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Is a collapse phenomenon predicted 
by the constrained junction fluctuation network theory? 
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The c o n c e n t r a t i o n  - t e m p e r a t u r e  d e p e n d e n c e  of  l o o s e l y  c r o s s - l i n k e d  
n e u t r a l  n e t w o r k s  b e i n g  in e q u i l i b r i u m  w i t h  p u r e  d i l u e n t  is s t u d i e d .  
I t  is shown ,  t h a t  t h e  c o n s t r a i n e d  j u n c t i o n  f l u c t u a t i o n  n e t w o r k  mode l ,  
i n t r o d u c e d  by F lo ry  and  Erman.  p r e c l u d e s  t he  p o s s i b i l i t y  of  a f i r s t  
o r d e r  l ike  g e l - c o l l a p s e  t r a n s i t i o n .  A s i m p l e  e q u a t i o n  is p r o p o s e d  
to  d e s c r i b e  t h e  d e p e n d e n c e  o f  e q u i l i b r i u m  s w e l l i n g  deg ree  on  the  
t e m p e r a t u r e .  E x p e r i m e n t a l  r e s u l t s  p e r f o r m e d  on  p o l y ( v i n y l  a c e t a t e )  
n e t w o r k s  s w o l l e n  to  e q u i l i b r i u m  in i s o p r o p y l  a l c o h o l  are  a l s o  p r e s e n t e d .  

I n t r o d u c t i o n  

The c o l l a p s e  p h e n o m e n o n  has  a r o u s e d  a g r e a t  deal  o f  i n t e r e s t  in the  
p a s t  few y e a r s  a n d  the  c o l l a p s e  of  n e u t r a l  ge l s  has  c o n t i n u e d  to  be 
t he  s u b j e c t  o f  s o m e  d i s p u t e .  For  t he  f i r s t  t i m e  D use k  a nd  P a t t e r s o n  
have p r e d i c t e d  t h a t ,  u n d e r  c e r t a i n  c o n d i t i o n  a f i r s t  o r d e r  l ike  t r a n s i t i o n  
can  o c c u r  and  t w o  gel p h a s e s  can  a p p e a r  o r  d i s a p p e a r  by c h a n g i n g  t he  
t e m p e r a t u r e  or  t h e  q u a l i t y  of  the  s o l v e n t  [2,3]. On t he  b a s i s  o f  s i m i l a r  
a r g u m e n t s  T a n a k a  has  c o n c l u d e d  t h a t  a c o l l a p s e  can  t a k e  p lace  w h e n  
t he  c r o s s - l i n k i n g  d e n s i t y  e x c e e d s  a c r i t i c a l  va lue  [4]. K h o k l o v  has f o u n d  
t h a t  t he  s t i f f n e s s  o f  n e t w o r k  c h a i n s  p lays  a dec i s i ve  ro l e  [S] . 

F o r  n e u t r a l  g e l s  t h e  c o l l a p s e  t r a n s i t i o n  has  n o t  b e e n  o b s e r v e d  expe r i -  
m e n t a l l y  as  ye t .  P o l y ( a c r y l - a m i d e )  a n d  c h e m i c a l l y  m o d i f i e d  po l y -  
( a c r y l - a m i d e )  ge l s  we re  f o u n d  to  have a s u d d e n  c h a n g e  in s w e l l i n g  
deg ree  w i t h i n  a n a r r o w  r a n g e  of  p o l y m e r  s o l v e n t  i n t e r a c t i o n ,  b u t  i t  
t u r n e d  o u t  t h a t  the  o b s e r v e d  c o l l a p s e  is due to  e l e c t r o s t a t i c  i n t e r -  
a c t i o n  o r  f o r m a t i o n  o f  h e t e r o g e n e o u s  s t r u c t u r e s [ 6 ] .  A f i l l e r  i n d u c e d  
c o l l a p s e  was  a l s o  o b s e r v e d  [7]. The i m p o r t a n c e  o f  C o u l o m b i c  i n t e r a c t i o n  
in c o l l a p s e  t r a n s i t i o n  was  e m p h a s i s e d  by l l a v s k y  [8]. 

