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A b s t r a c t

DYNAMIC LIGHT SCATTERING STUDIES OF 

COLLAGEN-GELATIN AND GEL 

by

J e n n -S h y o n g  Hwang 

A d v i s e r :  P r o f e s s o r  Herman Z. Cummins

The t e c h n i q u e  o f  i n t e n s i t y  c o r r e l a t i o n  s p e c t r o s c o p y  u s i n g  a d i g i t a l  

a u t o c o r r e l a t o r  was employed t o  i n v e s t i g a t e  t h e  c o l l a g e n - g e l a t i n  and ge l  

s y s t e m s .  V a r io u s  hydrodynamic  p r o p e r t i e s  were  d e r i v e d  from t h e  a u t o ­

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

r e v i e w  o f  t h e  p r e v i o u s  s t u d i e s  and p h y s i c o - c h e m i c a l  p r o p e r t i e s  o f  t h e s e  

sy s te m s  a r e  g i v e n  f i r s t ,  f o l l o w e d  by a b r i e f  o u t l i n e  o f  t h e  t h e o r y  o f  

i n t e n s i t y  f l u c t u a t i o n  s p e c t r o s c o p y  and a d e s c r i p t i o n  o f  t h e  a p p a r a t u s  

and e x p e r i m e n t a l  t e c h n i q u e  used  in  t h i s  s t u d y .  The r e s e a r c h  work and 

r e s u l t s  a r e  t h e n  d i s c u s s e d  i n  t h r e e  s e p a r a t e  p a r t s ,  each  d e a l i n g  w i t h  

one t o p i c  — t h e  g e l a t i n  s o l u t i o n s ,  g e l a t i n  g e l s  and c o l l a g e n  s o l u t i o n s .

For  t h e  e x t r e m e l y  p o l y d i s p e r s e  g e l a t i n  s o l u t i o n  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  t h e  d i f f u s i o n  c o e f f i c i e n t  was i n v e s t i g a t e d  and a  r e l a t i o n  

N “ C 5 f o r  t h e  p o l y m e r i z a t i o n  i n d e x  o f  t h e  a g g r e g a t e s  and  t h e  c o n c e n t r a ­

t i o n  was o b t a i n e d .  M o d e r a t e l y  p o l y d i s p e r s e  s o l u t i o n s  o b t a i n e d  by t h e
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c e n t r i f u g a t i o n  o f  t h e  g e l a t i n  s o l u t i o n s  however  show t h a t  t h e  g e l a t i n  

p a r t i c l e s  e x e c u t e  f r e e  d i f f u s i o n  a t  low c o n c e n t r a t i o n s  and form a po lymer  

n e tw o rk  a t  h igh  c o n c e n t r a t i o n s .  The z - a v e r a g e  f r e e  d i f f u s i o n  c o e f f i c i e n t  

i s  i n d e p e n d e n t  o f  c o n c e n t r a t i o n  and i s  p r o p o r t i o n a l  t o  q 2 . The h y d r o -  

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

s a l t  c o n c e n t r a t i o n s  and t e m p e r a t u r e s  were  a l s o  s t u d i e d .  The r e s u l t s  l e a d  

t o  t h e  c o n c l u s i o n  t h a t  most  o f  t h e  a g g r e g a t e s  a r e  c o v a l e n t l y  l i n k e d  and 

t h e  hydrogen  bonded and c o l l a g e n - f o l d e d  a g g r e g a t e s  do n o t  make s i g n i f i ­

c a n t  c o n t r i b u t i o n s  a t  20°C o r  h i g h e r  t e m p e r a t u r e s .

