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Summary 
In water  swo l l en  ny lon  g r a f t e d  a c r y l a m i d e  (NYgAM) 

membranes, p repared  by the  e l e c t r o n  beam p r e i r r a d i a t i o n  
t e c h n i q u e ,  water  was c l a s s i f i e d  i n t o  t h r e e  c a t e g o r i e s :  bound, 
f r e e  and i n t e r m e d i a t e  s t a t e s .  The p a r t i t i o n  of  water  i n t o  these  
s t a t e s  was e v a l u a t e d  by u t i l i z i n g  the  da ta  of  water  s o r p t i o n  
c a p a c i t y  and p e r m e a b i l i t y  c o e f f i c i e n t s  of  water  and i o n i c  
s o l u t e s  th rough  t he  membranes. R e e v a l u a t i o n  of  t he  p a r t i t i o n  
was done u t i l i z i n g  t h e  da ta  of  water  p ro ton  r e l a x a t i o n  t imes  
T~, measured by pu lsed NMR t e c h n i q u e .  The p a r t i t i o n  was 
e v a l u a t e d  as f o l l o w s :  t he  f i r s t  2 moles of  water  per mole of  
g r a f t e d  p o l y a c r y l a m i d e  (PAM) are  bound, t he  nex t  4 /3  moles a re  
i n t e r m e d i a t e  and t he  r e s t  o f  t he  water  i s  f r e e .  I t  was f u r t h e r  
found t h a t  in  h i g h l y  wa te r  s w o l l e n  membranes, the  water  beyond 
2 moles per mole of  PAM can be c l a s s i f i e d  as f r e e  wa te r .  

I n t r o d u c t i o n  
S y n t h e t i c  membranes, which d i s p l a y  a s t rong  i n t e r a c t i o n  

between s o l v e n t  ( t y p i c a l l y  wa te r )  and t he  membrane m a t r i x  t h a t  
l eads  t o  s w e l l i n g  of  t he  membrane, a re  permeable t o  both  i o n i c  
and n e u t r a l  s o l u t e s  ( 1 - 5 ) .  I t  i s  g e n e r a l l y  accepted t h a t  t h e r e  
e x i s t  i n  wa te r  s w o l l e n  po lymers  a t  l e a s t  t h r e e  t ypes  of  water  
( 6 - 8 ) ,  each of  which makes a d i f f e r e n t  c o n t r i b u t i o n  t o  t he  
p e r m e a b i l i t y  c h a r a c t e r i s t i c s  of  a po lymer  or  a membrane: t he  
bound w a t e r ,  t he  f r e e  water  and water  in  an i n t e r m e d i a t e  s t a t e  
( I - w a t e r ) .  The bound water  i s  t he  water  which i s  d i r e c t l y  
a t t a c h e d  on to  t he  p o l y m e r i c  m a t r i x  and i s  an i n t e g r a l  p a r t  of  
i t .  C o n v e r s e l y ,  as t he  f r e e  water  i s  c l a s s i f i e d  bu l k  water  
i n s i d e  t he  p o l y m e r i c  membrane or  h y d r o g e l ,  which has p h y s i c a l  
p r o p e r t i e s  i d e n t i c a l  t o  those  of  pure bu l k  wa te r .  The I - w a t e r  
i s  water  which i s  n e i t h e r  s t r o n g l y  bound t o  the  p o l y m e r i c  
m a t r i x  nor f r e e  t o  i m p a r t  p e r m e a b i l i t y  of  s o l u t e s  th rough  a 
membrane (8 ) .  

