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INTRODUCTION 

Radiation-induced g r a f t  polymerization i s  a well-known method 

f o r  modi f ica t ion  o f  the chemical and physical properties of poly-  

meric mater ia ls,  and i s  of p a r t i c u l a r  i n te res t  fo r  achieving spe- 

c i f i c a l l y  desired membrane proper t ies  as wel l  as exce l len t  perme- 

a b l l i  t y  and s e l e c t i v i t y .  The improved proper t ies  are i n  p-art icular  

inherent i n  modif ied nuclear membranes based on poly(ethy1ene 

terephthalate) (PET). The g ra f t i ng  ra te  onto the nuclear memb- 

ranes w i th  d i f f e r e n t  parameters (pore diameter, pore densi ty and 

poros i ty )  i s  d i f f e r e n t  and depends on the parameters.' 

Several papers have reported the inf luence of the matr ix 

thickness on g r a f t i n g  k ine t i cs .  They consider both pre- 

i r r a d i a t i o n  i n  and p r e l r r a d i a t i o n  i n  vacuum.4'7-10 I n  both 

the methods the i n i t i a l  g r a f t i n g  r a t e  V .  decreases and the l i m i t  

g r a f t i n g  y i e l d  increases w i t h  t h i ~ k n e s s f ~ ' ~  The l i m i t  graf  t l n g  y i e l d  

expressed as a mass of the graf ted polymer per area u n i t  of 

the backbone polymer i s  propor t iona l  t o  thickness.' These re la t i ons  

ind ica te  a l i m i t a t i o n  of the g r a f t i n g  ra te  by monomer d i f f us ion .  The 

maximum r a t e  obtained dur ing g ra f t i ng  onto t h i n  f i l m s  i s  appa- 

r e n t l y  brought nearer t o  the r a t e  of monomer d i f f u s i o n  i n t o  the 

matr ix volume. I n  some cases of p re i r rad ia t i on  i n  vacuum the 

l i m i t  g r a f t i n g  y i e l d  i s  not a funct ion of the thickness. This i s  the 

case when ac t i ve  centers w i th in  the polymeric matr ix are suf- 

f i c i e n t l y  s tab le  and do not disappear u n t i l  monomer molecules 

approached them. The g ra f t i ng  onto t h i s  matr ix i s  spread t o  i t s  

1 nner p a r t  

Contrary t o  the re la t ions,  i n  some other papers i t  was found 

that  the g r a f t i n g  y i e l d  increases w i th  t h i ~ k n e s s . ~ " ~  These and 

the above - s ta ted r e s u l t s  are l i k e l y  t o  be described by the 

common dependence obtained by S t i r i k o v i c h  e t  dl.'' The 

authors invest igated p re i r rad ia t i on  g r a f t i n g  of methylmethacryla- 

t e  and styrene onto polypropylene. The thickness of polypropylene 

f i l m s  changed w i t h i n  a wide range of 10 - 700 m. The extremal 

dependence of the g ra f t i ng  y i e l d  on the thickness has been obtai-  

ned. We do not know the papers which deal w i th  the thickness e f f e c t  

a t  radiation-induced g r a f t i n g  onto PET. 

The aim of the present study i s  t o  invest igate inf luence of the 

average distance between pores, which i s  a general parameter 

f o r  a l l  nuclear membranes, on g r a f t  polymerization k ine t i cs  a t  i t s  



i n i t i a t i o n  by the methods of p r e i r r a d i a t i o n  i n  a i r  and i n  vacuum. I n  

t h i s  case nuclear membranes are o f  great  value besause they allow 

the distance between pore wal ls (whiyh i s  equivalent t o  the 

thickness) equal t o  several tenths qf a micrometer. PET f i l m s  

of t h i s  thickness, w i t h  which one could e3s i l y  perform experiments, 

cannot be produced e i the r  commercially or  i n  the laboratory. 

EXPERIMENTAL 

Mater ia ls 

Nuclear membranes were obtained by the known method from a PET 

f i l m  (lavsan, made i n  the USSR) 10 m thiak.13 The pore diameter 

was measured by the bubble-point (d  ), gas-dynamic (dg), and mic- 
b 

roscopic (dm) methods. Porosity was measured by the weight method. 

