thie poigox chain by U o .d OH-.

The reaction schese is thens:
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(a)

Ry (b)

(e)

C

Fige 6 chieutic representation of concentration
Cependance of the overlappin: effect(a) and
the indirect effect(b). (e¢) reprasents the

resultaent effcet of thezme btwo factora,.
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)

H20 radiation : H- & i3 (1.{ )
Lo+ H2 (11)
¥ + OHv o+ LLPD (12)

L+ U

b’

B4 i = £ o= (1%)
where ¢ repuresente the polymer molee i lee Iin addivion to
these resctions, the cre.clinking sgy be parti, formed ., the
rapcticn of P+ produceu from polymers by tvhe di.ect action of
radiation:

rodistion .

i ~togiation , . (14)

P+ > i e I (1)

The formation of crocslin-ing through t:ie rcnetions (1U) teo
(13) is cornerally called "indiiect effecl’y and vuat thurcuzh
(14) and (15) "direct effect"s CObvicusly, the indi.cct effect
depends cii the poli,iei cuigoutraticn, vhile ©..e direct eifect
does nocte 1t has been poescrall, acce 4~ that in dilute
solutions tae ciruet wi-ect ic al .ost ne ligivle clunarec vlesk
tue indicect eifecue The coucenvaneiva desenawulge on tuce
indiveet offect will Le ciwwn gualitativel, by a curve (k) in
Fige <o “he gtegsy incicase of tho geludion lose with
inercasing oliymer concentration is duc to the incr:ecing
amount ¢  H. and Ch- pcor colymer aclocule.

Goolining thezse two curves of (&) and (b), oue cui obtain
a curve quite similar vo those in /ig. l. Tuls incicaties
that tiie cros.linking in aguecus sollvi.ns 1o goronsiy
influencea vy the degree of cveurlzgs.in, of the Sl oee coil

in t:¢ =i borhood of Cc*‘t o Whe.ezg in vie nmore concenirated
LLElUe
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solution 1t derend: exelusively on the indi-.ct cfiect.

It is, of course, very liicly; that, hesiles these two effecte,
there may be a few factors influencin~ the concentration
dependence on cros:slinitin-, lain factors among them mny be
the mobility of - cly cv serments and the Jdizensicn of polymer
coils. Iiowever, these concentration dernendence i- sguy csed
to be ne; 1i ible compared with that of tie indircet effect,

excent for the ni.h conecatroticr renge.
3+%) Indirocet “ffret

Althourh it is very impocrtant to estimate the indircct
effect quantitatively, only fau at%ewptsv’ll) have becen done
rechnbly because of the uncertainty of the machanism of
reactions which are closely rcolaved o the indireet efiecte
1n order to avoid «iT7icultiesn in calculntion, we will discucs,
here, the crogssliniii, ccoureing in ithe concentration ranie
such

relatively hirher than the C ¢ 8ince rear thie C

erite. ‘erit.
fuctbors ags the deree of ovryrla: inge stoulé Lo toen into
account, le shall malre the assuapticns: (1) nolyner coils
*drain thcoush®™ e-ch other s that the sepment dirtboibullon
is uniform, (2) t:e formatior of inlran:leculor crosslii ing
can be neglocted, (%) the crergy; absoxbor direetldy by ke
pol, wei: solecule is completely uscd for the crossliching and
(4) t.e enerry, tx ncTer does not occur.

Let ¢ be the ~clyrer concentration cioressed in ucight |
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and R the radiation dose in roentgen uni . JJieng for 100
gram of the colution, iUhe eancwyi, absorbed by the polymer is
Ric and the cacr y absorbed L, water is "A{10L = c)s A is
the, corversion-i: cvor from rocut < unit o ceve (A = €58 x

@eVe/Teie)s It secms vory plausiole that the ence
absorbed in water, i.ec., A(1C0 - ¢) is uscd for the crou.=-
linking not counvleiocly, sui only partly. Thcu, the total
energy actually dissi avex for the crossgli. ing, is {ivewn Uy
4 = uae 4+ ALY - e) (1)
where k is assu.cd tentaiively to be .:.iu crnd .zt of c.
ihe firgt voos in the ri ht cide of toc e_wation (1iu) is
related to tue diroct effeet, and the second vei. lo the
indirect effect. The nunber of pelyaer wclecales which ave
preseict in 100 gram of the soluiiuiy, is elifi, 80 thint the
energy .ci 0lyamer mclecule is

A ACINE = o "
£ = = +cf:i/1f!( - (17)

Therefore, if wo define ting ciiciyy reyuired fuw o 2 foriation
of a crosslini as uc, t: o zusber of cro.clinks per polyusor

moleculs ig
g L ALLC —c) (1.)

