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ABSTRACT 

T h e  c r o s s l i n k i n g  d e n s i t y  a n d  pore s i z e s  of p o l y ( 2 - h y d r o x y e t h y l  

m e t h a c r y l a t e l  (polyHEMAl h y d r o g e l s  h a v e  b e e n  m e a s u r e d  a n d  cor re-  

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

p o l y m e r .  S t u d i e s  i n d i c a t e d  t h a t  d i f f u s i o n  i s  h i n d e r e d  b o t h  b y  

o b s t r u c t i o n  by  t h e  p o l y m e r  c h a i n s  a n d  b y  t h e  i m m o b i l i t y  of t h e  

s o l v e n t  w i t h i n  t h e  g e l .  V a l u e s  f o r  t h e  d i f f u s i o n  c o e f f i c i e n t  of  a 

s o l u t e ,  0, a n d  i n t e r a c t i o n  p a r a m e t e r s  b e t w e e n  t h e  s o l v e n t  a n d  

p o l y m e r  sugges t  t h a t  a s  t h e  c o n c e n t r a t i o n  o f  c r o s s l i n k i n g  a g e n t  i n  

t h e  p o l y m e r  n e t w o r k  increases. t h e  h y d r o p h o b i c i t y  o f  t h e  p o l y m e r  

a n d  t h e  m o b i l i t y  of t h e  s o l v e n t  i n  t h e  gel  i n c r e a s e .  I n c r e a s e d  

c r o s s l i n k i n g  h o w e v e r ,  i n c r e a s e s  t h e  e f f e c t i v e n e s s  of  t h e  

o b s t r u c t i o n  e f f e c t ,  a n d  t h e  o v e r a l l  e f f e c t  i s  a r e d u c t i o n  i n  0. 

INTRODUCTION 

T h e  c o n t r o l  o f  t h e  d i f f u s i o n  r a t e  o f  a s o l u t e  t h r o u g h  a 

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

u s e  i n  t h e  f a b r i c a t i o n  o f  a d r u g  d e l i v e r y  d e v i c e .  T h e  d i f f u s i o n  

* c o r r e s p o n d e n c e  

9 3  
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94 WOOD, ATTWOOD, AND COLLETT 

r a t e  of  s o l u t e s  t h r o u g h  h y d r o g e l s  i s  g o v e r n e d  b o t h  by  t h e  

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

n a t u r e  o f  t h e  p o l y m e r .  I t  h a s  b e e n  shown  p r e v i o u s l y  ( 1 )  t h a t  i n  

polyHEMA h y d r o g e l s  c o n t a i n i n g  more t h a n  31 % water, d i f f u s i o n  

o c c u r s  p r i m a r i l y  t h r o u g h  t h e  pores  i n  t h e  g e l  n e t w o r k  w h e r e a s  i n  

ge l s  of l o w e r  h y d r a t i o n ,  t h e  s o l u t e  d i s s o l v e s  i n  t h e  p o l y m e r  a n d  

i s  t r a n s p o r t e d  b e t w e e n  t h e  c h a i n s .  I n  t h i s  w o r k ,  t h e  e f f e c t  o f  

c h a n g e s  i n  p o l y m e r  c o n c e n t r a t i o n  a n d  c r o s s l i n k i n g  d e n s i t y  on t h e  

d i f f u s i o n  o f  a low m o l e c u l a r  w e i g h t  s o l u t e  t h r o u g h  polyHEMA g e l s  

h a s  b e e n  e x a m i n e d .  Pore  s i z e s  o f  t h e  gels h a v e  b e e n  e s t i m a t e d  

a n d  t h e  p o l y m e r  c r o s s l i n k i n g  d e n s i t y  m e a s u r e d  u s i n g  s t ress -s t ra in  

tests.  

MATERIALS 

The  f o l l o w i n g  ma te r i a l s  were u s e d :  

2 - H y d r o x y e t h y l  r n e t h a c r y l a t e  a n d  e t h y l e n e  g l y c o l  d i m e t h a c r y -  

l a t e  ( E G D M A I ,  p u r i t i e s  9 7 %  a n d  98% r e s p e c t i v e l y ,  ( F l u k a ) :  

s a l i c y l i c  a c i d ,  7-C14,  s p e c i f i c  a c t i v i t y  5 7  j i C i  rnmol- l ,  [New 

E n g l a n d  N u c l e a r  C o r p o r a t i o n ) ,  s a l i c y l i c  a c i d ,  A n a l a R , I B D H ) .  