In p r e v i o u s  communicat ions (3) we have d iscussed t he  
p r e p e r a t i v e  and k i n e t i c  aspec ts  o f  t he  e l e c t r o n  beam induced 
g r a f t i n g  of  a c r y l a m i d e  on to  n y l o n - 6  f i l m s  and t he  pe rmse lec -  
t i v i t y  f e a t u r e s  of  t he  w a t e r - s w o l l e n  NYgAM membranes. We have 
r e c e n t l y  shown (5) t h a t  the  s w e l l i n g - a n n e a l i n g  of  t he  NYgAM 
membranes w i t h  f o r m i c  ac i d  l eads  t o  i n t e n s e  i n c r e a s e  i n  t he  
water  s o r p t i o n  c a p a c i t y  of  t he  membranes. Th is  i n c r e a s e  was 
a t t r i b u t e d  t o  phase s e p a r a t i o n  between c r y s t a l l i n e  and 
amorphous r e g i o n s  of  t h e  NYgAM membranes, accompanied by 
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d i s e n t a n g l e m e n t  of  t he  g r a f t e d  PAM cha ins  (4 ) .  M o r p h o l o g i c a l  
changes in  NYgAM membranes which were m o d i f i e d  by c r o s s l i n k i n g  
and s w e l l i n g - a n n e a l i n g  ( 5 ) ,  caused a r i s e  in  the  f l u x e s  of  
water  and smal l  i o n i c  s o l u t e s  th rough  the  membranes, 
accompanied by a decrease in  the  s e l e c t i v i t y .  

In t he  p resen t  s tudy  we have focused our a t t e n t i o n  on the  
determination of the partition of the water into the three 
states: bound~ intermediate and free water, in a series of 
swollen NYgAM membranes with graft yields ranging up to 1300%. 
We also tried to evaluate the effect of the swelling-annealing 
process on this partition. 

Expe r imen ta l  
D e t a i l e d  p rocedures  for t h e  p r e p a r a t i o n  and m o d i f i c a t i o n  

of  t he  g r a f t e d  membranes, t he  d e t e r m i n a t i o n  of  t h e i r  water  
s o r p t i o n  c a p a c i t y  and t h e  measurements of  t he  pe rmea t i on  r a t e s  
of  water  and t he  i o n i c  s o l u t e s  th rough  t he  g r a f t e d  membranes 
have been desc r i bed  p r e v i o u s l y  ( 3 - 4 ) .  

Samples f o r  measurement o f  t he  r e l a x a t i o n  t imes  of  t he  
p r o t o n s  of water  in  t he  membranes were p repared  as f o l l o w s :  
membrane specimens were we t ted  by soak ing  i n  w a t e r ,  wiped 
t h o r o u g h l y  and p laced in  5 mm O.D. t e f l o n  NMR ampules, which 
were used in  o rde r  t o  e l i m i n a t e  s o r p t i o n  of  water  on to  t he  
i n t e r n a l  s u r f a c e  of  t he  NMR ampules. E q u i l i b r a t i o n  of  t h e  
membranes w i t h  water  was a t t a i n e d  by i n t r o d u c i n g  t he  sample 
ampules i n t o  a t h e r m o s t a t t e d  chamber kept  a t  100% r e l a t i v e  
h u m i d i t y  (RH) and 37~ f o r  a p e r i o d  of  14 days or  l o n g e r .  The 
sample ampules were sea led  i m m e d i a t e l y  b e f o r e  t r a n s f e r r i n g  them 
i n t o  t he  NMR chamber, which was t h e r m o s t a t t e d  a t  37+--0.4 ~ 

The s p i n - l a t t i c e  r e l a x a t i o n  t imes  of  the  water  p r o t o n s  T~ 
were de te rm ined  us ing t he  BRUKER WH-90-DS-ZV 90 MHz system, 
acco rd ing  t o  t he  p rocedure  desc r i bed  by Andrade ( 9 - 1 0 ) ,  us ing 
t he  180~ ~ sequence of  pu l ses .  The o p t i m a l  w id th  of  t he  two 
pu lses  was found t o  be 11 and 5 .5  ~s,  r e s p e c t i v e l y .  The i n t e n -  
s i t i e s  I of  t h e  water  p r o t o n s  NMR s i g n a l s  were reco rded  a t  
s e v e r a l  t ime  i n t e r v a l s  �9 and l o g ( I ~ - I |  was p l o t t e d  a g a i n s t  % 
( I=  was e s t i m a t e d  from t h e  i n t e n s i t y  I a f t e r  a v e r y  long t ime  
i n t e r v a l ) .  The T~ v a l u e s  were c a l c u l a t e d  us ing t he  r e l a t i o n :  

TI = log(e)*~n~ / ~ l o g ( l , - I = )  (I) 

R e s u l t s  and D iscuss ion  

The Bound Water 
The water  s o r p t i o n  c a p a c i t y  of NYgAM membranes, expressed 

as p e r c e n t  of  water  add-on,  vs.  t he  PAM c o n t e n t  in  t he  
membranes i s  p resen ted  in  f i g .  1. 