The average distance between pore axes L was calculated on compu- 

t e r  CDC-6500. Some parameters o f  the nuclear membranes used are 

shown i n  Table I. 

Commercially ava i lab le  double or iented PET f i l m s  (lavsan. 

Hostaphan of Kal le.  West Germany) 1.5 - 190 m t h i ck  were used 

(see Table 1). Technical grade styrene made i n  the USSR was p u r i -  

f i e d  by double d i s t i l l a t i o n  under vacuum. Fi lms and membranes were 

not  subjected t o  add i t iona l  cleaning. 

Methods 

I n  the method o f  p r e i r r a d i a t i o n  i n  vacuum g r a f t i n g  was c a r r i e d  

out  i n  a glass ampoule w i t h  two side arms d iv ided by break seal. The 

f i r s t  arm w i t h  PET f i l m s  and membranes was evacuated f o r  2 - 3 hr  

and sealed under reduced pressure o f  about 5 x 1 0 - ~  mm Hg. Then the 

ampoule was exposed t o  r - ray  i r r a d i a t i o n  from Cs-137 a t  a dose r a t e  

o f  0.75 Gy/sec. Styrene was then introduced i n  the second arm of 

the ampoule, evacuated by means of three freeze-thaw cycles and 

sealed. A f te r  dest ruc t ion  o f  the break seal styrene was brought i n  

contact w i t h  the f i l m s  and membranes. Polymerization o f  styrene 

was ca r r i ed  out a t  a given temperature (T ). 
9 

I n  the method o f  p r e i r r a d i a t i o n  i n  a i r  f i l m s  and membranes were 

exposed t o  r- ray i r r a d i a t i o n  from Cs-137 a t  a dose r a t e  of 0.75 

Gy/sec. Styrene and polymeric matrices were then introduced i n  the 

glass ampoule. Polymerization was ca r r i ed  out  i n  the argon atmos- 

phere a t  a given temperature (T ). 
9 

The gra f ted f i l m s  and membranes thus obtained -re removed from 

the a.poule and thoroughly washed w i t h  b o i l i n g  benzene f o r  24 h r .  

The Waf ted mater ia ls  were then d r ied  a t  60 - 80 OC t o  a constant 

TABLE I .  

Parameters o f  Membranes and Films 

Nuclear membrapes 

Desig- Pore den-1 db, I $. 1 4 . I~h ickness  Porosity 

nat ion - - - - - - - - - - - - - -~ - - - - !~ - - - -~ - - - - - - f i - - - - - - - 1L -~ rm-~ - - - -%- - - - - - - - - - -  l s i t y  N cii2 
I 

0.05-F zxlo9 - 0.05 0.11'0.01 9.9+0.3 8 .0~0.5  0.25 

0.1-F 3.2~10' 0.095 - 0.29t~.01 10.1t0.2 8. l f0 .7  0.67 

Fi lms ----------------------------------------------------------------- 
Desig- 

nat ion I L-1.5 L-3 
L-5 L-10 L-20 L-50 L--190 

Thickness 

1, C411 (1.620.1 2.9+0.1 5.0T0.2 10.2t0.2 2 0 ~ 2  5 0 ~ 5  190~19 
................................................................. 

weight and weighed. The g r a f t i n g  y i e l d  was determined by percenta- 

ge increase i n  weight. 

I n  order t o  separate t.he g r a f t  chains from the trunk polymer fo r  

molecular weight determination of polystyrene (PS), gra f ted PET was 

immersed i n  a sodium hydroxide so lu t i on  (10 mol/ l )  f o r  6 - 8 hr  a t  

60 OC. The trunk polymer was decomposed by a lka l ine .  The remained 

PS was r insed i n  hydrochlor ic acid, then i n  water t o  the neut ra l  

react ion  and was d r ied  t o  a constant weight. PS thus obtained was 

dissolved i n  benzene, the so lu t i on  was f i l t e r e d  through nuclear 

membrane w i th  pores 0.5 p m  i n  diameter. The f i l t r a t e  was poured 

i n t o  co ld  ethanol and PS was prec ip i ta ted.  The molecular weight o f  

the i so la ted  PS was measured by the Waters gel-permeation chroma- 

tograph, model 150C, w i t h  the d i f f e r e n t i a l  refractometer as a de- 

tec tor .  