METHODS 

Gels were p r e p a r e d  by  Co6' y i r r a d i a t i o n  of  a q u e o u s  monomer 

s o l u t i o n s  u n d e r  n i t r o g e n  b y  t h e  m e t h o d  d e s c r i b e d  p r e v i o u s l y  (2). 

Gels of  t h i c k n e s s  0 . 3  cm a n d  i n  t h e  s h a p e  o f  d u r n b e l l s  were 

p r e p a r e d  f o r  t h e  t e n s i l e  t es t s .  S t r e s s - s t r a i n  tests were c a r r i e d  

o u t  u s i n g  a J J L l o y d  t e n s i l e  t e s t e r  t y p e  22K. T h e  g e l s  were 

s u b j e c t e d  t o  a f i x e d  s t r a i n  r a t e  o f  1 6  mrn min  a t  a t e m p e r a t u r e  

of 24 ? l 0 C .  

- 1  

I n  o r d e r  t o  p r e v e n t  d e h y d r a t i o n  of  t h e  gel, s a m p l e s  
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CHARACTERIZATION OF POLYHEMA GELS 95 

were h e l d  i n  a h u m i d i t y  c a b i n e t ,  i n t o  w h i c h  a i r  s a t u r a t e d  w i t h  

w a t e r  v a p o u r  was pumped.  

M e a s u r e m e n t  o f  d i f f u s i o n  c o e f f i c i e n t s  was c a r r i e d  o u t  u s i n g  

t h e  d o u b l e  d i s c  m e t h o d  d e s c r i b e d  p r e v i o u s l y  (I). 

T h e  v o l u m e  f r a c t i o n  o f  p o l y m e r  i n  t h e  g e l  was c a l c u l a t e d  

f rom t h e  g e l  h y d r a t i o n .  Gel h y d r a t i a n s  were m e a s u r e d  by  w e i g h i n g  

t h e  g e l ,  d r y i n g  t o  c o n s t a n t  w e i g h t  i n  a vacuum o v e n ,  t h e n  re- 

w e i g h i n g .  T h e  volume f r a c t i o n  of  p o l y m e r  was t h e n  c a l c u l a t e d  

f r o m  t h e  h y d r a t i o n  a n d  t h e  i n i t i a l  g e l  v o l u m e .  

Gel v o l u m e s  were m e a s u r e d  on a Beckmann a i r  p y c n o m e t e r .  

T h e s e  values  were a l s o  u s e d  i n  d e n s i t y  c a l c u l a t i o n s .  

RESULTS AND DISCUSSION 

C r o s s l i n k i n g  D e n s i t i e s  a n d  M o l e c u l a r  W e i g h t s  B e t w e e n  C r o s s l i n k s .  

The  s t r e s s - s t r a i n  e q u a t i o n  t h o u g h t  by  some w o r k e r s  (31 t o  be t h a t  

most a p p l i c a b l e  t o  polyHEMA, i s  t h e  M o o n e y - R i v l i n  e q u a t i o n : -  

fJ = 2 ( C  + C2/a" - (11 I 

w h e r e  u i s  t h e  a p p l i e d  force p e r  u n i t  area a n d  0: i s  t h e  r a t i o  of  

t h e  e x t e n d e d  t o  t h e  i n i t i a l  l e n g t h  o f  t h e  s p e c i m e n .  The  c o n s t a n t s  

C a n d  C2 were d e r i v e d  g r a p h i c a l l y .  T h e  c r o s s l i n k i n g  d e n s i t y ,  v ,  

was c a l c u l a t e d  f r o m  e q u a t i o n  I1 ( 4 . 5 1 : -  

I 

v = c, + c*/a (111 

2 / 3  
2 R T v  

w h e r e  R i s  t h e  gas c o n s t a n t ,  T i s  t h e  t e m p e r a t u r e  a n d  v 2 ,  t h e  

v o l u m e  f r a c t i o n  o f  p o l y m e r  i n  t h e  g e l .  

S i n c e  t h e  c r o s s l i n k i n g  m o l e c u l e  i s  d i f u n c t i o n a 1 , i t  c r ea t e s  a 

maximum o f  two c r o s s l i n k s  p e r  m o l e c u l e .  T h u s  t h e  t h e o r e t i c a l  
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96 WOOD, ATTWOOD, AND COLLETT 

v a l u e  o f  t h e  c r o s s l i n k i n g  d e n s i t y ,  v i s  g i v e n  by v = 2 c ,  w h e r e  

c i s  t h e  c o n c e n t r a t i o n  o f  t h e  c r o s s l i n k i n g  a g e n t  ( E G O M A ) .  