_ . ‘ . i 12 5
according: to The thcories propcseld by Je He Stoc.viojer ) o

A Cnarlczhdlﬁ), the incirdient i(elation occurs when thewe is
one cr.ssllinl. or two initial molecules and when Ui, have

initially, a uniform nolecul = weicht dlstrisutiong
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that is

v = 0-5 (19)
Thus, if the geloaticon dose is denoted by "¢, we find that

1/Rg = 2Al/7Be (10Ck/e + 1 = k) (20)
or,

1/Rpl = &H£/§CH Gc(loek/c + 1 = k) (21)
where Mb is the .olecular weight of the moncnmer unit and Gc
is the G=value for crosslin: in:, in other wcrlis, the nu.iber
of crosslinis formed ¢ 170 e.7e Of eneriy . The equotion
(21) indicates that Rg i~ inverscly pro;crtiohﬁl to T of the
camples, if ¢ = coni:t. As ¢:n be scen from Fir. 7, which is
a double logalith=ic nplot of Ay at tie 1.0 & solution against
F, the relation "X 1/T is ocbtoine? as oxcet e
Furthormere, accor in te the eyusrtion (21), the plot of
1,77 a:sinst 1/c should zive a straight lire. Yy epplylns
this e.wution to the date in Fise.e 1, we oltoin o strai;ht
line shewn in Yire 8 in pood arr coent wivi the theorye.
From these resulis, the above assutcotion that k in inde cnident
of ¢y is found to bLe truc. ?he slope and tie intascoot of
this s:xnisut line siow Tiat G = 62y -, = 1. c.Ve and
i w CeCB5e

@ sha'!l define tuc fraction ¢f inciroct effect fi such

e
Oy
1o rnet of fogy ,
f.- 5 = e DA daemirde T ey (22)
1ile CAEO0E 8 Gt # ABEE G i 8l
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Then, wec outain

k(100 ~ ¢
fing = C + | - (25)

By substituting k = 0.05% into the equation (23), and ;lotiin:
fin. aj;aingt the polyner concentration accocaing to the
equation (23), we obtained 2 curve shovm in “ire. 9. It

i licates clearly that the indirect effect 1. wvory iportant

in the low concurivvation range, while in tze hichly concentrat-
ed colution the direct effect becones more ominent.

Hitherto, taiz feature _uneciall, ous »ved serlainine to the
crogslin. ins and degredation in agueous scluticn has been

described only (ualitatively s
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Chapter X
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l. Inirocuction

In the previous chavtor, e nave invostipateo t.e el:tion

of poly(vin, 1l alc.uol)(i¥A) ir aquoony sol-tions, -rnd observed

were below o critical violue, n - ¢c.w= 21, nrzel, , an infiniie
nev. il could not ve Tuitizd b, 2y 0.2 1t wno corcluced Lont,
at th: critical concer oition for gelation, all vol;ner spheres
Just verin to ovelap enca oter in the sclution.

Theoy 1f the sclutions ace i.rrdlsted celor the criticul
concertration, iiow coulu tu¢ pelyace be chan ed? This sveblen

heg beentreated by 5 nu beoy of worker., such = Bervi itch et al%

) 3) Y8
9

Dieug y dereus fi:pler' g 8aNG77 GUCe nowevery all of uen
stucied onl, briefl, aznd, besi s, taeir results were nmot wlwyrys
in a;reemnent wwith =»-c¢h cthers',

In orier to wrevice a setniled ,ietuvze of the rdistion
effect on poly er sclutions below the coit’cenl concentraiicn, a

seatcaatic stud, wos curricet cub 7o biorou bl Cfepusned oo uoctug

solutiong of FVA,. The nrecent paner ig 2lgo concerne . :ith

varicus o orties of toe irradiaten VA thua obuasined,
2e serinegntal
2.1) riateri:1

The rVA used heooe ig the sanple @ =4, sioce choructeristics
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LHk deccrived in the .oovious chapter, e 11 iting: vigcesity

nunm.ex [QJ and the viucosity=_vara, e de;rec of poly erisation .

are Celll and 15(i, sus.cctivel,.
242) irensiatici of siueous solutiors ond iresdiation ' rocedures

These are guite ci:iler to tnose deleciivew [ weviouol,,
e..ce.t the doue vate, wnich 1s aprrouizatel, l.d% = 1C5r/hr in
the .resent stuly. LI ofinticn wos carried out in wost cacces

at room trucerature (about 209), wit. an exce:vion of HY..
2.3) Viscosii, ncasursnents

an Ubvelulite=iype viccometer was usoed for diue meacaic .cnis

in vatcr at 209C, unleuss cthervise specified.

2+4) Lurbiuit, we:nuresents

Intencities of scattered lights ir the <irvecticn ov S(°
from the incicent 1i Lt weie ucmsured at roo: teiperature usinge
a ,hotoelectiic Lurbidl wter., xperinental dats weroe esrvessed
by the value of rel . ive bturbidit, [, wiich uag definea uy the
followin,. e oationy

T = 2505 log L /% (1)

Jhere Io and Il are the lmeensitie. of 1i -0t scutterca iron

the solutions Lefcre and oftoy irvadiation, ve weetivel;.




2.7) Reaction of tne irradianted (VA witn s1lkali and ccid

lal.. or :Cl was sdded tc arjueous sclutions of VA, the

final concentration hoing acjusted to 0.l oo the selutions

thius obtainced were hested on o boiling: woter bath f<r 5 hrs.

The polymer concentration durini, the reasction was C.l.