RESULTS AND DISCUSSION 

1 he curves qf the gra t ted  PS accumulation on the PET nuclear 

membranes and f i l m  are shown i n  Figure I .  The aim of the g r a f t i n g  

onto the f i l m  i s  t o  ob ta in  comparative r e s u l t s  which pould r e f l e c t  

a change ~n the k i n e t l r  paraqeters of  the g r a f t i n g  process on a 

polymeric matrix; without. pores. 

The pethod o f  p r e l r r a d i q t i o n  I n  vacuum i s  characterized by a 

h lgh  i n i t i a l  g r a f t i n g  r-ate V . A t  the i n i t i a l  moment of  the gra f -  

t i n g  time polymerizat ion has an explosive character and i t s  ra te  i s  

determined by the monomer sorp t lon  k ine t i cs .  

The r a t e  of  the gra f ted  polymer accumulation i n  the method of , 

p r e i r r a d i a t i o n  i n  a i l  i s  considerably lower. The growth of  the 

g r a f t i n g  y i e l d  w i th  the g r a f t i n g  time i s  described by l i n e a r  depen- 

dence apart  from the i n i t i a l  sec t ion  of the accumulation curve. The 

l i n e a r i t y  i s  maintained ~n the whole range o f  the inves t iga ted 

g r a f t l n g  time scale up t o  40 hours (h igh  g r a f t i n g  times are not  

shown i n  Figure 1 ) .  

Fig .  I. The curves o f  g ra f t ed  
I 

polystyrene accumulation onto 

f i l m  and nuclear membranes. 

.- 
* & o  t i o n  i n  a i r ,  dose D = 175 kGy; 
rn C 
.- 3 - 5 - g r a f t i n g  by p r e i r r a d i -  
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Fig .  2. The curves of g ra f t ed  PS .- 2 0  

0 accumulation onto the nuclear 

membr-anec. w l th  constant pore den- ' 0  
2 

s i t y  (N = 5 . 7 ~ 1 0 ~  cm- ) bu t  d i f -  

ferent pore diameter. G ra f t i ng  by 
0 5  10 15  2 0  

p r e i r r a d i a t i o n  i n  a i r ,  T 270 OC. 
9 G r a f t i n g  t i m e  ( h r )  

I n  bo th  the g ra f t i ng  methods the current  g r a f t i n g  ra te  of s ty -  

rene increases i n  the fo l lowing order: 0.1-F < 1-F < L-10 (except 

f o r  thg i n i t i a l  sec t ion  o f  the accumulation curves, v i z .  a t  graf 

t i n g  time up t o  - 10 minutes). 

The curves i n  Figure 1 describe the g r a f t i n g  of styrene onto the 

nuclear membranes w i th  d i f f e r e n t  pore diameter and constant po- 

r o s i t y  (about 8 % ) .  To inves t iga te  the inf luence of thickness (o r  

the average distance between pore wa l ls )  on the g r a f t i n g  process 

specia l  membranes were prepared. The accumulation curves f o r  PET 

nuclear membranes w i th  the constant pore densi ty ( t he  number of 

pores per u n i t  o f  toe surface area) bu t  w i t h  d i f f e r e n t  pore dia-  

meter qre shown i n  Figure 2. I n  these membranes the average distance 

between the axes of  c y l i n d r i c a l  pores L i s  constant whi le the ave- 

rage distance between pore wa l ls  ti i s  determined by t h e i r  diameter. 

The mutual l oca t i on  o f  the accumulation curves, as fo l lows from F i -  

gure 2, i s  opposed t o  the case described above (Figure I ) ,  tha t  i s  

the accumulation curve runs lower as the pore diameter increases. 

Consequently, i n  both cases an i d e n t i c a l  r e g u l a r i t y  i s  f u l f i l l e d :  

the ra te  of the g r a f t  polymer izat ion increases w i t h  the average d is -  

tance between pore wal ls .  

