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Summary 

S w e l l i n g  e q u i l i b r i u m  of  c y l i n d r i c a l  ge l s  u n d e r  u n i a x i a l  c o m p r e s s i o n  has 

been  s t u d i e d .  Based  on  t h e  e q u i v a l e n c e  of  the  r e s p o n s e  of a n e t w o r k  to  

o s m o t i c  d e s w e l l i n g  and  to  d e s w e i l i n g  i n d u c e d  by u n i d i r e c t i o n a l  c o m -  

p r e s s i o n  a new m e t h o d  has been  d e v e l o p e d  in o r d e r  t o  d e t e r m i n e  the  r a -  

t i o  ot  t h e  s h e a r  m o d u l u s  over  t he  l o n g i t u d i n a l  o s m o t i c  m o d u l u s .  For  t he  

e x p e r i m e n t s  c h e m i c a l l y  c r o s s - l i n k e d  po ly{viny l  a c e t a t e )  ge l s  s w o l l e n  in 

t o l u e n e  and  i s o - p r o p y l  a l c o h o l  have been  used .  

Introduction 

In s w o l l e n  c h e m i c a l l y  c r o s s - l i n k e d  n e t w o r k s ,  t he  s w e l l i n g  p r o p e r t i e s  are 

u s u a l l y  d e s c r i b e d  by c o n s i d e r i n g  two  o p p o s i n g  e f f e c t s :  t he  o s m o t i c  p r e s -  

su re  and  t he  r e s t r a i n i n g  fo rce .  The c h a r a c t e r i s t i c  q u a n t i t y  of  t h e s e  e f -  

f e c t s  are  t he  s w e l l i n g  p r e s s u r e  which  i n v o l v e s  the  o s m o t i c  p r e s s u r e  c a u -  

s i ng  t he  e x p a n s i o n  of  t he  n e t w o r k  and  t he  r e s t r a i n i n g  p r e e s s u r e  e x e r t e d  

by the  e l a s t i c  ( shear )  m o d u l u s .  This  l a t t e r  q u a n t i t y  p l ays  an  i m p o r t a n t  

ro le  in k e e p i n g  t h e  gel  in shape  by m i n i m i z i n g  the  n o n i s o t r o p i c  d e f o r m a -  

t i o n .  

The o s m o t i c  (bu lk)  m o d u l u s ,  Kos, is d e f i n e d  as 

K o =  ep \ ~ep j T 

w h e r e  r m e a n s  t he  v o l u m e  f r a c t i o n  of  the  p o l y m e r  in t he  gel, 0J s t a n d s  

fo r  t h e  s w e l l i n g  p r e s s u r e  and  T r e p r e s e n t s  t he  t e m p e r a t u r e .  
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The l o n g i t u d i n a l  o s m o t i c  m o d u l u s ,  Mos, is a c o m b i n a t i o n  of s h e a r  and 

o s m o t i c  bu lk  m o d u l i  [ l - S ] :  

Mos = Kos + 4 / 3  G (2) 

where  G is t he  s h e a r  m o d u l u s .  

The l o n g i t u d i n a l  o s m o t i c  m o d u l u s  can be d e t e r m i n e d  by q u a s i - e l a s t i c  

l i g h t  s c a t t e r i n g ,  the  o s m o t i c  bu lk  m o d u l u s  by s w e l l i n g  p r e s s u r e  m e a s u -  

r e m e n t s  and the  s h e a r  m o d u l u s  by m e c h a n i c a l  d e t o r m a t i o n .  

An i m p o r t a n t  q u a n t i t y  is the  r a t i o  of the  s h e a r  m o d u l u s  over  the  the  lon-  

g i t u d i n a l  o s m o t i c  m o d u l u s :  

R = G / M o s  = G / ( K o s +  4 / 3  G) (3) 

A c c o r d i n g  to  t h e o r i e s  R is i n d e p e n d e n t  of m o l e c u l a r  d e t a i l s ,  i t  p r o v i d e s  

i n f o r m a t i o n  on  the  o s m o t i c  P o i s s o n  ra t io ,Gos ,  of the  p o l y m e r  co i l s  c o m -  

p o s i n g  the  n e t w o r k  ~S-73: 

( I  - 20os)  
R = (,4) 

2(1 - 0os) 

Tab le  I. c o n t a i n s  t he  p r e d i c t e d  va lue  fo r  Oos, as we l l  as fo r  R. 