F rom t h e o r e t i c a l  p o i n t  o f  view, a l l  t h e  a n a l y s i s ,  d e a l i n g  w i t h  t he  
i n t e r p r e t a t i o n  o f  t he  p h e n o m e n o n  were  b a s e d  on  e i t h e r  t he  p h a n t o m - ,  o r  
t he  a f f i n e  n e t w o r k  m o d e l s .  

Due to  t he  g r e a t  i m p r o v e m e n t  in t h e  e x p e r i m e n t a l  t e s t i n g  of  n e t w o r k  
t h e o r i e s ,  i t  t u r n e d  o u t  t h a t  t he  a f f i n e -  and  p h a n t o m  m o d e l s  can  n o t  
d e s c r i b e  t h e  m e c h a n i c a l  a n d  t h e r m o d y n a m i c a l  b e h a v i o u r  o f  rea l  n e t w o r k s  
c o r r e c t l y  [ 1,9,10]. 

F lo ry  and  E r m a n  have i n t r o d u c e d  t h e  c o n s t r a i n e d  j u n c t i o n  f l u c t u a t i o n  
m o d e l  in o r d e r  t o  o v e r c o m e  t h e  d i f f i c u l t i e s  a r i s i n g  f r o m  n o n - G a u s s i a n  
e f f e c t s  [1,9]. 

*To whom offprint requests should be sent 
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The m a i n  p u r p o s e  o f  t he  p r e s e n t  p a p e r  is to  i n v e s t i g a t e  the  s w e l l i n g  
b e h a v i o u r  of  l o o s e l y  c r o s s - l i n k e d  n e t w o r k s  on t he  b a s i s  o f  F l o r y - E r m a n  
t h e o r y .  The d e p e n d e n c e  o f  s w e l l i n g  d e g r e e  on t h e  t e m p e r a t u r e  is s t u d i e d  
in t h e  v i c i n i t y  o f  t h e t a  t e m p e r a t u r e .  

The swelling equilibrium 

A c c o r d i n g  to  F l o r y  a n d  E r m a n  t h e  c o n d i t i o n  of  e q u i l i b r i u m  w i t h  pure  
d i l u e n t  can  be w r i t t e n  as f o l l o w s :  

V1 qo-2/3 @v3 Vd 1- ~I+K()~2) -] + ln(1-4~) + 4> +•  = 0 (1) 

w h e r e  ~ is t h e  v o l u m e  f r a c t i o n  o f  t h e  p o l y m e r  in t he  ge l ,  
• r e p r e s e n t s  t he  H u g g i n s  p a r a m e t e r ,  
qo s t a n d s  f o r  t h e  i s o t r o p i c  d e f o r m a t i o n  which  t a k e s  i n t o  a c c o u n t  

the  e f f e c t  o f  c o n c e n t r a t i o n  on t h e  n e t w o r k  f o r m a t i o n  p r o c e s s ,  
d e n o t e s  t he  cyc l i c  r a n k  of  t h e  n e t w o r k ,  

V 1 is t he  p a r t i a l  m o l a r  v o l u m e  o f  the  s w e l l i n g  a g e n t  and  
v d m e a n s  t he  v o l u m e  o f  t he  dry  p o l y m e r  

The t e r m  K(~ 2) in t he  e l a s t i c  c h e m i c a l  p o t e n t i a l  i n v o l v e s  

B %B Bg 6(_~) 
K(~'2)= | + B  "~2~- + ( l + B g )  a()~')-- (2) 

B = ( ; ~ - 1 ) ( 1 + > , - ~ ; ~  2) ( l + g )  -2 (3) 

(4) 