E x t r a p o l a t i o n  of  t he  cu rve  t o  ze ro  PAM c o n c e n t r a t i o n  
p r o v i d e s  an e s t i m a t e  of  t he  amount of  t h e  f i r s t  water  t h a t  can 
be a t t a c h e d  by t he  PAM u n i t s :  ca. 50%(w/w), which co r responds  
t o  2 moles of  water  per  mole of  PAM. Bear ing  i n  mind t h a t  a t  
PAM c o n c e n t r a t i o n s  t h a t  a re  c l o s e  t o  ze ro  o n l y  v e r y  s h o r t  and 
d i f f u s e  g r a f t e d  cha ins  of  t he  PAM may e x i s t ,  c l u s t e r i n g  of  t he  
f i r s t  water  mo lecu les  adsorbed on to  t he  PAM cha ins  i s  most 
imp robab le .  T h e r e f o r e ,  these  water  mo lecu les  may be d e f i n e d  as 
t h e  bound wa te r .  The a t tachmen t  of two mo lecu les  of  water  on to  
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Figure.....,..~s Water sorption at 37~ into PAM in NYgAM membranes 
prepared under various grafting conditions: ~ = water sorption 
capacity; Grafting conditions: (B) 12 Mrad, 10% AM; (A) 12 
Mrad, 5% AM; (a) 8.4 Mrad, 10% AM; (~) 4.8 Mrad, 10% AM; 
grafting temp 50~ 
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F igure  .............. 2_~: Schematic model 
d e s c r i p t i o n  of the  water-AM 
at tachment .  

F igu re  3: Schematic model 
d e s c r i p t i o n  of the water-HEMA 
a t tachment .  
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each a c r y l a m i d e  m e t - u n i t  (AM) i n  t he  g r a f t e d  PAM can be 
d e s c r i b e d ,  s c h e m a t i c a l l y ,  by a model d i s p l a y e d  in  f i g .  2. 

Th is  t y p e  of  b i n d i n g  of  t he  water  mo lecu les  on to  t he  
polymer i s  s i m i l a r  t o  models suggested by o t h e r s  (11 -12 ) .  
Andrade and coworkers  (10) found in  n o n - c r o s s l i n k e d  polyHEMA 
ge l s  a molar  r a t i o  of  2 between the  bound water  and t he  HEMA 
m e t - u n i t s  (28% w/w). The a t tachment  of  bound water  t o  polyHEMA 
molecu les  can be desc r i bed  by a model s i m i l a r  t o  t h a t  of  t he  
water-PAM a t t achmen t ,  as shown in  f i g .  3. This  s i m i l a r i t y  
implies that there may exist a general pattern for the 
attachment of bound water onto hydrophilic acrylic polymers. 

The Free Water 
Free water  in  w a t e r - s w o l l e n  p o l y m e r i c  g e l s  e x h i b i t s  most 

of  t he  p r o p e r t i e s  of pure water  such as d i e l e c t r i c  c o n s t a n t  and 
w a t e r - i o n  m o b i l i t i e s  (8 ) .  This  i s  t he  water  which i m p a r t s  t he  
h igh p e r m e a b i l i t i e s  t o  water  and aqueous s o l u t e s  th rough  t he  
h i g h l y  s w o l l e n  membranes. The amount of  f r e e  water  in  w a t e r -  
s w o l l e n  membranes can be es t ima ted  from the  p e r m e a b i l i t y  c h a r a -  
c t e r i s t i c s  which t h e y  d i s p l a y .  F i g .  4 p r e s e n t s  t he  
p e r m e a b i l i t i e s  of q u a r t e r n a r y  ammonium s a l t s  th rough  a s e r i e s  
of  NYgAM membranes of  v a r i o u s  g r a f t  y i e l d s ,  vs.  t he  water  
up take  of  t he  g r a f t e d  PAM in  t he  membranes, each cu rve  
r e p r e s e n t i n g  a d i f f e r e n t  s o l u t e .  