2..) Acct, lations

deet, Javicn of VA wuis ¢priied out under n more zgvere

)

coriciticn char uaual ones .

he roactioer

mixture cuntoiring

on:z: :uort of FVA, 20 :arte of acetic¢ anhydride cud 40 oarts of

=

o,ridine was scaled ir tubes
were alicvwed to stand «t JLOC
incecsoestly; in an oil Lath of
reactant wes then nource inte
separatec anc vouvified, The

from ire wei:ht cion:» hefoya

2+7) lnfrared spectr- 1angu.e

AR Al Cell o Byve infiarved

a bal.l pricme Infraye.: cuee!l

of the tVA.

urdcy a niteo oh

al

for % hrs,

aeie

atmosiere, w:ich

then rotated

1109, for 15 er 3 higs The

woter ‘nd tue occiylated VA wags

~ents
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2es) swelling wensurocents

&

Derrees o7 swellin: were measured u, imacesipg (VA Iilm
in water at “0°C for 40 hrs. Tilms (thickness; CGe o) were
prepared. by costlins the pelymer solution on glasspirte and then

o

dried over r?65 at 20°C for 2 do,se. hie, were used for the

swellin,  measurement wit.outl ary hevt treaczent,

2.Y) hepag, diffractions

iw-rcy Jiffraction catterns were obbtrined with niciel=Tiltered
Cu K, radiation (40 kV) usine a flat ecassettse. The distance
between the samvlc and e nera wos 2.9 cmy and the tuicinese of

sanples wags about 0.2 mn.

3,1) Viscosit, charnpe under irradiation

3.l.1l) Ivradiation at 20L9C
“1 « 1 giows the chaorge in [Q] occurwing Jsurizn: irradiation
of azueous colubiong orf vourioug wolynar concerntrations.

iscosities of iryandiaied polyilers were neasured i water at 309,
In t:e weovious chapter, the critical concentyution of tuis poly-

e was found to be CGe e The soelutions of lower ¢oncentroticngs
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Viscosity clzance of agueous colution of FVA irradisted

at 20°C. Viscosities were measured in water at (o ,
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than (.22, became turbid upon irradiaticn and tne value of [7]
decreased with ivercasing ose. sebieils of this phenomerion
will be given later. solutions vy Jicoted with a dose of
%5 x 10r became lig te.roun.

uieuﬂ‘aj and DannoBJ obtained diffeient results from ours
in the range of small dosess Their results incicate thist
gsolution viscosit; decrcases at first with rouisticn dose, nnu
after veaching a mini. uwa, inc:seasco a alile “hereafter, viscosit,
chan, es yuite sinilarl; to ouirs, “he reason for the vigcosity
decreasc o.uerved in their ca-es wma; be that air was not
thorou, :1y; eliminatced from the soluticng for irrsesistion, hence
causing: the woiuec.ain sciscion through HOé until the digsclved

air was completely czhinunted.

3

QiQU“) ougserved furitncruore, that the naxiua of curves in
Fige 1 disapicared uaen viscogii, was measurel ir the .iied solvent
of water and diownaice He zscrived the incresse in viccosity in i

I

vater to association of gnvoral polylier scheres by hydrocen vonds, h
which wculd be destro,ed by dicinne. r

In order to examine iig result, the viscosities were meagured
in the nized solvent of wate. nnd p=pre-ancl, since the lovter is
taou, ht to dectro, tiic h,ev0iar bonds wore powecifull, than dioxane,
The resul.c cre shouu n . 1ife 24 wiere curves have a ciuailar gusne

3,

To titse i Yiile le FurtiiecLnocse,, vigscospiv, measurenents ove
carried out in pure water ot an cluvated Tengerature of 5%, as
the hydeoren bonds of V. in agueous gelutions have Y€en found

to uLe easily broken es.ecially at tedperstures higher than bO°G7).
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Fige 3, where the viscositico measured at U592 uere plotted
apainst radiation doge, alsc imiicates lhe ozoe lendency ags that
shown in ltigs. 1 and 2. We found that the viscosity of 1CC,
aceb, icted PVA obtained from tie irrodiated PVA that rave the
2exinun M7 is Richier than that of UCw acey,lated VA from the
unirradiated IVA, Thig finding, o ether wit: Firs. 1, 2 and 3,
i'ives a strong evidence +or the .rc ence of wlyner moleculoes
bound to etho. L, pirimer,-.alcicc, in ctler words, for the

foointion of intev= .« lecular crosslinkin; vy radiaticn,
2.1.2) Irvadiaition at _H0%

Since tiie rodictici effect cn wolymers in scluiicros is
likely to de end on the ciate of colutiocuy ircadigtion war corvie
out at an elcvétc.temperatureUT 459C y where the aauecus golution
of VA may be morc stable than at roun teiinerature. Viscosity
cnanges are ; iven in Fife 44 w:iich does not showv qualitatively an
features different “ron Fif. 1, inticating ti.ot the difference in
the stalte of soluiion uetueen 2C° and 85°C -does not ceszenticlly

affect tiie rodiation effects,
?.2) Turbidisy of ir.adiated solutions

As desecribed in 3.1), solutions occate vurnid witen irca iste
under certain condicicnce The xzlative tarLidit;, T is lotted

in TMige 5 azainsgt the ealiaticn doge for e golut ons irvadiated
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at 20°C, Comparison of Fir, 1 with vie 5 in.icates that wue
solutions become turpic, only wien the sclution viscogit, beping
to decrease with raciation dose. :he golutions veouoin turbid
after heating at 100%.,