S i n g l e  e x p o n e n t i a l  a u t o c o r r e l a t i o n  f u n c t i o n s  were  o b t a i n e d  f o r  g e l a ­

t i n  g e l s  w i t h  and w i t h o u t  c r o s s l i n k i n g  a g e n t .  The e l a s t i c  c on t inuum  model 

was found  t o  d e s c r i b e  a l l  t h e  o b s e r v e d  p r o p e r t i e s  b e t t e r  t h a n  t h e  bounded 

d i f f u s i o n  model .  As t h e  c o n c e n t r a t i o n  i n c r e a s e s  t h e  c o o p e r a t i v 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 s  i n  t h e  s o l u t i o n  s t a t e  b u t  i n c r e a s e s  i n  t h e  gel s t a t e .  

For  g e l s  w i t h o u t  a c r o s s l i n k i n g  a g e n t  t h e  de c a y  r a t e  o f  t h e  c o r r e l a t i o n  

f u n c t i o n  was found  t o  r em ain  c o n s t a n t  a f t e r  i t  r e a c h e d  a t e r m i n a l  v a l u e  

s e v e r a l  h o u r s  a f t e r  i t s  t e m p e r a t u r e  was c hanged  t o  20°C.  However ,  f o r  

g e l s  w i t h  a c r o s s l i n k i n g  a g e n t  t h e  decay  r a t e  c o n t i n u o u s l y  i n c r e a s e d  in  

t im e  and t h e  s p a t i a l  c o r r e l a t i o n  l e n g t h  became s h o r t e r  w i t h  a g e .

Very m o n o d i s p e r s e  c o l l a g e n  sam p les  were  o b t a i n e d  t h r o u g h  t h e  p u r i f i ­

c a t i o n  o f  d e n s i t y  g r a d i e n t  s e p a r a t i o n .  A u t o c o r r e l a t i o n  f u n c t i o n s  were  mea­

s u r e d  a t  3 1 .8 °  and 90° s c a t t e r i n g  a n g l e s .  The t r a n s l a t i o n a l  and  r o t a t i o n a l  

d i f f u s i o n  c o e f f i c i e n t s  were c a l c u l a t e d  from t h e  d i r e c t l y  m ea su red  c o r r e l a ­

t i o n  f u n c t i o n s  o f  n o n - z e r o  d e g r e e  s c a t t e r i n g .  A l e n g t h  o f  2715 ± 1OOX was 

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

l i t e r a t u r e  v a l u e s .
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CHAPTER I 

INTRODUCTION

C o l l a g e n  i s  t h e  m os t  a b u n d a n t  p r o t e i n  i n  t h e  an im al  w o r ld  and  i s  

t h e  main c o n s t i t u e n t  o f  c o n n e c t i v e  t i s s u e .  I t  a c c o u n t s  f o r  a t h i r d  o f  

t h e  p r o t e i n  c o n t e n t  i n  t h e  human body . 1 ’ 2 G e l a t i n ,  which  i s  t h e  d e ­

n a t u r e d  p r o d u c t  o f  c o l l a g e n ,  i s  a b a s i c  component  o f  g l u e ,  p h o t o g r a p h i c  

e m u l s i o n s ,  and fo o d .  When a g e l a t i n  s o l u t i o n  w i t h  c o n c e n t r a t i o n  h ig h  

enough i s  c o o l e d  t o  a c e r t a i n  t e m p e r a t u r e ,  t h e  ge l  p o i n t ,  i t  fo rms  

g e l a t i n  g e l .  The c o l l a g e n - g e l a t i n  and ge l  s y s t e m s  r e p r e s e n t  an im­

p o r t a n t  a r e a  o f  s t u d y  b o t h  b e c a u s e  o f  t h e  b i o l o g i c a l  and m ed ic a l  im­

p o r t a n c e  o f  c o l l a g e n  and b e c a u s e  o f  t h e  g r e a t  com merc ia l  i n t e r e s t  in  

g e l a t i n  and g e l s .

The c o l l a g e n - g e l a t i n  s y s te m  has been s t u d i e d  w i d e l y  by a v a r i e t y  

o f  t e c h n i q u e s .  The h ig h  v i s c o s i t y  and t h e  t e n d e n c y  o f  t h e  m o l e c u l e s  

t o  a g g r e g a t e  make t h e  c o l l a g e n - g e l a t i n  s y s t e m  d i f f i c u l t  t o  s t u d y .