- I / 3  ~ I / 3  
X : q (5) 

o 

w h e r e  x is t he  m e a s u r e  of  s e v e r i t y  o f  t he  c o n s t r a i n t s  i m p o s e d  by 
t he  n e i g h b o u r i n g  c h a i n s  on  t he  n e t w o r k  j u n c t i o n s .  The p a r a m e t e r  ~ was  
i n t r o d u c e d  to  t a k e  i n t o  a c c o u n t  t he  e f f e c t  o f  d e f o r m a t i o n  on  t h e  
d i s t r i b u t i o n  f u n c t i o n  o f  t h e  n e t w o r k  c h a i n s .  I t  was  f o u n d  l e s s  i m p o r t a n t  
t h a n  • a n d  s i n c e  i t  is g e n e r a l l y  q u i t e  s m a l l ,  i t  can  be n e g l e c t e d .  
I t  is  w o r t h  to  m e n t i o n  t h a t  in t h e  p h a n t o m  n e t w o r k  l i m i t  ( • -->0 ), 
K(~, )= 0. In ca se  o f  an a f f i n e  n e t w o r k  (•  , K(X ) = I  - ) , -2  
Since  we are  d e a l i n g  w i t h  h igh ly  s w o l l e n  n e t w o r k s  ( ~  << I)  t h e r e f o r e  i t  
s e e m s  to  be s t r a i g h t f o r w a r d  to  s u b s t i t u t e  t he  m i x i n g  c o n t r i b u t i o n  o f  
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t h e  c h e m i c a l  p o t e n t i a l  i t s  t h i r d  o r d e r  s e r i e s ,  a n d  g e n e r a l i s e d  in o r d e r  
t o  t a k e  i n t o  a c c o u n t  b o t h ,  t h e  e f f e c t  o f  c h a i n  s t i f f n e s s  as  w e l l  as  t h e  
c o n c e n t r a t i o n  d e p e n d e n c e  o f  H u g g i n s  p a r a m e t e r :  

@I/3 @2 @,3 
a [1 + K ( X 2 " ) ]  - u - w = 0 (6) 

~ -  -2./3 -1 
w h e r e  a s t a n d s  f o r  ~ v  q v , u d e n o t e s  ( 1/2 - X) a n d  w 

1 o d 
r e f e r s  t o  t h e  t h i r d  v i r i a l  c o e f f i c i e n t  o f  m o n o m e r  i n t e r a c t i o n s .  
I f  we a p p r o x i m a t e  t h e  c o n c e n t r a t i o n  d e p e n d e n c e  o f  H u g g i n s  p a r a m e t e r  
w i t h  t h e  f o l l o w i n g  e q u a t i o n ,  

• = Xo§ XI@ (7) 

t h e n u  a n d  w b e c o m e  1 / 2 - •  a n d  •  1/3, r e s p e c t i v e l y .  
W e  s u p p o s e  t h a t  o n l y  u d e p e n d s  o~  t h e  t e m p e r a t u r e .  The  p o s s i b l e  
t e m p e r a t u r e  d e p e n d e n c e  o f  q u a n t i t i e s  l i ke  V . / v  d, qo  v a n d  w a r e  n e g l e c t e d .  
In  t h e  v i c i n i t y  o f  t h e t a  t e m p e r a t u r e ,  O, as  s ~ o w n  ~ F l o r y  [11] , u can  
be  e x p r e s s e d  by  t h e  r e d u c e d  t e m p e r a t u r e , z  : 

u = ~ (  1 - O / T  ) = ~ / ~  (8) 

where ~/ is the a constant and �9 is defined as z = (T-O)/T. 
At O-temperature Eq. 6 can be written as follows: 

_1/3 [1 + K(X20)]  = w@3e (9) 
a e  e 

C o m b y n i n g  Eqs .  7,8 a n d  9 and  i n t r o d u c i n g  r e d u c e d  v a r i a b l e s :  