It shouldbe recalled herc that a.ucous solutions of poly-
acryliec aecid we:e algo found by usa) to bocome turbid unicw
irraediation in vacuo in the nresence of faCl. Then, it woe
concluded fron the verlous necasu:euents thet the origin of
turbidit, should be attributed to tie formation of intra-nolecular
crogslinizing,. These resultc su-est stronrly that Uhe intio-
mqlecular crosslinking may be fcrued also in this present cnce.
This su;,estion will be Jjustified by v:rious uurcviiental

evidences dencribed in the subsequent pavarraphse
3¢%) Reaction oif the irradistoed VA with laCo or il

The values of [’EJ measured Lefove ane after ne ting trne PVA
in alkaline and acidic a.ucous solutions are given in Table 1.
[7]560 Qﬂa'Llepcﬁ denci.e the liniting viscosii, nwibcs before
and after heatvin, . resgsectively. The £V saaples uscd for
these r_acticnz are the unizrasdlaved and i.radisteie. “he latter
VA was obtained b, irra’isiion in C.18%4% sclution and uscd
throuzhout in the e:xoeri.ents described newcalitor.

As is cvicent fron Table 1, the irracisted FVA un'cg. oes

no ncticeable cheaical chanies L, bthcce truousceiits uithin

excoriacatal ercor, incicating that sucih bonds as cesicr, carbongl
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Table 1
Viscosity Chance by the Reaction of Iri: iated PVA ith
Alksli and Acid. (Heating, 100°C, 3 hrsc; Pol;mer Concentration

e 0.1 3 Concentration of 3clution during Irradiation = C.18%!)

Vose(lr) Alkali or Acid concentration [njioﬂ Pﬂgcgo

O O ' [ 2 41 C«8C

G o4C 17 - HC1 1.8 1.C
" 111 - NaCH 1.2 Ce8

1.0 v 0.59% CeS5
n 17 = HC1 Ce53 050
" 1% - Walll C.56 Ol

an.. other weak ones whick can be clenved eacsil, uy; alkali or

acid, are not vractic~1lly formed under irrzdistion.

Bei4) Aceiylation of the irradiated FVA

In order to ascertain whether all CH rroups of tile ire
r-aiasted FVA can be acet, lated, acecl,lation was curried out
under & secv.:ie conditicne. The results of acciylation are shown
in Table 2. Since there is no difference in the degiec of
acety lation beuweer 15 hrs and 3C hrg, tas ccefylati-n rcaction

can be considered to hove come 1o the end before 15 hic. 1t is

N

interesting to note that, in the case ¢ samples 3, 4 and 5, the
final products did not <iszolwve in the recetiin s, oton.
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Table 2
Depree of Acct; lation and Swelling; of Acetylated LIVA

(Concentration of Solution during Irradiation=( .184,.)

Degree of Acetylation vepree of

Reaction tiwe 15hr 3%Chyp Acetone at 50°C

N

& v

C L 1CC .5 —=r
Gl o 1.22 11,0 —
Culz 2450 99.2 21,8
C 4L 1.%2 75«3 79.2 22 6
1.0 C.572 £7.2 Gl 144

Tchle 2 indicntes that all the OH (roups cannot be acetylate

ed in the casc where [Q] of VA decrcages vwith radiationh ~oscC.

| &

The findii that the acci,lated FPVA's obtained from sa:sles %, 4
ait 5 do not disrolve in dicetiny, 1 sulfoxide, citlorofcin, amd
acetone, but only suoliﬁn them, ives @ stron. scupport for the
fornation of iniru~-olecular crosslinking, nacly, ticio= ¢l
particles. 1t cannot be cencluided, ho cver,y onl; fiom this
recult that the intra-molecular crosslint.inr makes the CH groups

-~

less accessibl

@

to tiue acetylatlen reaction, The reason for

b
=

t2ig is that irradiotion its1f ma, have alwxza:y chonred some of

OR STOUnS into other ones such 23 noit To e asle to be acet;ylateci
3.5) Infrore. spectra

whether the ircor . lote acet,lation of the irvadisted FVA
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should be attribule to steric hindrancc due to the crossliilzin

or to partial diseopiecsronce of (il [ roups irradiation, wua, be

elucidated to some e..tent U, measu.ementc of infrared ci.cctra of
the irradiated PVA. 1 e U srous tihe infrared spcectra ol tne
unisradiatoed cnd irradinted PVA in the wave length rang ¢ 'mere the
obvious chan e of suioctin was obocorved as & recsult of lrs diation.
Numbers 1, & and 5 in I'ig. U corwesoond to the sample cunbers in
Table 2. It is ccei fron Fige © thet the cbsorption ut 5.85 M

(e = o group band) av-e:rs durinr irpncisticn, and fuithermore
tiict the onitical dceooity ot 3.£}A(Cﬂ group) Jdecreases s the
radiationr dose increases. It su .ests that tne imconi:lete

acetylati-n may ve ascribed mai=nl, to the _icaopsenvence of CIH

groups during lrradiciion.