The curves  of  p e r m e a b i l i t y  vs.  w a t e r - u p t a k e  drawn f o r  t he  
v a r i o u s  s o l u t e s  converge ,  upon e x t r a p o l a t i n g  t o  z e r o -  
p e r m e a b i l i t y ,  a t  water  up take  of ca. 8 4 % .  This  convergence 
i m p l i e s  t h a t  o n l y  above t h i s  t h r e s h o l d  of water  up take  can 
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s i g n i f i c a n t  pe rmea t i on  of  aqueous s o l u t e s  th rough  t he  membranes 
t a k e  p l a c e .  Th is  t h r e s h o l d  q u a n t i t y ,  which cor responds  t o  10/3 
moles of  wa te r  per mole of  PAM may be d e f i n e d  as the  " n o n - f r e e "  
wa te r .  Only absorbed wa te r  exceed ing  t h i s  t h r e s h o l d  c o n t r i b u t e s  
t o  t h e  p e r m e a b i l i t y  of s o l u t e s  th rough  t he  membranes and 
shou ld ,  t h e r e f o r e ,  be e n t i t l e d  t h e  f r e e  wa te r .  

The Water i n  t h e  I n t e r m e d i a t e  S t a t e  
In f i g .  5 the  c o n c l u s i o n s  d e r i v e d  i n  t he  p reced ing  

s e c t i o n s  a re  i l l u s t r a t e d ,  super impos ing  t he  p a r t i t i o n  l i n e s  on 
t he  cu rve  of  water  up take  vs.  membranes PAM-content ( f i g .  I ) .  

The water  d e f i n e d  as I - w a t e r  i s  wa te r  which i s  no t  
d i r e c t l y  a t t a c h e d  t o  t h e  p o l y m e r i c  m a t r i x  y e t  i s  unab le  t o  
impa r t  t o  s o l u t e s  p e r m e a b i l i t y  th rough  t h e  membranes. From f i g .  
5. we can e s t i m a t e  t h a t  NYgAM membranes h o l d i n g  up t o  ca. 175% 
g r a f t  y i e l d ,  c o n t a i n  o n l y  bound and I - w a t e r .  Th is  i n f e r e n c e  i s  
c o n s i s t e n t  w i t h  k i n e t i c  o b s e r v a t i o n s  made p r e v i o u s l y ,  i n  t h e  
e x p e r i m e n t s  of  g r a f t i n g  of  AM on to  n y l o n - 6  t h i c k  f i l m s  (3 ) .  
These k i n e t i c  o b s e r v a t i o n s  i n d i c a t e d  t h a t  du r i ng  t he  g r a f t i n g  
p rocess ,  a c c e l e r a t e d  d i f f u s i o n  of monomer th rough  t he  g r a f t e d  
l a y e r s  towards  t he  n o n - g r a f t e d  ones t ook  p l ace  o n l y  a f t e r  t he  
g r a f t  y i e l d  o f  t he  a l r e a d y  g r a f t e d  l a y e r  exceeded ca. 200%, 
which co r responds  t o  a water  up take  of  ca. 85% or  3 .4  moles 
wa te r  per  mole of  PAM. 

Th is  c o n s i s t e n c y  i m p l i e s  t h a t  a l t h o u g h  o n l y  2 mo lecu les  of  
t he  wa te r  a re  bound t o  each m e r - u n i t  o f  PAM, a d d i t i o n a l  water  
mo lecu les  - up t o  4 /3  per  PAM m e t - u n i t  a re  n o n - f r e e  w a t e r .  Th is  
n e i t h e r  bound nor f r e e  water  f a l l s ,  t h e r e f o r e ,  i n t o  t h e  
c a t e g o r y  of  1 -wa te r .  Th is  t ype  of  water  was des igna ted  as 
"bound wa te r  I f "  ( 8 ) ,  " i n t e r m e d i a t e  w a t e r "  (6-7)  or  '~ 
en t rapped  in  b locked  m i c ropo res "  (13) .  Another  o r i g i n  of  t h e  
I - w a t e r  phenomenon may be t he  r e l a t i v e l y  smal l  e f f e c t i v e  c r o s s -  
s e c t i o n  of  t he  pores  in  t he  m ic roporous  membranes t o  t he  
pe rmea t i on  of  s o l u t e s  (14 ) ,  which i s  g i ven  by e q u a t i o n  I I :  