C’ C 

A p l o t  of t h e  e x p e r i m e n t a l l y  d e t e r m i n e d  c r o s s l i n k i n g  d e n s i t y  

v ,  a g a i n s t  v i s  shown i n  F i g u r e  1 .  The e f fec t ive  c r o s s l i n k i n g  

d e n s i t y  of 0 . 5  x 10 mol cm i n  t h e  a b s e n c e  o f  t h e  c r o s s l i n k i n g  
C’ 

-4 -3  

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

polyHEMA n e t w o r k  a r e  c a u s e d  by p h y s i c a l  c h a i n  e n t a n g l e m e n t s  a n d  

n o n c o v a l e n t  m o l e c u l a r  i n t e r a c t i o n s  b e t w e e n  t h e  c h a i n s .  The s l o p e  

o f  t h e  g r a p h  i s  0.82, i n d i c a t i n g  t h a t  t h e  c r o s s l i n k i n g  r e a c t i o n  

d o e s  n o t  go  t o  c o m p l e t i o n  ( s l o p e  = 1.01. 

The m o l e c u l a r  w e i g h t  b e t w e e n  c r o s s l i n k s ,  M c ,  i s  a p a r a m e t e r  

c l o s e l y  r e l a t e d  t o  t h e  c r o s s l i n k i n g  d e n s i t y .  M h a s  b e e n  

c a l c u l a t e d  f r o m  e q u a t i o n  I11 ( 6 ) : -  

C 

(1111 1 / 3  
2 

M = pRTv 
C 

Gs 

4 
v .  10 

mol crn 

4 
3 

3 

2 

1 

0 1 2 3 v .  
C 

F i g .  1. 

R e l a t i o n s h i p  b e t w e e n  t h e o r e t i c a l  c r o s s l i n k i n g  
d e n s i t y ,  v a n d  e x p e r i m e n t a l l y  d e t e r m i n e d  v a l u e s ,  v .  

C 
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CHARACTERIZATION OF POLYHEMA GELS 97 

TABLE 1 

E f f e c t  of  Volume F r a c t i o n  of P o l y m e r ,  vz, a n d  C o n c e n t r a t i o n  

o f  C r o s s l i n k i n g  A g e n t  o n  t h e  S t r u c t u r e  o f  polyHEMA H y d r o g e l s  

0 .68  j 0 

0.70 ~ 0 
I 

0.72 " 

0.74 

0.63 

0.63 

0.63 

0.63 

0.63 

0.63 

U 

0 

0.27 

0.53 

0.80 

1.06 

1.33 

1.59 

MC 

-1 kg  mol 

36.47 

28.80 

28.52 

22.19 

21.28 

15.54 

10.63 

6.89 

5.04 

4.22 

2.94 

1.26 

0.71 

0.63 

0.62 

0.62 

1 .04  

0.90 

0.89 

0.85 

0.73 1 0.72 

X 

0.9044 

0.9927 

1.0276 

1.0656 

1 . I 0 7 6  

0.9157 

0.9148 

0.9132 

0.9115 

0.9103 

0.9071 

r 
P 

nm 

0.591 

- 
- 
- 
- 

0.576 

0.566 

0 .565  

0.562 

0.552 

0.551 

w h e r e  p i s  t h e  d e n s i t y  o f  t h e  d r y  p o l y m e r ,  a n d  G i s  t h e  e l a s t i c  

c o n s t a n t  ( 6 1 ,  c a l c u l a t e d  f rom:-  

s 

V a l u e s  of  M shown  i n  T a b l e  1 d e c r e a s e  w i t h  i n c r e a s e s  i n  v a n d  

v ,  a s  e x p e c t e d .  

C C 

P o r e  S i zes  

The  c r o s s l i n k i n g  d e n s i t y  a n d  m o l e c u l a r  w e i g h t  b e t w e e n  c r o s s -  

l i n k s  g o v e r n  t h e  s i z e  of  t h e  p o r e s  w i t h i n  a p o l y m e r  n e t w o r k ,  a n d  

h e n c e  c o n t r o l  d i f f u s i o n  r a t e s  o f  s o l u t e s  t h r o u g h  t h e  p o l y m e r .  
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98 WOOD, ATTWOOD, AND COLLETT 

The  p o r e  r a d i u s ,  r was e s t i m a t e d  f r o m  t h e  r a t i o  o f  t h e  d i f f u s i o n  

c o e f f i c i e n t  o f  a s o l u t e  w i t h i n  t h e  g e l ,  0 t o  t h a t  i n  f ree  

s o l u t i o n ,  O f .  E q u a t i o n  V h a s  b e e n  u s e d  ( 7 1  t o  r e l a t e  Df a n d  0 