The r e g u l a r i t y  i s  a l so  shown i n  Figure 3.  For nuclear membra- 

nes w i th  the constant pore diameter but  w i t h  the d i f f e r e n t  pore 

densi ty the g r a f t i n g  r a t e  increases w i th  the average distance bet-  

ween pores and decreases as the pore densi ty increases. 

For the previously inves t iga ted membranes (see Table 1)  w i th  the 

approximately constant poros i ty  there i s  a s im i l a r  r e l a t i o n  between 

the g r a f t i n g  y i e l d  and the thickness, which i n  t h i s  case i s  deter-  

mined by the average distance between the pore wal ls ;  i t  i s  shown i n  

Figure 4. 

I n  order t o  vary the thickness of the PET mat r ix  broader. 

the f i l m s  of d i f f e r e n t  thickness were a lso  app l ied  fo r  g r a f t i n g  

along w i th  the nuclear membranes (see Table 1). The dependence of 

the g ra f t i ng  y i e l d  on the f i l m  and membrane thickness i s  shown i n  

Figure 5. S imi la r  curves running s i g n i f i c a n t l y  lower were obtained 

dur ing g r a f t i n g  by p r e i r r a d i a t i o n  i n  a i r .  

I n  both g r a f t i n g  methods the same r e g u l a r i t y  i s  f u l f i l l e d :  a t  

f i r s t  the g r a f t i n g  y i e l d  increases and, a f t e r  passing through the 

maximum, gradual ly  decreases. Absence of the sharp decrease i n  the 

g ra f t i ng  y i e l d  a t  the mat r ix  thickness higher than 20 m can be 

explained by growth of the number of mic rocav i t ies  w i t h i n  the vo- 

lume of  the PET f i l m  as i t s  thickness increases. The microcav i t ies  

were o f ten  observed dur ing e lec t ron  microscopy inves t iga t ions  of 
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Fig .  3. The i ~ i f  luence of the distance 

betweer1 pores (L )  and the pore den- 

s i t y  (N) on the i n i t l a 1  g r a f t i n g  ra te  

of styrene. Pore diameter ~s 0.05 m. rvz 
G r a f t i r ~ g  by p r e i r r a d i a t i o n  i n  a i r .  
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/ F ig.  4 .  The g r a f t i n g  y i e l d  

of PS as a func t ion  of the 

average distance between 

pore wa l l s  f o r  nuclear memb- 

ranes w i th  a d i f f e r e n t  pore 

diameter and pore density. 

Gra f t ing  by p r e i r r a d i a t i o n  

0 1 i n  a i r .  T = 70 OC. The gra- 
9 

l g  H(pm1 f t i n g  time i s  18.2 hr .  

F ig .  5 .  The g r a f t i n g  y i e l d  o f  PS as - 8 0  

a funct ion nf the distance between 

pore wa l ls  and of the f i l m  thickness. 

Dark symbols - g r a f t i n g  onto nuclear '; 10  - 2  
membranes, l i g h t  symbols - g r a f t i n g  

.- 
onto f i lms.  Gra f t ing  by p re i r rad ia -  = 20  ' 
t i o n  i n  vacuum. The g r a f t i n g  time: ; 

0 : 60k 0 2 0  - 1  4 hr ( I )  and 13.25 hr (2 ) .  Tg = 
= 70 OC. 

1 0  s o  iiT 
Th~ckness lpm) 

ness lower than 1.5 m ) ,  the i n i t i a l  section of  each curve ~n 

Figure 5 i s  presented by styrene g r a f t i n g  onto nuclear rnernbr-anes 

w i th  d i f f e r e n t  average distance betweeq pores and d i f f e r e n t  pore 

diameter a t  the constant poros i ty  (aboqt 8 % ) .  

I n  some cases g r a f t i n g  was ca r r i ed  out  both onto the f i l m  and 

the membrane ( on cond i t ion  that  the f i l m  thickness 1s approxima- 

t e l y  equal t o  the average distance betyeen the pore wal ls  o f  the 

nuclear membrane - see dark and l i g h t  3ymbols a t  thickness o f  5 #m 

i n  Figure 5 ) .  As fo l lows from the Figure, g r a f t i n g  onto the 

membrane has a lower r a t e  than g r a f t i n y  onto the f i l m .  