A . ~  = A x (r - a) = j r  2 ( I I )  
A, r and a are  the  pore c r o s s - s e c t i o n ,  pore  r a d i u s  and permeant 
r a d i u s ,  r e s p e c t i v e l y .  Pores in  which a > r a re  b locked  t o  t he  
t r a n s p o r t  of  permeants hav ing  a r a d i u s  a. In these  pores  t h e  
wa te r  can be c h a r a c t e r i z e d  as " n o n - f r e e "  w i t h  rega rd  t o  t h e  
d i f f u s i o n  of  t h a t  permeant and f a l l ,  t h e r e f o r e ,  i n t o  t h e  
c a t e g o r y  of  I - w a t e r .  In pores where r > a t he  water  in  
ad jacency  t o  t h e  pore w a l l s  i s  i n e f f e c t i v e  f o r  p e r m e a b i l i t y  and 
i s ,  p r a c t i c a l l y ,  p a r t  o f  t h e  I - w a t e r .  

The E f f e c t  o f  S w e l l i n g - A n n e a l i n g  of  t he  Membranes on t h e  
P a r t i t i o n  of  t he  Water i n t o  t h e  Three Classes 

In p r e v i o u s  a r t i c l e s  ( 5 ) ,  we r e p o r t e d  t h a t  by t he  
s w e l l i n g - a n n e a l i n g  t r e a t m e n t ,  t he  s w e l l i n g  c a p a c i t i e s  of  t he  
g r a f t e d  membranes i n  wa te r  were i nc reased  by a f a c t o r  o f  4 -5 ,  
as compared w i t h  those  of  t h e  non-annea led  membranes. Th is  
caused a 2-20 t imes  i n c r e a s e  in  t he  p e r m e a b i l i t y  of  i o n i c  
s o l u t e s  th rough  membranes of  v a r i o u s  g r a f t  y i e l d s ,  t o g e t h e r  
w i t h  l o s s  of  s e l e c t i v i t y  between smal l  and l a r g e  s o l u t e s .  

The e x t r a  wa te r  sorbed by t he  s w e l l - a n n e a l e d  membranes as 
compared w i t h  t h e  non-annea led  ones, i s  most p r o b a b l y  f r e e  
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wate r .  An i n c r e a s e  i n  t he  amount of  bound wa te r  i s  un reasonab le  
s i nce  t he  amount of  g r a f t e d  PAM, t o  which t he  bound wa te r  i s  
a t t a c h e d ,  i s  no t  changed by the  s w e l l i n g - a n n e a l i n g  t r e a t m e n t .  
The amount of  I - w a t e r  a s s o c i a t e d  w i t h  t he  bound water  i s  no t  
l i k e l y  t o  i n c r e a s e  f o r  s i m i l a r  reasons.  Pa r t  o f  t he  a d d i t i o n a l  
absorbed water  may be i n  the  form of  p o r e - w a l l  I - w a t e r ,  due t o  
an i n c r e a s e  in  the  p o r e - w a l l  a rea of  t he  w a t e r - f i l l e d  pores in  
t he  annealed membranes. 