M e a s u r e m e n t s  of  o s m o t i c  b u l k - ,  and  s h e a r  m o d u l i ,  or  l o n g i t u d i n a l  o s -  

m o t i c  m o d u l u s  t o g e t h e r  w i t h  s h e a r  m o d u l u s  can  p rov ide  the  va lue  of R 

63,51, The k i n e t i c s  of  s w e l l i n g  and  s h r i n k i n g  a l so  a l l o w s  us to  d e t e r m i n e  

the  p a r a m e t e r  R 68-103. 

Tab le  I P r e d i c t e d  v a l u e s  f o r  Oo~ and  for  R. These  da t a  are t a k e n  

f r o m  ref .  66,7]. 

q u a l i t y  o f  the  
~os R 

s o l v e n t  

good  1/4 1/3 

t h e t a  I / 3  1/4 

p o o r  1/2 0 
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I t  s e e m s  t h a t  R is a ve ry  i m p o r t a n t  q u a n t i t y  w h i c h  c o n t r o i l s  m a n y  s t a t i c  

and  d y n a m i c  p h e n o m e n a .  In  t h i s  p a p e r  a new m e t h o d  is r e p o r t e d  in o r d e r  

to  d e t e r m i n e  t h e  v a l u e  o f  R by m e a n s  o f  u n i a x i a l  c o m p r e s s i o n .  

T h e o r e t i c a l  p a r t  

O u r  p r o p o s e d  m e t h o d  is b a s e d  on  t h e  e q u i v a l e n c e  of  t h e  r e s p o n s e  of  a 

n e t w o r k  t o  d e s w e l l i n g  i n d u c e d  by l o w e r i n g  t h e  d i l u e n t  a c t i v i t y  and  to  

d e s w e l l i n g  i n d u c e d  by u n i d i r e c t i o n a l  c o m p r e s s i o n .  B e s i d e  t h e  t h e o r e t i c a l  

r e s u l t s ,  t h i s  e q u i v a l e n c e  has  been  p r o v e d  by e x p e r i m e n t s  in o u r  p r e v i o u s  

p a p e r s [ l l - 1 3 , 2 0 , 2 1  ]. 

I f  t h e  s w o l l e n  ge l  e q u i l i b r a t e d  w i t h  a d i l u e n t  is  d e f o r m e d ,  t h e  c h e m i c a l  

p o t e n t i a l  o f  t h e  d i l u e n t  i n s i d e  t h e  ge l  is a l t e r e d  t h r o u g h  t h e  i n f l u e n c e  o f  

t h e  i s o t r o p i c  c o m p o n e n t  o f  t h e  s t r e s s  a r i s i n g  f r o m  t h e  d e f o r m a t i o n  o f  

t h e  n e t w o r k .  T h u s  t h e  s w e l l i n g  d e g r e e  c h a n g e s :  in c a s e  of  a s i m p l e  e l o n -  

g a t i o n  i t  i n c r e a s e s ,  w h i l e  in t h e  c a s e  o f  u n i d i r e c t i o n a l  c o m p r e s s i o n  t h e  

s w e l l i n g  d e g r e e  d e c r e a s e s .  The e f f e c t  o f  d e f o r m a t i o n  on  t h e  s w e l l i n g  

e q u i l i b r i u m  has  l o n g  b e e n  r e c o g n i z e d  and  w a s  d i s c u s s e d  i n t e n s i v e l y  by  

m a n y  r e s e a r c h e r s  CI4-17 and  11-13]. D e s w e i l i n g  can  a l s o  be a c h i e v e d  by 

l o w e r i n g  t h e  c h e m i c a l  p o t e n t i a l  of  t h e  d i l u e n t  a r o u n d  t h e  f r e e l y  s w o l l e n  

n e t w o r k  by  d i s s o l v i n g  a p o l y m e r  in t h e  e q u i l i b r i u m  l i q u i d  p h a s e s ,  o r  

t h r o u g h  t h e  v a p o r  p h a s e  ElT]. The c o r r e s p o n d e n c e  b e t w e e n  a n i s o t r o p i c  

d e s w e l l i n g  i n d u c e d  by u n i d i r e c t i o n a l  d e f o r m a t i o n  and  i s o t r o p i c  d e s w e l -  

l i ng  due  t o  l o w e r i n g  t h e  c h e m i c a l  p o t e n t i a l  o f  t h e  d i l u e n t  c a n  be f o r m u -  

l a t e d  as  f o l l o w s  E12,17~: 