L i g h t  s c a t t e r i n g  m easu rem en ts  which  have p l a y e d  a c r i t i c a l  r o l e ,  how­

e v e r ,  a r e  p a r t i c u l a r l y  s u i t e d  f o r  t h e  e x a m i n a t i o n  o f  t h e  n a t u r e  and 

e x t e n t  o f  a g r e g a t e  f o r m a t i o n  in  c o l l a g e n  and d i l u t e  g e l a t i n  s o l u t i o n s .  

C o n v e n t io n a l  l i g h t  s c a t t e r i n g  t e c h n i q u e s  have been u sed  t o  d e t e r m i n e  

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

s o l u t i o n s . 3 The most  w i d e l y  used  method was t o  m easu re  t h e  s c a t t e r e d  

l i g h t  a s  a f u n c t i o n  o f  c o n c e n t r a t i o n  and a n g l e ,  and combine t h e  d a t a  

i n t o  a "Zimm p l o t " . 4 From t h e  p l o t ,  t h e  m o l e c u l a r  w e i g h t ,  r a d i u s  o f  

g y r a t i o n  and t h e  seco n d  v i r i a l  c o e f f i c i e n t  have been  c a l c u l a t e d .  These  

a p p l i c a t i o n s  however ,  assumed t h a t  t h e  l i g h t  was s c a t t e r e d  e l a s t i c a l l y  

and n e g l e c t e d  t h e  b r o a d e n i n g  e f f e c t  i n  t h e  s c a t t e r e d  l i g h t  s p e c t r u m
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due  t o  D o p p le r  e f f e c t s  f rom Brownian m ot ion  o f  t h e  m a c r o m o l e c u l e s .

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

f rom t h e  s o l u t i o n  o f  m a c r o m o l e c u l e s  were due t o :  ( i )  t h e  l a c k  o f

l i g h t  s o u r c e s  which  were s u f f i c i e n t l y  m onochrom at ic  and s i m u l t a n e o u s l y  

o f  h ig h  i n t e n s i t y ,  and ( i i )  t h e  e x t r e m e l y  h ig h  r e s o l u t i o n  r e q u i r e d  t o  

m ea s u re  t h e  sm a l l  amount o f  b r o a d e n i n g  in  t h e  s c a t t e r e d  l i g h t  s p e c t r u m .  

These  d i f f i c u l t i e s  were removed w i t h  t h e  a d v e n t  o f  l a s e r s  and  t h e  i n ­

t r o d u c t i o n  o f  t h e  new t e c h n i q u e  o f  IFS ( I n t e n s i t y  F l u c t u a t i o n  S p e c t r o s ­

c opy)  o r  L i g h t  B e a t i n g  S p e c t r o s c o p y  o r  O p t i c a l  M ix ing  S p e c t r o s c o p y .

T h i s  new t e c h n i q u e  has  been  used  t o  s t u d y  s o l u t i o n s  o f  m a c r o m o le c u le s  

and  has  been p r o v e n  t o  be a p ow e r fu l  a p p r o a c h .

T h e . p r i m a r y  s u b j e c t  o f  t h i s  s t u d y  i s  t h e r e f o r e  t o  a p p l y  t h e  IFS 

t e c h n i q u e  t o  t h e  s t u d y  o f  t h e  c o l l a g e n - g e l a t i n  s y s t e m  and t o  t h e  ge l  

dynamics  which  r e p r e s e n t  a b r o a d  f i e l d  o f  s t u d y  i n  po lym er  s c i e n c e  and 

in  i n d u s t r y .  An in  d e p t h  a n a l y s i s  o f  I n t e n s i t y  F l u c t u a t i o n  S p e c t r o s ­

copy  i s  g i v e n  by Cummins and Sw inney5 and a l s o  by many o t h e r  a u t h o r s .6 9 

In t h e  n e x t  c h a p t e r  we w i l l  g i v e  an o v e r v i e w  o f  t h e  t h e o r y  and a p p l i ­

c a t i o n s  o f  t h i s  t e c h n i q u e .  We w i l l  f i r s t  b r i e f l y  d i s c u s s  t h e  p r e v i o u s  

s t u d i e s  o f  t h e  c o l l a g e n - g e l a t i n  and ge l  s y s te m s  and  t h e n  o u t l i n e  t h e i r  

b i o l o g i c a l  and  p h y s i c o - c h e m i c a l  p r o p e r t i e s .