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

t h a t  a l l  t h e  s o l u t e  i s  t r a n s p o r t e d  t h r o u g h  t h e  p o r e s : -  

P’ 

P’ 

P’ 

m 

w h e r e  r i s  t h e  s o l u t e  r a d  

A v a l u e  f o r  0 of 0 . 2  

S 

f 

US. 

x cm2 s-’ f o r  s a l i c y l i c  a c i d  ( t h e  

s o l u t e  u s e d 1  was t a k e n  from d a t a  o f  E d w a r d s  ( 8 ) .  A s s u m i n g  t h e  

molecule t o  b e  s p h e r i c a l ,  t h e  s o l u t e  r a d i u s  was d e t e r m i n e d  f r o m  

t h e  p a r t i a l  mo la l  v o l u m e ,  a s  c a l c u l a t e d  from t h e  a p p r o p r i a t e  

atomic v o l u m e s  ( 9 1 .  C a l c u l a t e d  v a l u e s  o f  t h e  p o r e  r a d i u s  s h o w n  

i n  T a b l e  1 a g r e e  wel l  w i t h  v a l u e s  q u o t e d  by H a l d o n  a n d  Lee ( 1 0 1  

a n d  Migl ia res i  et a 1  (11) f o r  polyHEMA g e l s .  T h e  v a l u e s ,  w h i c h  

a r e  s u b j e c t  t o  errors of  k 10% i n  t h e  s o l u t e  r a d i u s  a n d  k B %  i n  

0 

i s  less t h a n  e x p e c t e d .  

d e c r e a s e  w i t h  d e c r e a s i n g  v a l u e s  o f  M c ,  a l t h o u g h  t h e  d e c r e a s e  
P’ 

I t  i s  a s s u m e d  i n  t h e  c a l c u l a t i o n  o f  t h e  p o r e  r a d i u s  t h a t  

t h e r e  i s  n o  i m m o b i l i s e d  water l i n i n g  t h e  wal l s  o f  t h e  p o r e s .  

However ,  A n d r a d e  (121 h a s  shown  t h a t  i n  polyHEMA g e l s  o f  h i g h  

p o l y m e r  c o n c e n t r a t i o n  a l l  o r  most o f  t h e  water i s  i m m o b i l i s e d ,  a n d  

c o n s e q u e n t l y  t h e  v a l u e s  of r q u o t e d  i n  T a b l e  1 a r e  r e g a r d e d  a s  

e f f e c t i v e  p o r e  r a d i i ,  i . e .  t h e  r a d i i  o f  t h e  c r o s s - s e c t i o n a l  a r eas  

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

t h e r e f o r e  a v a i l a b l e  f o r  d i f f u s i o n .  T h e  d i f f u s i o n  o f  w a t e r - s o l u b l e  

P 
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CHARACTERIZATION OF POLYHEMA GELS 99 

s o l u t e s  o c c u r s  o n l y  t h r o u g h  t h e  b u l k  ( f r e e l y - d i f f u s i n g )  water, a n d  

s o  t h e  a c t u a l  p o r e  s i z e  o f  t h e  p o l y m e r  n e t w o r k  i s  l i k e l y  t o  b e  

much l a r g e r  t h a n  t h e  q u o t e d  v a l u e s .  a n d  c a n  b e  c a l c u l a t e d  f rom t h e  

p r o p o r t i o n s  of b o u n d  a n d  n o r m a l  water i n  t h e  g e l  from t h e  d a t a  o f  

A n d r a d e  ( 1 2 1 .  V a l u e s  of  r f o r  p o l y m e r  c o n c e n t r a t i o n s  o f  68% a n d  

a b o v e  are n o t  q u o t e d ,  s i n c e  p r e v i o u s  resul ts  (11 i n d i c a t e d  t h a t  

P 

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

c h a i n s  a n d  n o t  t h r o u g h  t h e  p o r e s .  