3,.0) swelling of tae izradiated FVA in water

In order to outnin lnowledre concerning the crystalizacility
of the ir:a.iated FVA molecule, the de rce of swelling in water
yac measurec usin filas orepaced¢ from the irzgdicted FVA. The
results ottnined at 309C are given in Table 5, wiich ches Che
increasing: degree of cswelling with radiotion co.c. The ucst
interesting feature ig that thaec fllm of sanplce 5 was so Zin ile
espeeiall, when iniersed in water at 3C°7 that ilie derrec of

gwellinc could not be determine.: by our .ebtrod,. Por comparigon,

fudo

in Table 3 the derwzee of swelling of an unlrraiiated IVA was also

given, whose [1] is approximatel, equnl tc thayv of ssuple 5,
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Table 3
Le ree of swelling (in wt.) in water at 5.9C of
Irradiated FVA (Concentration of Solution during
Irradiation = D,lggﬁ).

Sample Dosc(lir) [13 Degree of :welling

1l C (+803 SeiiH
4 0. 1.32 52.1

5 1.0 0.572 ca »
6 0 €583 7,69

* Apparent Cecrec of swelline

Compariscn of the deo ree of owellizi: of film 5 with thet of
£film G shows ¢clearl, thut the crystalizobiliv, of the film 5
is lower wion thot of unirradiated, ocvdinar, ¥VA (o. &),
desongbrating the ve ence of intro-asclecular cxo linking in

the oaale 5.

%47) ~=ro, diffraction patterno

rhote; rashs of the unirradiated and iry-.lated VA are show
in Fi s. 7 and 8. sharpneczs of ringe of the iira lated TVA is
obviously wesler than that of the unirrvdiated Vi, This
indicates that tie foruer is leocs cr,cstalizable than the latter,

in arrecrent vith the result of swelling neasu’ e.ciliS. g shou

in Table 4, the planc distancez of these W0 Aifferent films ot
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Wigc. 8

diffraction photograph of unirraliated iVie

B 2
L=ppy oiffraction snotbe raph of i:vedioteu rVA.

{pradiation was cuwrie’ out in Coloh  ajucous

solution at 1 X 1 Yr and 2(°C.
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identical within experilental error.

Table 4
vlane Distance (4) of Cr,stalline Fart of LVA
(Concentr: tion of .olutiovrn during irraciation = O.184, ,

Dosec = 1 i« lOUr)

5 A, i Iy I,

u.rlil;‘.l?adia‘teda) ?.'J’:l ”.51 5 0t :7 21 2 .?‘:}- 201‘3‘1 220

Sanmple fiy A5.4 i

il‘ladlate(l‘b ) 7 el 4o 52 - e80 - 2 01?5 2e21

a), b)j; heat=trcate. at 12(°C for 15 nins.

4. Discussion

4.,1) inver— and initio=-clecular crosslinking

In the g:ecouin, Caapiers, it was acsuced that tie polymer
aclecules ¢igtributed "uniforml,M --=irc.: the statlioctical
view ointe= in tdac polutivng s8¢ wunt one was led e a aypoitaesis
of tlie c¢loge.. packing of wiv wolecules. lowever, the local
weviation fro.: this uwniformity wgy Le poussivle ue to the
sroynicn motvion, whicu would give rise to tac collisions of the
moleculcs,

Therefore, in the initial svaie of irradiation, the formation
of inter-molecular c.oouslin iy, ig uaite pousible. neoil,, i

inerwace in viscooil, obscaved ip Fiize 178y s ora, this
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expectatvion. Furthex lircscdiation wo, make t:e local duncii; of
the polymer solecul.: in soluvicng ol her, since each pol,uer
will be intcgretec inte lar: or molecules by the ini.ui-uolecular
crogelincinge When irradiation proceeds to some extent, the
distance from one ¢ zejacent pol,acr spheres becoues so lorrc
that the intra=-molecular crosolinting ccvurs much wmore prefer-
entia;lg taan tue inver=colecular crossli.king:. Thereforc,
gt hi_iter doses, viccogities booin to decrease as shown in "isg.
1~%, as a rezult of formation o the Lniru-aclecular crosslinke
ing, which was 2luicnd, ascertained by various rcsulis desceribed
in 3}.

+@ will tr, toc calculste t.e cveroge nuiter of iritial
i¢lecule contained in a ..olecule of the final pzeiuct, to which

further inteor-nmolecular crooclin'. iy, can odCuT N0 wWOrg, O onlj
? N

ne; ligivly by any hich Coce. let uc assume here that tae [q] -1

)

- £ - 1 » . - -y ul'"i T
rclationship outained Uy Lakajiisa and Zurutacii”’ for FVA can be

applied in this cose and thoet the dejree of pol,ccrizction
caleculater. from tuc relationsi:ip is nunber—gverol Ce Then, we ¢
outain the number-avecia, ¢ nuuberg of iInitial cclecale contained
in a solecule of toe fianal _xoduct, since the nuabers can ove

ai.en ; ) & 4 wliere ° and .. are v.e doive
t n to be egual to ﬁmaxffo, wlhiere max SB¢ 45 OrC U.e devoes

of .clymerizaticn calculated from IMJ and lq]ﬁof wiuc initial

rnax
VA, rvespectivelye. The velues obtained are viven iep e last
coluan of Table 5. Jhezn the coucenirvacivn of the wulutiva for
irrvadiavion @ .poachiecs TO seri,y vhe votic pexhaps aplroicis le

Tiamelys in this case, the intor-wlccular croscliu ing ua, not
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be firiede.