A ~  = G ( r  I - A -~ ] v j  (5) 

w h e r e  n u I is t h e  c h a n g e  in t h e  c h e m i c a l  p o t e n t i a l  o f  s w e l l i n g  a g e n t ,  Vj 

m e a n s  t h e  p a r t i a l  m o l a r  v o l u m e  o f  t h e  s o l v e n t  and  A s t a n d s  f o r  t h e  d e f -  

f o r m a t i o n  r a t i o  r e l a t i v e  t o  t h e  u n d e f o r m e d  l e n g t h  o f  t h e  s a m e  v o l u m e  as  

f o r  t h e  d e f o r m e d  ge l .  I t  is  c o n v i n i e n t  to  i n t r o d u c e  a n o t h e r  d e f o r m a t i o n  

r a t i o , A  e, r e l a t i v e  t o  t h e  u n d e f o r m e d  l e n g t h  o f  t h e  f r e e l y  s w o l l e n  ge l .  The  

r e l a t i o n s h i p  b e t w e e n  A and  A e can  be g iven  by  

A = A e ~"-~e" (6) 
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Let  us i n t r o d u c e  t h e  s w e l l i n g  p r e s s u r e  o f  t h e  gel,to; 

A~t:l = -~.o V 1 iT) 

C o m b y n i n g  E q s . 5 - 7  we ge t  

By u s i n g  t h e  d e f i n i t i o n  f o r  t h e  o s m o t i c  bu lk  m o d u l u s  iEq.1) one  o b t a i n s :  

OG - [ ~ ) -1 /3  

(9) 

This  e q u a t i o n  a l s o  p r o v i d e s  t i l e  o s m o t i c  bu lk  m o d u l u s  f o r  a f r e e l y  s w o l -  

len gel  in e q u i l i b r i u m  w i t h  a p u r e  s o l v e n t :  Ae=l and ~- -~e"  

t d 4~ ) l~=q~ e 

Thus  o n e  can  d e r i v e  R by c o m b y n i n g  Eqs .  3 and lO and  o u r  m a i n  r e s u l t  can 

be w r i t t e n  in a s i m p l e  f o r m :  

R = (11) 

11 

Eq. 11 m e a n s  o n c e  t h e  A c -  �9 d e p e n d e n c e  is e s t a b l i s h e d ,  t h e n  it  is p o s s i -  

b le  to  o b t a i n  t h e  r a t i o  o f  s h e a r  m o d u l u s  o v e r  t h e  l o n g i t u d i n a l  o s m o t i c  

m o d u l u s .  

E x p e r i m e n t a l  p a r t  

E x p e r i m e n t s  w e r e  p e r f o r m e d  on c h e m i c a l l y  c r o s s - l i n k e d  p o l y ( v i n y l  a c e -  

t a r e )  ( P V A c )  n e t w o r k s  s w o l l e n  t o  e q u i l i b r i u m  by t o l u e n e  iT) and by 

i s o - p r o p y l  a l c o h o l  i iP rOH) .  T o l u e n e  can  be c o n s i d e r e d  as a g o o d  s o l v e n t  

f o r  PVAc, w h i l e  t h e  iPrOH has a t h e t a  t e m p e r a t u r e  at  T=S2 C ~ . 
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The ge ls  were  p r e p a r e d  by a c e t y l a t i o n  of  po ly (v iny l  a l c o h o l )  gel s a m p l e s  

c r o s s - l i n k e d  by g l u t a r i c  a l d e h y d e  a c c o r d i n g  to  a p r e v i o u s l y  d e s c r i b e d  

m e t h o d  [12,18 ]. 

C y l i n d r i c a l - f o r m  gel s p e c i m e n t s  of  equa l  h e i g h t  and  d i a m e t e r  ( approx .  1 

cm~ were  made .  Both  the  degree  of  c r o s s - l i n k i n g ,  DC, and  i n i t i a l  PVA 

c o n c e n t r a t i o n , C ,  a t  wh ich  t he  c r o s s - l i n k s  were  i n t r o d u c e d  were  var ied .  