1 .1  PREVIOUS STUDIES OF PHYSICO-CHEMICAL PROPERTIES

A. C o l l a g e n  S o l u t i o n  and D e n a t u r a t i o n  

M i c r o s c o p i c ,  x - r a y  and  e l e c t r o n  m i c r o s c o p i c  t e c h n i q u e s  have  been 

u s e d  t o  s t u d y  c o l l a g e n  f i b e r s  s i n c e  1927.  I n v e s t i g a t i o n s  o f  c o l l a g e n  

in  s o l u t i o n  by b i o l o g i c a l  t e c h n i q u e s  were s t a r t e d  20 y e a r s  t h e r e a f t e r  

by B r e s l e r ,  e t  a l  , 10 who o b t a i n e d  m o l e c u l a r  w e i g h t s  o f  a b o u t  70 ,000
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f o r  a s o l u b l e  s k i n  c o l l a g e n .  The f i r s t  r e p o r t  o f  l i g h t  s c a t t e r i n g  

m ea su rem e n ts  was g i v e n  by Mathews,  e t  a l , 11 who found  a number 

a v e r a g e  m o l e c u l a r  w e i g h t  o f  74 ,0 0 0  from o s m a t i c  p r e s s u r e  m e a s u r e ­

m en ts  and  a w e i g h t  a v e r a g e  m o l e c u l a r  w e i g h t  o f  1 0 7 f rom l i g h t  

s c a t t e r i n g  m ea s u rem e n ts  f o r  a s i m i l a r  m a t e r i a l  t o  t h a t  s t u d i e d  by 

B r e s l e r ,  e t  a l . The p r e s e n c e  o f  l a r g e  a g g r e g a t e s  was c l a i m e d  t o  

a c c o u n t  f o r  t h e  d i f f e r e n c e  i n  t h e  m ea su red  m o l e c u l a r  w e i g h t s .  V e i s ,  

e t  a l  ( 1 9 5 5 ) 12 o b t a i n e d  a m o l e c u l a r  w e i g h t  o f  s e v e r a l  m i l l i o n s  f o r  

t h e  s o l u b l e  s k i n  c o l l a g e n  e x t r a c t e d  a t  GO^C. A n o t h e r  l i g h t  s c a t t e r ­

i ng  i n v e s t i g a t i o n  o f  s o l u b l e  c o l l a g e n  by M'Ewen and P r a t t  ( 1 9 5 3 ) 13 

y i e l d e d  a m o l e c u l a r  w e i g h t  o f  a b o u t  7 m i l l i o n  f o r  s k i n  c o l l a g e n  and 

10 t o  25 m i l l i o n  f o r  t en d o n  c o l l a g e n .  The d i s c r e p a n c i e s  i n  t h e s e  

o b s e r v e d  h ig h  m o l e c u l a r  w e i g h t s  i n d i c a t e d  t h e  p r e s e n c e  o f  b o th  l i g h t  

and heavy m a c r o m o l e c u l a r  p a r t i c l e s .