Table 5
unber of Fiimary [olecules Contained in a Vinal

i.olecule. (Irradiation Tenm erature = 2C9C)

Concentrasiicn(fh) EQJm ?ﬁax ?uib%sriﬁrpgimag& oloccule
aex’ "o
0.22 oo o9 o
ColSH 2.2 25000 A7
04100 3 PUS eCee 4
Gelb 1.1 2500 1.7

The decrcase in [Q]“ax with decrea.in: polymer concentration
may be due to the fuoct that as the solution becomes :1ore -.iluve,
the polymer molecules ill be uore apart from coch others and

hence it will be noie Ccitficull to form crouusiiniis.
4,2) Structures of the intra-nclecular-c. osslinked FVA

Pigse. 1™ 4 indicate evidently that tie intra--iclecular
crosslinis reduce ths sise of polymer collz, This tendency was

1C)

also found by iuhn and Balmer who uscc totraniithalaldehyde as

a crosslinizing a;.ent to crosslinlr FVA in cilute acuecus solutions.
1t would e iatercoting to estinate the derree of swellino

and hence the degree of poljynerization beuwcen two ci¢r.clinked
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points ?é, from [1] of the intir=iilecular-crosslinked VA, in
other wc_dgs, micro=rcle,. Calculated wvalues for the micro=icl
obtaincd under irradiation cof 0,134, soluticns vere listed in

Table G, The degree of swollin and TE were calculated using

Table &
Jumber of Intr:u=iolecular=Crogslicl’s Calculated ifrom
Bifferent v ualtions. (Concentration of Solution during

Irradiation = C.184.)

Dose(ix) 1INJ ke Lege cwelle(in vol.) Y Ui
0.17- 2..82 25000 —— o —
G0 2e " 9345 1308 l.05%
CeltC 1.%2 i 52 & 11100 Yal5
G0 1l.1C " Fhat 10690 1.17
1.c C.572 4 £ a8 &35C 1.5C
%+ CelSl " 76 35G350 4.l

instein's formule and 'loiy-.cliner's eguation for swellin;ll).

As the interaction constant M, which ie necescur, for thc cal-

culation of ?c’ a volue of Q.00 was uced which was obtained oy

9)
L

HakaJima and Zurutachi ihe numbers of intro-— i leculur=

croaslinks])EF (=~ Q?c) are also given in the last colunmn.
it is intercsting to point out that such larse decyases in
viscosity, solubility, acciylabilit, and shar-ness of X-.u
diffraction pattern, ave causzsad b, so “clativel, oell a.ounits o

o
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the intra=molecular crosslinks.
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Cheptar 1 : Historic~l boackeground of lhe raciation cieuistry
of poly.ier solutions was briefl, writton, nc¢ tne outline of

taig aisescrtetior uas fiven.

Chavter II 3 sturilen have wecn done on tie effects of fam:a
radiation bothh in air and Im vacuo on ajueou:s nolaticns und
vater=gwollen filas of olyving Lalconul(EVa). ‘The radiation
induced clhian or were fulloyend Ly wie measurcasnts of
Vviscosliiy, ey B0l Ti ctivn and de cee of swellini. For t.e
Jnte.=giiulles filus, reuns - ol diffecences were oLserved
vetwrecn tire ircadiaticn in vocuo and i sir, but ‘or the
aqueous colutions of uigner cuncentratisns there were little

differcicos oeoyeen boil ¢rgec. For vasz irvociavicn of

water=owollen films in air the incdicect =2fact ¢f wuster was
quantitatively i:cue ed. it wac found o, = calculation tra
e eneryy; obsorved by, water wos not comaletel; bat ondy .
of it wa:z uczced for the main chain fracture and tizat the energ
digsivatsd pepr main chain fracture wse aboub o eV den th
aqucous solutions were irgadiated, tioce viscosities ircrease
with dogse and finally, a rel was Tormed iy the sinilar nanner
oucerved in tus case of vacuuneirracdiation of the rater-
swollen filmns. The rotio of the number of frictures and
cro...linkec units, p./dos iner azcd witil the welrnt fraction
tae polymer; tre v lue of p fu, was Ce.:7, Ca39 nnd Co55 at Ui

vei bt fractinn of C.1C, Gl and G.!5 rosvectivel, . “he

- 291 =




results obtained by t:c¢c irradiation of the soluticns coentaining
C.l wt. fraction of oolymer which had becn stood for nome
period before irradiation showed that the sol fraction E Q

decreased with ctandins tiue.