DC m e a n s  t h e  m o l e s  of  m o n o m e r  u n i t s  r e l a t i v e  to  t he  m o l e s  of  c r o s s -  

l i n k i n g  a g e n t .  The gel s a m p l e s  are  i d e n t i f i e d  by t he  C / D C  f i g u r e s ,  e.g.  

"6/100 " m e a n s  C =6wtZ and  DC=IO0 . 

D e s w e l l i n g  i n d u c e d  by u n i d i r e c t i o n a l  c o m p r e s s i o n  was  p e r f o r m e d  in a 

home made  a p p a r a t u s .  C y l i n d r i c a l  ge ls  were  d e f o r m e d  b e t w e e n  t w o  pa -  

r a l e l l  f l a t  p l a t e s ,  w h o s e  d i s t a n c e  of s e p a r a t i o n  c o u l d  be a d j u s t e d  in o r -  

der  to  t o  i m p o s e  the  d e s i r e d  d e f o r m a t i o n  on the  s a m p l e .  D u r i n g  the  ex -  

p e r i m e n t s  the  w h o l e  a p p a r a t u s  was i m m e r s e d  in pu re  d i l u e n t .  The t i m e  

r e q u i r e d  to  r each  e q u i l i b r i u m  was f o u n d  to  be b e t w e e n  3 and  S days .  The 

m e a s u r e m e n t s  were  p e r f o r m e d  a t  s u c c e s s i v e l y  i n c r e a s i n g  c o m p r e s s i o n  

r a t i o s .  The s w e l l i n g  degree  was  c a l c u l a t e d  f r o m  t he  he igh t  and  d i a m e t e r  

d a t a  of  s w o l l e n  and  dry  c y l i n d e r s  on the  o t h e r  hand ,  and  f r o m  the  m a s s e s  

o f  s w o l l e n  and  dry n e t w o r k s  on the  o t h e r ,  More d e t a i l s  can  be f o u n d  in 

o u r  o t h e r  p a p e r s  [11,12,20,21 ]. 

R e s u l t s  a n d  d i s c u s s i o n  

Fig.  1 shows  t he  e f f e c t  of  d e f o r m a t i o n  on the  e q u i l i b r i u m  v o l u m e  f r a c t i o n  

of  p o l y m e r  in t he  s w o l l e n  gel .  

The e f f e c t  of  u n i d i r e c t i o n a l  c o m p r e s s i o n  is a p p a r e n t :  the  ge ls  deswe l l  

u n d e r  t h e  a p p l i e d  p r e s s u r e .  The same  ho l d s  t r u e  fo r  the  P V A c / i P r O H  ge ls  

as we l l ,  The a n a l y s i s  of  da t a  was  p e r f o r m e d  by f i t t i n g  the  A e - 4> da t a  fo r  

each  gel by an e x p r e s s i o n :  

f@ ~P 
Ae(@) = B /-~-e) (12) 

w h e r e  B and  p are c o n s t a n t s .  

I t  m u s t  be m e n t i o n e d  t h a t  t h e r e  is s t r o n g  t h e o r e t i c a l  r e a s o n  to  c h o o s e  

the  above  f o r m u l a r  [11,12,20,21] . A c c o r d i n g  to  c i t e d  paper s ,  B=I and  the  
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v a l u e  of  p d e p e n d s  on t h e  q u a l i t y  of  + t h e  s o l v e n t  o n l y .  At  t h e t a  c o n d i t i o n  

one  e x p e c t s  t h a t  p=-3  and  f o r  g o o d  s o l v e n t  c o n d i t i o n  p = - 9 / 4  is p r e d i c t e d .  

A c o m b i n a t i o n  o f  Eqs .  II a n d  12 r e s u l t s  in: 

l 
R = ( 1 3 )  

! - B p  

1) _ + t I . . . . .  I I 

O.Z i 

0 . 1  - 

I I I 

0.6 0.7 0.8 0.g 1.0 
At 

Fig.  I V o l u m e  c o n c e n t r a t i o n  o f  p o l y m e r  in t h e  P V A c / T  gels as  a f u n c t i o n  

o f  d e f o r m a t i o n  r a t i o .  S y m b o l s :  o; 12/100 . e :  12 /200 ,  xl 6/IOO 

S o l i d  l i n e s  a r e  g u i d e  f o r  e y e s .  