In 1953 G a l l o p ltf o b t a i n e d  v e r y  p u r e  c i t r a t e  e x t r a c t e d  c o l l a g e n ,  

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

v i s c o s i t y  and l i g h t  s c a t t e r i n g  s t u d i e s  l e d  him t o  i n t e r p r e t  t h e s e  

s o l u b l e  c o l l a g e n s  a s  long  and t h r e a d - l i k e  w i t h  a m o l e c u l a r  w e i g h t  o f

1 .7  x 1 0 6 and a l e n g t h  o f  1 3 ,000  A. G a l lo p  a l s o  fo u n d  t h a t  c o l l a g e n  

s o l u t i o n s  u n d e rw e n t  a d r a m a t i c ,  i r r e v e r s i b l e  c h a n g e  when h e a t e d  t o  

40°C a t  pH 3 . 7 .  The p r o d u c t ,  c a l l e d  p a r e n t  g e l a t i n ,  was shown t o  

have  a m o l e c u l a r  w e i g h t  o f  7 0 , 0 0 0 .  T h i s  p r o c e d u r e ,  c a l l e d  d e n a t u r a ­

t i o n ,  seemed t o  a c c o u n t  f o r  t h e  huge d i f f e r e n c e  in  t h e  m o l e c u l a r  

w e i g h t  r e s u l t s  i n  t h e  p r e v i o u s  s t u d i e s .  However ,  one  c o n t r a d i c t i o n  

which s t i l l  r e m a in e d  was t h a t  t h e  i n t r i n s i c  v i s c o s i t i e s  o f  t h e  sam­

p l e s  had s t a y e d  n e a r l y  c o n s t a n t  even w h i l e  d e n a t u r a t i o n  was b e i n g  

c a r r i e d  o u t .



S c h m i t t ,  C ross  and H i g h b e r g e r  (1 9 5 3 ,  1 9 5 4 ) , 15 -16 f rom t h e  s t u d i e s  

o f  t h e  e l e c t r o n  m i c r o g r a p h s  o f  c o l l a g e n  f i b e r s ,  c o n c lu d e d  t h a t  t h e  

u p p e r  l i m i t  f o r  t h e  f u n d a m e n ta l  u n i t  which  fo rm ed  t h e  c o l l a g e n  f i b e r  

d i d  n o t  e x c e e d  3000 A. B o e d t k e r  and Doty (1956 ) , 17from t h e  r e s u l t s  

o f  o s m o t i c  p r e s s u r e ,  i n t r i n s i c  v i s c o s i t y  and  m o la r  w e i g h t ,  s e d i m e n t a ­

t i o n  and v i s c o s i t y , f l o w  b i r e f r i n g e n c e  and v i s c o s i t y ,  and l i g h t  s c a t t e r ­

i n g  s t u d i e s  on t h e  i c h t h y o c a l  and  i t s  d e n a t u r e d  s t a t e  c o n c l u d e d  t h a t  

c o l l a g e n  m o l e c u l e s  f rom t h e  c a r p  swim b l a d d e r  had r o d - l i k e  s h a p e  w i t h  

a l e n g t h  o f  3000 A, a d i a m e t e r  o f  1 3 .6  A and  a m o l e c u l a r  w e i g h t  o f

3 4 5 ,0 0 0  and a r e  composed o f  t h r e e  m u t u a l l y  a r r a n g e d  p o l y p e p t i d e  

c h a i n s  r u n n i n g  l e n g t h w i s e .  H a l l  and Doty (1 9 5 8 )18 o b t a i n e d  a w e i g h t  

a v e r a g e  l e n g t h  o f  2820 A and a d i a m e t e r  o f  1 5 ' A f o r  c o l l a g e n  m o l e c u l e s  

and Hodge and S c h m i t t  (1960)  “ o b t a i n e d  a v a l u e  o f  2850 A f o r  t h e  

m o l e c u l a r  l e n g t h .  G a l l o p ,  e t  a l  ( 1 9 5 7 ) ,  20 Von H i p p e l ,  e t  a l  ( I 9 6 0 ) 21 

and F r e n c h ,  e t  a l  ( 1 9 7 1 ) 22 s t u d i e d  i c h t h y o c a l  i n  n e u t r a l  and s a l t  

s o l u t i o n s  and found  t h a t  a c i d  e x t r a c t e d  c o l l a g e n s  have  a l e s s e r  t e n ­

dency  t o  a g g r e g a t e  and were  t h u s  more m o n o d i s p e r s i v e .