= @/@o and T = ~/@o [10) 

o n e  o b t a i n s  : 

1+K(72) ; a / a  
1 + K ( ) , ~ ) ( ~  - ( @ ) =  c T (11) 

w h e r e  t h e  p a r a m e t e r  c = T / w  c h a r a c t e r i z e s  t h e  p o l y m e r -  s o l v e n t  
s y s t e m ,  c is  i n d e p e n d e n t  o f  t h e  c r o s s - l i n k i n g  d e n s i t y .  
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One  can  see  t h a t  in  t he  p h a n t o m  n e t w o r k  l i m i t ,  b o t h  K(X 2) a nd  K(X 2 ) 
a p p r o a c h  zero  and  one  o b t a i n s  o u r  p r e v i o u s  r e s u l t  [12]: 

- 5 / 3  

Eq.12 p r e d i c t s  an u n i v e r s a l  d e p e n d e n c e  if  t h e  r e d u c e d  c o n c e n t r a t i o n  
a n d  t he  q u a n t i t y  c ~  are  used .  
In  t he  a f f l n e  n e t w o r k  l imi t ,  t h e  q u a n t i t y  ( I -K( ) ,2 ) / ( I -K( ) ,  2 )  does  n o t  
d i s a p p e a r  a n d  an u n i v e r s a l  d e p e n d e n c e  can  n o t  be any  l o n g e r  e x p e c t e d .  
I t  is o b v i o u s  t h a t  t h e  same  h o l d s  t r u e  fo r  t h e  i n t e r m e d i a t e  n e t w o r k  
b e h a v i o u r  as w e l l .  

The shape  o f  ~ - c~ c u r v e s  are  i n f l u e n c e d  by t h e  s t r u c t u r a l  p a r a m e t e r s ,  
via K()~ z) and K()~). 

K : o  

I K =  7 

.K =10  3 - 8  

6 

4 

I I I I I i I I I 

- 8  - 4  0 4 8 
c T  

Fig . l  The r e d u c e d  c o n c e n t r a t i o n  as a f u n c t i o n  o f  r e d u c e d  t e m p e r a t u r e .  
The c u r v e s  were  c a l c u l a t e d  w i t h  t h e  aid of  E q . l l .  For  t he  c a l c u l a t i o n  

~ u  = 8.33 a n d  ~ = 0 . 2 3  were  u s e d , T h e  va l ue  o f  c o n s t r a i n e d  j u n c t i o n  
c t u a t i o n  p a r a m e t e r  is i n d i c a t e d  on  t h e  f i g u r e .  

Fig.  1 s h o w s  how the  s e v e r i t y  of  c o n s t r a i n e d  p a r a m e t e r  (• ma ke s  i t s  
i n f l u e n c e  f e l t  on  t h i s  d e p e n d e n c e .  I t  can  be c o n c l u d e d  t h a t  t he  d e v i a t i o n  
due to  d i f f e r e n t  v a l u e s  o f  • is not  very  s i g n i f i c a n t  in t he  v i c i n i t y  o f  O - 
t e m p e r a t u r e ,  and  in t he  p o o r  s o l v e n t  reg ime.  
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A b o v e  t he  O - t e m p e r a t u r e  - d u e  to  t h e  s m a l l  va l ue  o f  ~ , t h e  d i f f e r e n c e  
b e t w e e n  t h e  p h a n t o m  and  a f f i n e  b e h a v l o u r  is r a t h e r  s i g n i f i c a n t .  