In T a b l e  II ,  a r e  l i s t e d  t h e  v a l u e s  o f  t h e  B and  p p a r a m e t e r s  o f  t h e  l e a s t -  

s q u a r e s  f i t s  to  t h e  d a t a  f o r  e a c h  ge l  as  w e l l  as  t h e  q u a n t i t y  o b t a i n e d  by 

Eq,  13. The R v a l u e s  s h o w n  h e r e  a r e  c o n s i s t e n t  w i t h  t h e  p r e d i c t i o n s  f o r  

g o o d  and  t h e t a  s o l v e n t  c o n d i t i o n s  ( s e e  T a b l e  I , ) .  An a v e r a g e  R=0,32 has  

been  fo t t nd  f o r  P V A c / T  g e l s  w h i c h  is  in a c c e p t a b l e  a g r e e m e n t  w i t h  t h a t  

d e d u c e d  by c o m p l e t e l y  d i f f e r e n t  m e t h o d s .  F r o m  measuring t h e  o s m o t i c  

b u l k  m o d u l u s  and  s h e a r  m o d u l u s  i n d e p e n d e n t l y ,  we f o u n d  t h a t  It= 0,36 

C3LFrom s w e l l i n g  k i n e t i c s  R=0.34 was  o b t a i n e d  [19], [ t  is  w o r t h  t o  m e n -  

t i o n  t h a t  f o r  p o l y a c r y l a m i d e - w a t e r  ge l s  R=0.32 w a s  o b t a i n e d  f r o m  t h e  

s w e l l i n g  p r e s s u r e  a n d  t h e  s h e a r  m o d u l u s  m e a s u r e m e n t  ES]. On t h e  b a s i s  
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of  k i n e t i c s  of  s w e l l i n g  R=0.3S has been  a l s o  f o u n d  f o r  p o l y a c r i l a m y d e  

ge l s  [10]. For  P V A c / i P r O H  ge ls  a t  t h e t a  c o n d i t i o n  the  o b s e r v e d  a g r e e -  

m e n t  is e x c e l l e n t .  

Tab le  II. D e s w e l l i n g  d a t a  of  P V A c / T  and  P V A c / i P r O H  gel c y l i n d e r s  

u n d e r  u n i d i r e c t i o n a l  c o m p r e s s i o n .  The d a t a  are t a k e n  f r o m  

re f s .  12. and  20. 

gel  s y m b o l  ~e  B -p  R 

P V A c / T  6 /100  0.107 0.981 2.34 0.30 

P V A c / T  12/200 0.121 0.995 2.17 0.32 

P V A c / T  12/100 0.17S 0.999 2.20 0.31 

P V A c / i P r O H  6 / 5 0  0.253 0.994 2,98 0.25 

P V A c / i P r O H  6 / 2 0 0  0.149 1.008 3.04 0.25 

P V A c / i P r O H  9/100  0.237 1.005 3.03 0.25 

P V A c / i P r O H  12/200 0.219 0.998 2.98 0.25 

Conclusion 

Based on  t h e  e q u i v a l e n c e  of  t h e  r e s p o n s e  of  a n e t w o r k  to  o s m o t i c  d e s -  

w e l l i n g  and  to  d e s w e l l i n g  r e a l i z e d  by u n i d i r e c t i o n a l  c o m p r e s s i o n  a s i m -  

ple  a n d  a c c u r a t e  m e t h o d  has  b e e n  d e v e l o p e d  fo r  the  d e t e r m i n a t i o n  of  t h e  

r a t i o  of  t he  s h e a r  m o d u l u s  over  t he  l o n g i t u d i n a l  o s m o t i c  m o d u l u s .  The 

e x p e r i m e n t a l  r e s u l t s  p r e s e n t e d  here  are in a g r e e m e n t  w i t h ' t h e  r e s u l t s  o f  

o t h e r  m e t h o d s  as w e l l  as w i t h  the  t h e o r e t i c a l  p r e d i c t i o n s .  
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