The most  r e c e n t  l i g h t  s c a t t e r i n g  s t u d i e s  on t h e  p h y s i c o - c h e m i c a l  

p r o p e r t i e s  o f  c o l l a g e n s  were  c a r r i e d  o u t  by u s i n g  e i t h e r  dynamic 

l i g h t  s c a t t e r i n g  o r  e l e c t r i c  b i r e f r i n g e n c e  m e a s u r e m e n t s .  The dynamic 

l i g h t  s c a t t e r i n g  t e c h n i q u e  m ea s u red  t h e  power s p e c t r u m  o r  t h e  a u t o ­

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

r o t a t i o n a l  a n d / o r  t r a n s l a t i o n a l  d i f f u s i o n  c o e f f i c i e n t s .  The b i ­

r e f r i n g e n c e  m ea s u rem e n ts  g a v e  t h e  r o t a t i o n a l  d i f f u s i o n  c o e f f i c i e n t  

f rom i t s  g rowth  o r  d e c a y  r a t e s .
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F r e n c h ,  e t  a l  ( 1 9 7 1 ) 22 have c a r r i e d  o u t  some p r e l i m i n a r y  dynam­

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

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

t h e  t r a n s l a t i o n a l  d i f f u s i o n  c o e f f i c i e n t  and compared t h e i r  r e s u l t s  

w i t h  t h a t  c a l c u l a t e d  from hydrodynam ic  t h e o r y  f o r  t h e  t r o p o c o l l a g e n  

ro d .  O br ink  ( 1 9 7 2 ) 23 s t u d i e d  l a t h y n i t i c  c o l l a g e n  a t  pH 7 . 4  i n  a 

p h o s p h a te  b u f f e r  by p e r f o r m i n g  some b r i e f  dynamic l i g h t  s c a t t e r i n g  

m easu rem en ts  and  o b t a i n e d  a t r a n s l a t i o n a l  d i f f u s i o n  c o e f f i c i e n t  o f

7 . 8  x 10 “ 8 cm2/ s e c  f o r  t h e  c o l l a g e n  monomeric  m o l e c u l e s .  I t  was in  

a g r e e m e n t  w i t h  t h e  r e s u l t  t h a t  was c a l c u l a t e d  from hydrodynamic  

t h e o r y  f o r  a rod  m o l e c u l e  o f  3000 A in  l e n g t h  and 14 A i n  d i a m e t e r .  

A n a n t h a n a r a y a n a n  and  Veis  ( 1 9 7 2 ) 24 o b t a i n e d  2790 A f o r  t h e  l e n g t h  o f  

c o l l a g e n  m o l e c u l e s  f rom b i r e f r i n g e n c e  m easu rem en ts  and 2850 A from 

e l e c t r o n  m ic r o g r a p h  s t u d i e s .  Be rnengo ,  e t  a l  ( 1 9 7 4 ) 25 i n v e s t i g a t e d ,  

by e l e c t r i c  b i r e f r i n g e n c e  m e a s u r e m e n t s ,  t h e  monomeric  n a t u r e  o f  s k i n  

a c i d - s o l u b l e  c o l l a g e n  in  100 mM a c e t i c  s o l u t i o n  and o b t a i n e d  a mono­

mer l e n g t h  o f  2700±100 A. In 1976 ,  t h e y  s t u d i e d  t h e  a g g r e g a t i v e  

p r o p e r t i e s  o f  a c i d - s o l u b l e  s k i n  c o l l a g e n  ( n a t i v e  o r  t r e a t e d )  and pe p ­

s i n - e x t r a c t e d  c o l l a g e n  from b o v i n e  a r t i c u l a r  c a r t i l a g e  v i a  b i r e f r i n ­

g ence  and low s h e a r  r a t e  v i s c o s i t y .  They found  u n i q u e  t y p e s  o f  a g ­