D i f f u s i o n  C o e f f i c i e n t s  

V a l u e s  f o r  t h e  d i f f u s i o n  c o e f f i c i e n t  d e c r e a s e  w i t h  i n c r e a s e s  

i n  v o l u m e  f r a c t i o n  of  p o l y m e r  a n d  c r o s s l i n k e r  c o n c e n t r a t i o n ,  a s  

e x p e c t e d .  V a l u e s  f o r  M i n d i c a t e  t h a t  t h e  c r o s s l i n k i n g  d e n s i t y  

increases much more r a p i d l y  w i t h  i n c r e a s i n g  c r o s s l i n k e r  c o n c e n -  

t r a t i o n  t h a n  w i t h  i n c r e a s e s  i n  v On t h i s  b a s i s ,  D m i g h t  h e  2'  

e x p e c t e d  t o  d e c r e a s e  much more r a p i d l y  w i t h  i n c r e a s i n g  c r o s s l i n k e r  

C 

c o n c e n t r a t i o n  t h a n  f o r  i n c r e a s i n g  p o l y m e r  c o n c e n t r a t i o n .  A s  s e e n  

f r o m  T a b l e  1 ,  t h i s  i s  n o t  t h e  case, a n d  i t  i s  s u g g e s t e d  t h a t  t h i s  

may b e  a c o n s e q u e n c e  of  an i n c r e a s e d  h y d r o p h o b i c i t y  o f  t h e  

p o l y m e r  n e t w o r k  a s  t h e  c o n c e n t r a t i o n  of  EGDMA i s  i n c r e a s e d .  T h e  

h i g h e r  m o b i l i t y  o f  s o l v e n t  i n  t h e s e  more h y d r o p h o b i c  g e l s  w o u l d  

i nc rease  t h e  a v a i l a b l e  d i f f u s i o n  v o l u m e  a n d  h e n c e  i n c r e a s e  t h e  

d i f f u s i o n  c o e f f i c i e n t  of t h e  s o l u t e .  An i n c r e a s e  i n  t h e  

d i f f u s i o n  c o e f f i c i e n t  of water t h o u g h  polyHEMA w i t h  i n c r e a s e  i n  

EGDMA c o n c e n t r a t i o n ,  h a s  b e e n  r e p o r t e d  " l o ) .  However ,  t h e  

t e n d e n c y  f o r  D t o  i n c r e a s e  i s  c o u n t e r a c t e d  by  t h e  i n c r e a s e d  

e f f e c t i v e n e s s  o f  t h e  o b s t r u c t i o n  e f f e c t  a t  h i g h  c r o s s l i n k i n g  

d e n s i t i e s ,  t e n d i n g  t o  r e d u c e  t h e  d i f f u s i v i t y .  H a l d o n  a n d  Lee 
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(101 s u g g e s t  t h a t  t h e r e  i s  an  optimum c r o s s l i n k i n g  d e n s i t y  t o  

g i v e  a minimum p o r e  size ( o r  d i f f u s i v i t y l .  

I n t e r a c t i o n  Between Polymer  a n d  S o l v e n t  

The i n t e r a c t i o n  be tween t h e  po lymer  and  t h e  s o l v e n t  can  be 

e s t i m a t e d  i n  terms o f  F lo ry -Hugg ins  i n t e r a c t i o n  p a r a m e t e r s ,  x. 
V a l u e s  o f  x have been c a l c u l a t e d  f rom e q u a t i o n  V I  ( 6 1 : -  

’I3 - v / 2 1 - v  - I n  (1 - v21 xv2’ = -(pV1/Mcl(v, 2 2 ( V I I  

where  V i s  t h e  m o l a r  volume o f  water. 

Tab le  1 shows x i n c r e a s e s  w i t h  po lymer  c o n c e n t r a t i o n ,  due  t o  a 

g r e a t e r  i n t e r a c t i o n  be tween polymer  and  s o l v e n t ,  and  d e c r e a s e s  

w i t h  i n c r e a s i n g  c r o s s l i n k e r  c o n s t a n t ,  s u p p o r t i n g  t h e  v iew t h a t  

g e l s  o f  h i g h  c r o s s l i n k e r  c o n t e n t  c o n t a i n  a h i g h e r  p r o p o r t i o n  o f  

f r e e l y  d i f f u s i n g  s o l v e n t .  

1 

I t  can be  c o n c l u d e d  t h a t  t h e  p o r e  s i z e ,  c r o s s l i n k i n g  d e n s i t y ,  

and  s o l v e n t  m o b i l i t y  i n  t h e  g e l ,  g o v e r n  t h e  d i f f u s i o n  r a t e  o f  

s o l u t e s  t h r o u g h  polyHEMA g e l s .  C h a r a c t e r i z a t i o n  o f  b o t h  t h e  

po lymer  ne twork  and  t h e  n a t u r e  o f  t h e  w a t e r  i n  t h e  g e l  i s  

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

d r u g  d e l i v e r y  d e v i c e .  
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