vhenter IIT @ when poly(vingl acetate)(FVAec) was uubjeeted to
camra raddation in various orenonic solvents at e concentration
of 1C weip v %4 the nolymer re . ulted in crosslinking in
methanol ~nd benzene, but in an; other orcanic rclvents
degrodation cccurred predoninantly. Ag the solvents Lecoue
poorer, crocslinking vas nro cted at lou concentrations but
retarded at hirh conecenirations of tae pol,mer. ‘e nost
optimum concentraotion for crosslinking of the polyuer in
methanol sgolution wes sbout 2C.y where it was found that
defranation haral, evor cecuiredl.. «#hen rVAc was irradiated
in methancl=crarie solvent iixiuvres, the rate of crosclinking |
wag r-tarde es the solubility; of the polyrzer in solution wvas
reissd., However, in moihancl-uater cisture., 1o correletion
uas coserver betueer the racdliation-induced cinn es and the
soiubilit,, but the rate of crosslinbing increased ocnotonical-
ly witi inereasing uveter conteout in the mixtures, whickh ray
indicate that woter is a ver, efiective sclvent for crozolini=
inr. The radisticn=iiiuced cianyes were very; slight during
irra‘iation at -9 but relativel, lirye at 70°C. The
minioum dogses needed for gelation in the 10.: benzeone soluticons

were inversely proportional to the decree of polyuwwizetion of
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the initial polymer. It wag di:ectly confirmed that the
dencity; of erosslinked units was -roportional to the radiation
dose, and that crosslinks were formed not only from the main
chain radicels (not end radicals), but also from tie side

chaic radicels.

Chapter IV 1 Poly(vinylmethyl ether) degraded rore easily in
better solvents when irradisted in dilute zir-f‘ree orranic
solutions excehi in carbon Cisclfide, but ir higher concentrat-
ed soluticns croczcsliniiyr,. nroceeded more readil, in sclvents
of lower vicccsitye. Gel was formed even at coucentrotions
below 1 weirht % in carbon disulfide; the critic:l concentrs=-
tion for cel-formaticn wac nenrly ecual to that of un agueous
=olution.,. The critical concentrntion in the case of poly-
styrene in carbon disulfide solution was about Cel15 wWtee
Cn the basis of the observed results, & role of solvent at the
irradiation of polymer in solution was discussed in consider-
able detail, and it was found that the sechanism of radiation-
induced reactions coull® be satisfactoril; exnlained in terms
of (1) formaticn or deactivaticn of nscroradicals by the sol-
vent radicnls, and (2) change in the rate of the counlin. or
the cage=roconbination reactiong crunet by the increase in

nobility, ¢ilution and colvetion of nol,mers due to tie solvent.

Chapter V 1 Jhen poly(vinyl alecciiol)(PVA) portiali_  acetalized

with pliox;lic acid (FVAG) was irradiabed in air-freec aqueous
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solution without added salt, relotion occurred mere readily
and the critical concentrailion for rol=crmation reduced, 28
the decreec of expancion of PVAG increased. However, when
NaCl was added to the solutiong before irradistion so as %o
make the expansion of all PViG's equ~rl te that of parent VA,
the eritical concentrations were crmcticall, identical to the
value of rarent VA, independentl; of their carbox;l group
contentse. Further additicn of the salt to solutions led to
the increasc in relation dose. It was concludc: from these
resulis 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 uolecule wes calculated and conpor=¢ with that
czlculated from the viscosity data, These two showed a
considerable pood a:reement. Jhen PVAG was irradiated in
aerated acueous golution without added salt, degradation was
sromoted with increasine corboxyl ¢roup contuent, while in the
case of solutions contain:iu added salus degrzdation occurred

scarcely.

Chapter VI : Dilute auueous scluti. ns of poly(rerylic acid) in
acid form and in so ium=salt form have been iivradi-ted with
carma rays from a Co=tL souzce in the ~re-ence and in the
absence of air. Chances in gelation dose and viscosity have
been measured, On irradistiocn in the absence of air, rel-

fornation was observed. Both the relation dose and the
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critical concentration for pel-=formation increaced as the
degree of neuiraligation of gamples increaced. The critical
concentrations ve.e (.25, (.32, Cevu and 1.0 whe’y for samples
with the degree of neutraliz:tion of C, 5, 1U and 20,
respectively. when Lacvl was added o the solution for
irracviatvion to diminish the ionizati.n of carboiy,l groups,
selation occuvrciu nowsc readil;, with increasing NaCl concentra-—
tion, if the LaCl concenirution was relatively lowe. [1OWEeVer,
as the concentration ci' [aCl became hicher than C.Cllly gol=
formation was increasingl, sup.cessed with increasing laCl
concentratiun, this fact demongsirates that there ic an
optimum expansion of pol,ion for crossliniing in a:uecous
selutions. Cn irradiation in the prcsence of uir, the polyner
a.peared to dejrade exclusivoel,. “he ui_her iie wepiee of
neutralization, the hi her iic degree of depradaciole IT,
however, 2aCl wvas pz¢ cut sufficientl, in the soluvion for

irradiation, Jde¢jradatiin did not oceccur prnctically.