In  t h i s  r a n g e  A ~ / ~ ;  ~ 0.5 , w h e r e a s  in t h e  T �9 O r e g i o n  A ~ / ~  is much  
s m a l l e r .  
I t  m u s t  be e m p h a s i s e d  t h a t  the  g e n e r a l  m o n o t o n  d e c r e a s i g  c h a r a c t e r  
o f  ~ -  c~i ' d e p e n d e n c e  can  n o t  be  a l t e r e d  by the  p a r a m e t e r s ,  q , a, w a nd  
• t h a t  is t he  a p p e a r a n c e  of  c o l l a p s e  t r a n s i t i o n  is p r e c l u d e d  ~by t he  
c o n s t r a i n e d  j u n c t i o n  f l u c t u a t i o n  m o d e l .  

f: 

2 
K = Go 

I I J 

- 5 , 0  - 2 , 5  0 2,5 

K=O 

/ 
I 

5.0  
N 

c T  

Fig.2 Sca led  c o n c e n t r a t i o n  v e r s u s  t he  s c a l e d  t e m p e r a t u r e  fo r  d i f f e r e n t  
p o l y ( v i n y l - a c e t a t e )  n e t w o r k s  s w o l l e n  to  e q u i l i b r i u m  in i s o p r o p y l  a l c o h o l .  

I n F i g . 2  e x p e r i m e n t a l  r e s u l t s  p e r f o r m e d  on  p o l y ( v i n y l  a c e t a t e )  n e t w o r k s  
s w o l l e n  to e q u i l i b r i u m  in i s o p r o p y l  a l c o h o l  are c o m p a r e d  w i t h  Eq . l l .  
A d e t a i l e d  d e s c r i p t i o n  of  e x p e r i m e n t s  c an  be f o u n d  in r e f .  12. 
The e q u i l i b r i u m  s w e l l i n g  d e g r e e s  a n d  c o n c e n t r a t i o n s  o f  n i n e  PVAc n e t w o r k -  
h o m o l o g u e s  were  d e t e r m i n e d  a t  e i g h t  d i f f e r e n t  t e m p e r a t u r e s ,  30, 37, 45, 
50, 52, 55, 60 a n d  70 C ~ , r e s p e c t i v e l y .  The O t e m p e r a t u r e  of  P V A c / i s o p r o p y l  
a l c o h o l  ge l s  w e r e  f o u n d  to  be 52 C ~ . The c o n c e n t r a t i o n  o f  ge ls  m e a s u r e d  
a t  T=O t e m p e r a t u r e  va r i ed  b e t w e e n  0.146 < ~ o  < 0.365 . 
I t  was  f o u n d  t h a t  c=O.1 

In Fig.2 one  s ee s  t h a t  w i t h i n  e x p e r i m e n t a l  a c c u r a c y ,  a l l  p o i n t s  (72) s e e m  
to  be g a t h e r e d  in the  s ame  cu rve ,  wh ich  s l i g h t l y  d i f f e r s  f r o m  t h o s e  p r e d i c t e d  
by t h e  a f f i n e -  and  p h a n t o m  m o d e l s .  
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I t  can also be seen t h a t  none o f  the  gels  show the  mac roscop ic  co l lapse  
phenomenon  within the  s tudied  t e m p e r a t u r e  range.  For all the gels  a 
con t inuous  m o n o t o n i c a l l y  decreas ing  curve was  obta ined.  

Summary 

We have s tud ied  the t e m p e r a t u r e  dependence  o f  equi l ibr ium c o n c e n t r a t i o n  
o f  loose ly  c r o s s - l i n k e d  swol len  ne tworks  on the basis  of  the  cons t r a ined  
junc t ion  f l u c t u a t i o n  model.  It  has been shown tha t  the phan tom limit 
exhibi ts  a sca l ing  behaviour.  On the  basis  of  Flory--Erman model an universal  
func t ion  can not  be c o n s t r u c t e d  and a f i r s t - o r d e r  like co l lapse  t r ans i t i on  
can not  be expec ted .  Exper imenta l  r e su l t s  obta ined  fo r  chemical ly  c r o s s -  
l inked PVAc ne tworks  swol len  to  equi l ibr ium in i sopropyl  a lcohol  show 
no co l lapse  phenomenon .  
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