g r e g a t e s ,  a b o u t  7000 A long  f o r  n a t i v e  s k i n  c o l l a g e n ,  5300 A f o r  pe p ­

s i n  t r e a t e d  c o l l a g e n ,  and 4400 A f o r  p r o n a s e  t r e a t e d  c o l l a g e n .  The 

number o f  a g g r e g a t e s  i n c r e a s e d  w i t h  c o l l a g e n  c o n c e n t r a t i o n ,  a s  was 

e x p e c t e d  f o r  e l e c t r o s t a t i c  i n t e r a c t i o n s .  The p e p s i n - e x t r a c t e d  c a r ­

t i l a g e  c o l l a g e n  was found  t o  have  a g g r e g a t e s  o f  5300 A lo n g  which 

was v e r y  c l o s e  t o  t h o s e  found  in  p e p s i n  t r e a t e d  s k i n  c o l l a g e n .
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However,  t h e  number o f  a g g r e g a t e s  which formed i n  a c o v a l e n t  n a t u r e  

was i n d e p e n d e n t  o f  c o l l a g e n  c o n c e n t r a t i o n .

H e r b a g e ,  e t  a l  ( 1 9 7 6 ) 26 from e l e c t r i c a l  b i r e f r i n g e n c e  m e a s u r e ­

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

l e n g t h  s l i g h t l y  l e s s  t h a n  t w i c e  t h a t  o f  t r o p o c o l l a g e n  (2800 A) a l s o  

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

p o i n t e d  o u t  t h a t  t h e s e  m o l e c u l e s  c o u l d  be d im e r s  composed o f  two 

monomers l i n k e d  by i n t e r m o l e c u l a r  h e a d - t o - t a i l  bonds whose t h e o r e t i ­

c a l  l e n g t h  (5300 A ) ,  a c c o r d i n g  t o  t h e  q u a r t e r - s t a g g e r  t h e o r y ,  was 

i n  good a g r e e m e n t  w i t h  t h e i r  m ea su red  v a l u e s  (5100 -  5300 A).

F l e t c h e r  ( 1 9 7 6 ) 27 s t u d i e d  n a t i v e  c o l l a g e n  e x t r a c t e d  from r a t  

t a i l  t e n d o n s  u s i n g  i n t e n s i t y  m e a s u r e m e n t s .  He found  t h a t  t h e  t r a n s ­

l a t i o n a l  d i f f u s i o n  c o e f f i c i e n t  de pended  on t h e  c o n c e n t r a t i o n  o f  c o l ­

l a g e n ,  and  t h a t  i n t e n s i t y  f l u c t u a t i o n s  due t o  t h e  m o l e c u l a r  r o t a ­

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

a t  a s c a t t e r i n g  a n g l e  o f  4 5 ° .  Thomas and F l e t c h e r  ( 1 9 7 9 ) 28 s t u d i e d  

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

c o l l a g e n  by a u t o c o r r e l a t i o n  s p e c t r o s c o p y .  From t h e  a u t o c o r r e l a t i o n  

f u n c t i o n s ,  t h e y  o b t a i n e d  a r o t a t i o n a l  d i f f u s i o n  c o e f f i c i e n t  o f  1082±30 

s e c " 1 c o r r e s p o n d i n g  t o  a m o l e c u l a r  l e n g t h  o f  2530±7Q A.

B. G e l a t i n  S o l u t i o n

G e l a t i n  s y s t e m s  have been e x t e n s i v e l y  i n v e s t i g a t e d  by o s m o t i c  

p r e s s u r e  and s e d i m e n t a t i o n  m e a s u r e m e n t s .  P o u r a d i e r  and V e n e t (1 9 5 0 ) 29" 30 

m ea su red  t h e  o s m o t i c  p r e s s u r e  o f  an a l k a l i - p r e c u r s o r  c a l f  s k i n  g e l a t i n  

i n  aqueous  s o l u t i o n s  c o n t a i n i n g  v a r i o u s  r e a g e n t s .  They found  t h a t  

t h e  number a v e r a g e  m o l e c u l a r  w e i g h t  v a r i e d  from 6 0 ,8 0 0  i n  d i s t i l l e d
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w a t e r  t o  6 6 ,6 0 0  in  4 . 0  M u r e a  s o l v e n t  and t h e  g e l a t i n  was m o l e c u l a r l y  

d i s p e r s e d  i n  ea ch  o f  t h e  s o l v e n t  s y s t e m s .