Chapter VIL : The previous vork hos shoun tant ¢ elation of poly

(acrylic acid) in sulution occurs most resd

pe

15

in acid form in

Ce

the presence of CGe.c 1l NaCl. The present investiiotion has
becn carried cut Lo elucidate in ncre detail the mechanism of
coocslinking occurving in these concentroilon ranpes. The
exveriment was done under tihe nearl; swoe condition as Cescribe
ec in the .icvious caanicre Lezadiotion of tiwe deaerated

golutions bLelow the critical concentration led to main-chain
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scission when NaCl concentration ¢f solutions to be irradiated
was lower than O.,C1l7, However, in the case of the colution
containing NaCl above 0,01y the solutions became turbid on
irra’iation. Detailed studies on ;rorerties of the turbid
solutions have revealed that the oririn of turbidity con be
attributed to the formation of intra-:clecular erosslinking,
namely, the micro--el particles. The shape of the reduced
vidcogity=concentration curve for the uicro=rel was somewhat
different from those of linear pol;{acrylic acic) polymers.
The reduced viscosities of the intrae-icleculsr-crosslinked
polymer were considerably lower than those of the linear
polymer over the polymer concentration range studied; and the
incresse in the recduced vigcosoity; usuall; ouserved at the
lower concentration was very slight in the case of intra-
molecular=crocsclinked polyner. The pil values of the intra=
nelecular=cros .iinked polymer were hi: her tnan those of the
linear polymer. The present stuf, cconfirms the conclusion in
the previous chapt:r that the crosslinking of polyelectrelyte
in agueous =zolutiong can be explained in terms of both the
change in expansion and the repulsion due to ilozized groups.
Chapter VIII: Effects of 2 number of zdditives have been measured
for deaerated an: aeratoel aqueous solutions of FVA. Sy etess
containin~ thiourca, nmeti, 1l cth,1l ketone, ethanol, Fosoé +
0.80 HESOﬁ' Cus0, or F3r have been cug-ined in detail and it

!
was found that thece sl itives modified the rate of crosslinl-
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ing as well as derrocation of polyuers, Cn the contrary,
methanol, KZSO# or NaCl did not have any sppreciable influence
on polymer reactionc, although thelr concentration was fairly
hirh eompared with thot of the former addiitives. The varicus
effects of additives could be explained mainly in terms of
.recombination process and rodic:nl transfer in the casge of
organic additives and electron trancfer in the cice of in-
orrenic additives. The miviaum number of cdditive :.olecules
per initial pol mer wLolecule required to affect the crosslink-—
ing were 0,08 (thiourea), 0.27 (Fe30, + 0.l H,y80,)y 045
(CuSDA), 3 (MiI), 10 (iBr) and 17 (ethanol). Discussion of
the iecharnism of radiation protection and nromotion was given

on the basis of these exeriuneatol resultse.

Chapter 1i : Dilute aqueous solutions of poly(vin,l alcoci:ol)
having varicus de rees or pol,uerization from oC to 1U7CL
were expesed to faama radiation in the absence of a2is end the
¢rossliniiing mechanism was extuined in detail. 1t was found
from the recults that the critic- 1l concentration for gel-

i £ . ‘ollowis. oo  ROrag
erit, can be written b, the followi ;uatic
-G .62

ccrit‘[QVJ = conste.

formation C

where'Lq] is the liiitin; wviscosiiy number of unirradieted
samples, The aszunption that at the critical concontrstion
the polyner snhco2s just Legin to overleop wit. cach other and

array in the order of closed naching could ¢ive & satisfactory
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account of the exrerimental results. llamel,, thc rudius of
polymer sphere calculated on the basis of the above assump=
tion was almost proporiional to the hyurodiynamic effective
radius calculatved from the Linstein formula and redius of
gyration. The rapid rise of pelation dose usually observed
near the critical concentration na, be due to sliyht change
in the de :ee of overlappine of polymer coils. The relation
dose at a fixed concentration was inversely proportional to
the <eiree of polymerization of samples used. Gevalue for
crosclinking was found to be G2 The indirect effect via
water was quantitatively discussed and it was found that only
5.5 of radiation encr:y absurbed ¢irectl, b, water was

actually disgipated for the formation of crosslinizin: .,

Chapter X : Aqueous solutions of poly,(vin;1 alcohol)(¥VA) were

irradiated in the absence of air with Co=iC T-'oys at ver,

low concentraticns guch as Ouléily 04100 and Cei o (The
critical concentrotion for gele-formation of this solution wasg
0.22,:)s 1t was found that at small doses solution viscosity
increased, but after icaching a mexinum, decrea-e’ monotonicale
ly with increasing radiation dosce The increcse in viscoszity
was atiributed mainly to the formation of intGer-— clecular
crosslinking, and the decrease in viscocity nainly te the
intra=molecular crosslinkin, . The cvidence for the formation
of the intig-mclscular crcuclizking was obtained by various

measurenents such as turbidity, cwelling and ¥-ra; diffractions,



In: 'o=16¢. grectra of the irradiated (VA indicated that the
CH groups of PVA iica ., eared partl, during irradiation,
while slight formation of carbonyl group was observed. The
number of in.. =* lecular crosslinks was calculated using

Flory~Rehner's end ir tein's equation.
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