I t  a lso  fo l lows from Table 2 tha t  the d i f fe rence i n  the i n i t i a l  

g r a f t i n g  r a t e  onto the f i l m  and the membrane a t  the f i l m  thickness 

(1)  equal t o  the average distance between the pore wa l ls  (H) i s  o f  

~ l n i v e r s a l  character and occurs a t  d i f f e r e n t  thicknesses and a t  dif- 

ferent temperatures o f  g r a f t  polymerization. 

TABLE 2. 

I n i t i a l  Rate of Styrene Graf t ing  (%/set) onto Nuclear Membranes 

and Fi lms on Condit ion tha t  H* = 1 (Gra f t ing  by P re i r rad ia t i on  

i n  Vacuum) 

Di f ference i n  the g r a f t  polymer izat ion ra tes  onto the f i l m  and 

the membrane on cond i t ion  tha t  H - 1 can be probably explained by 

higher defectiveness of the membrane mater ia l .  The defectiveness 

develops dur ing  the etching of the f i lm ,  i r r a d i a t e d  by heavy ions 

the s p l i t s  of nuclear membranes made of f i lms  more than 20 m th ick .  and by UV- l igh t ,  w i t h  the a l k a l i n e  so lu t i on  and i s  a consequence of 

Thus, the e f f e c t i v e  thickness of these f i lms  f o r  monomer d i f f u s i o n  

I 
the d i f fe rence between the etching ra tes  o f  the amorphous and 

i n t o  t h e i r  volume becomes lower than the nominal one. c r y s t a l l i n e  regions of  PET-^^ The growing number o f  the defects can 

Since there were no t h i n  PET f i lms  ( w i th  the nominal th ick-  



lead t o  an increase i n  the rad i ca l  concentrat ion as a r e s u l t  of the 

migrat ioq process towards the formed phase bound+ries.15 an incre-  

ase i n  the l o c a l  concentrat ion Of a c t i v e  centers and i n  the mobi- 

l i t y  of ~acromo:lecular segments a t  these places favours the pro- 

ceeding of  bimo.lecular reactTons between rad i ca l s  (see rad i ca l  con- 

cent ra t lqn  NR i n  Table 3 ) . l h  Besides, the increased m o b i l i t y  o f  

the growing macroradicals a t  the defect  boundaries leads t o  a l a r -  

ger chain termipat ion r a t e  constant a l ready dur ing the process o f  

g r a f t  polymer izat ion (see thg values of the weight average molecu- 

l a r  weight flu i p  Table 3 ) . 1 7  

TABLE 3. 

Parameters of Polystyrene Grafted chains* 

* 
Gra f t i ng  by p r e i r r a d i a t i o n  i n  a i r .  

sample 1 in / 5. 1 ~ i i , ,  1 ~ ( b ) ,  molecu- 

les/100 eV 

The cha rac te r i s t i c  parameter of the g r a f t i n g  process i s  given 

by the equation:18 

rad ica ls /kg  

where G(R) i s  the rad i ca l  y i e l d  i n  P E T , ~ ~ - D ~  i s  the c o e f f i c i e n t  

o f  monomer d i f f us ion  i n  a PET matr ix  (Dm = m2/SeC20p21 ). kp 

and kt  are the r a t e  constants of propagation and terminat ion res-  

pec t i ve l y  (ca lcu la ted from k i n e t i c s  o f  the g r a f t i n g  P i s  

the  dose ra te ,  1 i s  the f i l m  thickness or  the average distance bet -  

ween pore wa l ls  ( f o r  nuclear membranes 1 = H ) .  

The values of a are shown i n  Table 4. They i nd i ca te  t ha t  the 

g r a f t i n g  process onto the nuclear membranes shown i n  Table 4 i s  

e i t h e r  not  con t ro l l ed  by monomer d i f f u s i o n  (onto 0.1-F) or  the 

con t ro l  only begins t o  appear (onto 1-F and L-10). This conclusion 

i s  a lso  confirmed by the values o f  the c r i t i c a l  thicknesses 

lcv and l cS .  I t  i s  necessary t o  p o i n t  out t ha t  the c r i t i c a l  t h i c -  

kness l,.,, calculated from the equation:23 
. 