I t  i s  p l a u s i b l e ,  t h e r e f o r e ,  t h a t  the  major  p o r t i o n  of  t he  
a d d i t i o n a l  absorbed water  i s  in  t he  form of  f r e e  wa te r .  This  
e x p l a i n s  t he  s t r ong  i n c r e a s e  i n  p e r m e a b i l i t y  t o  water  and 
s o l u t e s  upon s w e l l i n g - a n n e a l i n g  of  t he  g r a f t e d  membranes. The 
subsequent s i g n i f i c a n t  decrease in  s e l e c t i v i t y  i m p l i c a t e s  t he  
en la rgement  of  pores as the  p redominan t  occur rence  of  t he  
s w e l l i n g - a n n e a l i n g  p rocess ,  r a t h e r  than an i n c r e a s e  i n  the  
number o f  po res .  Th is  c o n c l u s i o n  i s  i n  c o n s i s t e n c y  w i t h  t he  
suggested mechanism of  phase s e p a r a t i o n  f o l l o w i n g  t he  s w e l l i n g -  
a n n e a l i n g  process desc r i bed  i n  a p r e v i o u s  a r t i c l e  (4 ) .  

Pulsed NMR C h a r a c t e r i z a t i o n  of  t h e  Water Absorbed i n  t he  
Gra f t ed  Membranes 

Pro ton  r e l a x a t i o n  t imes  T~ of  t he  absorbed w a t e r ,  measured 
i n  membranes of  v a r i o u s  g r a f t  y i e l d s ,  a re  p resen ted  i n  Table I .  
In t he  p r e v i o u s  s e c t i o n s ,  we have r e p o r t e d  t he  f o l l o w i n g  
p a r t i t i o n  of  water  found in  t he  s w o l l e n  membranes: t h e  f i r s t  
two moles of  wa te r  per mole of  PAM i s  bound w a t e r ,  t h e  nex t  4 /3  
- I - w a t e r  and t he  exceed ing  amounts i s  f r e e  w a t e r ,  as 
i l l u s t r a t e d  in  f i g .  5. The c a l c u l a t e d  v a l u e s  of  t h e  p r o t o n  
r e l a x a t i o n  t imes  acco rd ing  t o  t h i s  p a r t i t i o n ,  p o s t u l a t i n g  t he  
e x i s t e n c e  of  f a s t  exchange between p r o t o n s  of t h e  v a r i o u s  
c l a s s e s ,  were d e r i v e d  us ing  t h e  r e l a t i o n  (9 ) :  

l X c B ,  X c z ,  X c ~  

- = + + ( I I I )  
T~ T~ cB~ T~cz~ T~c~ 

X and T~ denote  mole f r a c t i o n s  and sp in  l a t t i c e  r e l a x a t i o n  
t i m e s ,  r e s p e c t i v e l y ,  of  wa te r  in  t h e  bound (B),  i n t e r m e d i a t e  
( I )  and f r e e  (F) s t a t e s .  

The r e l a x a t i o n  t imes  T~,s~ and T~cz~ p resen ted  in  c o l .  5 
of  Table I were c a l c u l a t e d  from t h e  T~ measured v a l u e s  of  
samples 1 and 2, assuming t h a t  these  two l o w - g r a f t e d  NYgAM 
membranes do no t  c o n t a i n  f r e e  water  ( c f .  f i g .  5 ) .  On t h e  b a s i s  
of  these  two v a l u e s  and t he  f o r m e r l y  d e r i v e d  d i s t r i b u t i o n  of  
water  i n  s w o l l e n  membranes i n t o  the  t h r e e  s t a t e s  ( c o l .  4 ) ,  t he  
T~ v a l u e s  of t he  h i g h l y  g r a f t e d  membrane samples were 
c a l c u l a t e d  and compared w i t h  t he  measured v a l u e s .  

The c a l c u l a t e d  v a l u e s  of T~ ( c o l .  b in  Table I )  a re  lower  
than t he  measured ones, w i t h i n  t he  e r r o r  l i m i t s  of  t he  
t e c h n i q u e  of  t he  measurement and d e t e r m i n a t i o n  of  t he  ~ v a l u e s  
( equa t i on  I f ) ,  of  about  1 0 % .  Th is  d i v e r g e n c e  cou ld  be 
v i n d i c a t e d  by t he  e x i s t e n c e  of  a l a y e r  of  f r e e  water  adhe r i ng  
on to  t he  s u r f a c e  of  t he  membranes e q u i l i b r a t e d  w i t h  w a t e r ,  thus  
caus ing an a r t i f i c i a l  r i s e  in  T~. 

Th is  e x p l a n a t i o n ,  however ,  should  be r e j e c t e d  f o r  s e v e r a l  
reasons.  F i r s t l y ,  when a s e p a r a t e  l a y e r  of  water  e x i s t s  o u t s i d e  
t h e  membrane, we should  n o t i c e  two l i n e a r  s e c t i o n s  in  t he  p l o t  
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Tab le  I :  D i s t r i b u t i o n  o f  wa te r  in  NYgAM membranes i n t o  Bound~ 
I n t e r m e d i a t e  and Free wate r  

Graf~ ~ ~b 
y i e l d  d i s t r i b u t i o n  

mole mole 
% mole mole 

B I F 
30 2.49 2 0.49 - 

2 108 3.04 
3 333 3.75 
4 386 3.94 
5 901 5.64 
6 1235 7.O2 
a 

2 1.04 - 
2 1.31 0.44 
2 1.31 0.63 
2 1.31 2.33 
2 1.31 3.71 

TI = 

ms 

T I  d 

average 

m s  

(M) (C) 

b e s t - f i t  
d i s t r i b u t i o n  

mole 
mole 

B I F 
2 0.49 

2 1.04 - 
2 0.3 1.45 
2 - 1.94 
2 0.4 1.94 

1.5 - 5.52 

B I F 
211 264 4500 
(C) (C) (M) 

223+23 

230t10 
351+20 258 
413+13 270 
490+30 377 
840+70 460 

- -  ~ = number o f  moles of  water  per mole of  PAM. 
b_ B, I and F deno te  bound, i n t e r m e d i a t e  and f r e e  wa te r .  
=-  T~ v a l u e s  of  t he  wa te r  i n  each s t a t e .  (M) and (C) deno te  

measured (us ing  pure  wa te r )  and c a l c u l a t e d  T~ v a l u e s  (us ing  
the  T~ v a l u e s  of  samples 1 and 2 ) ,  r e s p e c t i v e l y .  

=-  c a l c u l a t e d  T~ v a l u e s  were averaged u t i l i z i n g  the  d a t a  in  
c o l .  4 and 5 and e q u a t i o n  I I I .  

of  l o g ( I ~ - I = )  vs .  ~ ( c f .  e x p e r i m e n t a l ) ,  w i t h  two s l o p e s ,  
r e p r e s e n t i n g  two d i f f e r e n t  r e l a x a t i o n  t i m e s  T I .  However, as f a r  
as c o u l d  be d e t e c t e d ,  a l l  t he  l o g ( 1 )  vs.  r p l o t s  a re  composed 
of  a s i n g l e  l i n e .  S e c o n d l y ,  e q u i l i b r a t i o n  of  t he  samples w i t h  
water  vapor  i s  a v e r y  p r o l o n g e d  p rocess  (see e x p e r i m e n t a l )  and 
i n  s e v e r a l  cases e q u i l i b r i u m  was no t  reached even a f t e r  s e v e r a l  
weeks. T h e r e f o r e ,  a s u r p l u s  amount o f  wa te r  on the  s u r f a c e  of  
t he  samples i s  no t  p l a u s i b l e .  

The t h i r d  reason i s  t he  o b s e r v a t i o n  t h a t  the  h i g h e r  t h e  
graft yield and the thickness of the membrane, the more 
p rom inen t  i s  t he  d i f f e r e n c e  between the  two T~ v a l u e s .  
C o n v e r s e l y ,  one may a n t i c i p a t e  t h a t  t h e  r e l a t i v e  e f f e c t  o f  a 
s u r f a c e  water  l a y e r  w i l l  be more pronounced on t h i n  membranes 
r a t h e r  than on t h i c k ,  h i g h l y  water  s w o l l e n  membranes. I t  i s  
reasonable, therefore, to reject the water-layer explanation 
and look out for the origin of these differences. 