(where c i s  the equ i l ib r ium monomer concentration w i t h i n  the vo- 

lume o f  the polymeric matr ix ,  V i s  the r a t e  of monomer absorption 

dur-I nq g ra f t i ng ) ,  i s  i n  good agreement w i th  the maximum o f  the 

curves shown i n  Figure 5 (see Table 4 )  

TABLE 4 .  

Some Parameters Ind ica ted Inf luence of Thickness on Radiation-In- 

duced c r a f t i n g  of Styrene onto PET Membranes and Fi lms a t  70 OC 

--_-__--------__------------------------------------------------- 

* lcv i s  the c r i t i c a l  thickness below which the g r a f t i n g  r a t e  i s  

essen t i a l l y  completely independent of thickness, tha t  i s  a < 

< 0.1; lcs i s  the c r i t i c a l  thickness above which the g r a f t i n g  re-  

ac t i on  i s  essen t i a l l y  completely surface g ra f t i ng ,  t ha t  i s  a > 3.'' 

The i n i t i a l  increase i n  the g r a f t i n g  y i e l d  w i th  thickness i s  

a consequence of the g e l - e f f e ~ t . ~ " ~ " ~  as the f i l m  thickness (or  

the average distance between pore wa l ls  i n  the membrane) increa- 

ses, the monomer concentration w i t h i n  i t s  middle p a r t  decrea-. 

ses. This leads t o  an increase i n  v i scos i t y  and t o  a decrease i n  the 

chain terminat ion ra te .  I n  t h i s  case the v i scos i t y  growth e f f e c t  

p reva i l s  over the possib le decrease i n  the chain growth r a t e  as a 

r e s u l t  of the monomer concentrat ion decrease. 

When the monomer i s  absorbed by un i r rad ia ted PET, i t s  swel l ing  

i s  determined by the thermodynamic equa l i ty  of the energy which i s  

released as a r e s u l t  of  the i n te rac t i on  between the polymer and 

the monomer, and of  the energy which i s  spent f o r  a polymer volume 

growth. For t h i s  reason stresses appear w i t h i n  the polymer matr ix .  

I f  the stresses lead t o  reorganizat ion of the polymer s t ruc ture .  



1.t can ~ b s o r b  an addit ional quantity of the monomgr. For quick 

swell ing of the polyher matrix i n  the whole volumg i t  i s  neces- 

sary that the stress value i s  su f f i c ien t  for tension of not only the 

swelled layer but also of the adjacent sublayer. 

During sorption 4 > f  the monomer by the i r rad ia ted PET f i l m  or 

membrane, a tendency to  in~omogeneous swell ing i s  higher beqause of 

monomer polymerization on 3ct ive centers. I t  i s  clear then why a t  

the 'constant graf t ing time the y ie ld  of the g ra f t  polymer begins to  

decrease a t  some thickness. 

CONCLUSIONS 

The graf t ing of styrene onto PET nuclear membranes wi th  d i f fe-  

rent character ist ics and onto PET f i lms  wi th  d i f fe ren t  thicknesses 

has been studied by using the pre i r rad ia t ion technique i n  a i r  and 

i n  vacuum. The experimental resu l ts  discussed above allow the fo l -  

lowing conclusions: 

(1) The graf t ing ra te  of styrene onto nuclear membranes with d i f -  

ferent parameters (a t  the constant pore diameter. or porosity, or 

pore density) increases wi th  the average distance between pores. 

(2) While the investigated range of PET matrix thicknesses increa- 

ses owing to graf t ing onto f i lms, the curve of the g ra f t i ng  y i e l d  

change passes through the maximum. 

(3) I f  the f i lm  thickness i s  equal to  the average distance between 

pore walls of the membrane, the graf t ing ra te  onto the f i l m  i s  

higher than that onto the nuclear membrane. 

(4) The values of the character ist ic parameter a and of the c r i t i -  

ca l  thickness a t  styrene graf t ing onto nuclear membranes and f i lms 

a t  70 OC have been determined. The calculated value of the c r i t i c a l  

thickness i s  i n  good agreement with the experimental one and i s  

equal to  5 m. 
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