In a former section, we estimated that I-water is 
accumulated in the membranes upon an increase in the water 
content from 2 to 10/3 moles of water per mole of PAM. The 
partition of water presented in col. 4 of table I is based upon 
the hidden assumption that upon further increase in water 
content, the amount of I-water does not change. The values of 
TI relaxation times (table I col. 5) were calculated following 
this argumentation. Andrade and coworkers (10) postulated a 
similar fixed distriution of water in polyHEMA hydrogels. 

However, introduction of additional (free) water into the 
membranes, above the  10/3 mo le /mo le  I - w a t e r  t h r e s h o l d ,  i s  
accompanied by en la rgemen t  of  pore  volume and pore  c r o s s -  
s e c t i o n  and a dec rease  in  t he  f r a c t i o n  o f  b l o c k e d  po res .  In 
o t h e r  words,  t he  a d d i t i o n a l  volume of  wa te r  i n t r o d u c e d  i n t o  
b l o c k e d  or  nar row po res  may "open"  t h e  po res  and change the  
t r a n s p o r t  c h a r a c t e r i s t i c s  of  t h e  whole amount o f  t he  wa te r  i n  
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t he  po res ,  thus c o n v e r t i n g  p a r t  of  t he  I - w a t e r  i n t o  f r e e  wa te r .  
Thus, when a l l  t h r e e  s t a t e s  of  water  i n  t he  s w o l l e n  membrane 
are  occup ied ,  an i n c r e a s e  i n  the  water  c o n t e n t  of  t he  membrane 
i s  f o l l o w e d  by an enhanced i n c r e a s e  in  the  amount of f r e e  water  
and a decrease in  t he  amount of  I - w a t e r .  The s teep r i s e  i n  t he  
s lopes  of t he  curves  of  P vs.  water  up take  (o f .  f i g .  4) lends 
suppo r t  t o  t h i s  c o n c l u s i o n .  

Consequen t l y ,  in  c o l .  7 in  t a b l e  I a re  p resen ted  t he  
c a l c u l a t e d  c o r r e c t e d  v a l u e s  of  t he  amounts of  water  in  t he  
t h r e e  s t a t e s ,  which y i e l d  t he  best  agreement w i t h  t he  TI 
v a l u e s .  For most membranes, we adopt  the  amount of  bound water  
of  2 mo les /mo le  PAM. However, f o r  t he  1235% g r a f t e d  membrane, 
t he  c a l c u l a t i o n s  per formed us ing t h i s  v a l u e  y i e l d  poor 
agreement between the  c a l c u l a t e d  and measured v a l u e s  of  T I .  The 
best  c o m p a t a b i l i t y  i s  a t t a i n e d  i f  we assume t h a t  in  t h i s  h i g h l y  
g r a f t e d  membrane, t h e r e  a re  o n l y  1.5 moles of  bound wa te r  per 
each mole of  AM. The r a t i o n a l e  f o r  t h i s  e s t i m a t i o n  i s  t h a t  a t  
v e r y  h igh g r a f t  y i e l d s ,  t he  long PAM cha ins  a re  p r o b a b l y  h i g h l y  
en tang led  and behave l i k e  a c r o s s l i n k e d  hyd roge l  (5 ) .  The 
f i n d i n g s  of  Andrade (10) t h a t  in  c r o s s l i n k e d  polyHEMA h y d r o g e l s  
t he  bound water  a re  o n l y  1.6 moles of water  per mole of  
polyHEMA (22% w/w) ,  lend suppo r t  t o  our e s t i m a t i o n .  

F i n a l l y ,  consequent t o  t he  above d i s c u s s i o n ,  t he  c o r r e c t e d  
d i s t r i b u t i o n  of  t he  sorbed water  i n t o  t he  c l a s s e s ,  a t  v a r y i n g  
l e v e l s  of  water  up take ,  i s  p resen ted  by t he  dashed cu rve  in  
f i g .  5, which shows t he  g radua l  d i sappearance  of  t he  I - w a t e r  
upon i n c r e a s e  in  t he  amount of  f r e e  w a t e r ,  f o l l o w e d  a t  v e r y  
h igh  g r a f t  y i e l d s ,  b9 a decrease in  the  amount of  bound wa te r .  
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