A number o f  l i g h t  s c a t t e r i n g  s t u d i e s  have  been made on g e l a t i n  

b u t  o n l y  a few o f  t h e s e ,  d e a l i n g  w i t h  t h e  c h a r a c t e r i z a t i o n  o f  m o le c u ­

l a r l y  d i s p e r s e d  g e l a t i n s  w i l l  be m e n t io n e d  h e r e .  The r e m a in i n g  

s t u d i e s  have  been d i s c u s s e d  i n  t h e  book by V e i s . 1 The most  common 

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

a v e r a g e  m o l c u l a r  w e i g h t  M and t h e  r a d i u s  o f  g y r a t i o n  o f  t h e  m o l e c u l ew

(Rg) .  B o e d t k e r  and Doty ( 1 9 5 4 ) 17 u se d  l i g h t  s c a t t e r i n g  t e c h n i q u e s  

t o  s t u d y  p r o p e r t i e s  o f  an o s s e i n  g e l a t i n  and i t s  g e l .  They found  

t h e  g e l a t i n  m o l e c u l e  t o  have a random c o i l - l i k e  s h a p e  w i t h  mean c o n ­

f i g u r a t i o n  c o m p a r a b l e  t o  t h o s e  o f  t y p i c a l  s y n t h e t i c  po lym ers  and 

w e i g h t  a v e r a g e  m o l e c u l a r  w e i g h t  o f  9 6 ,0 0 0  in  2M KCNS s o l v e n t .  They 

a l s o  found  t h a t  a t  a l l  t e m p e r a t u r e s  below t h e  e q u i l i b r i u m  m e l t i n g  

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

c e r n i b l e ,  even in  e x t r e m e l y  d i l u t e  s o l u t i o n s  t h a t  were  i n c a p a b l e  o f  

g e l a t i o n .  The a g g r e g a t e  s i z e ,  how ever ,  was r e l a t e d  t o  t h e  t e m p e r a ­

t u r e  and t h e  t h e r m a l  p a t h  by which t h e  g e l a t i n  s o l u t i o n  was b r o u g h t  

t o  t h e  m easu rem en t  t e m p e r a t u r e .  W i l l i a m s ,  e t  a l  ( 1 9 5 4 ) 31 from s e d i ­

m e n t a t i o n  a n a l y s i s  o b t a i n e d  t h e  w e i g h t  a v e r a g e  e n d - t o - e n d  c h a i n  e x ­

t e n s i o n  o f  258 A by a s sum ing  a random c o i l  model .

G a l lo p  ( 1 9 5 5 ) 1 c a r r i e d  o u t  t h e  d e n a t u r a t i o n  o f  t h e  i c h t h y o c a l  

he o b t a i n e d  and made a v a r i e t y ' o f  p h y s i c a l  c h e m i s t r y  m ea su rem e n ts  on 

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

volume,  and i n t r i n s i c  v i s c o s i t y  o f  t h e  p a r e n t  g e l a t i n  i n  pH 3 . 7  

sod ium c i t r a t e  b u f f e r .  He a l s o  o b t a i n e d  w e i g h t  a v e r a g e  m o l e c u l a r
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w e i g h t  o f  1 . 7  x 1 0 6 and 7 0 ,0 0 0  f o r  c o l l a g e n  and g e l a t i n  r e s p e c t i v e l y ,  

u s i n g  l i g h t  s c a t t e r i n g  m e a s u r e m e n t s .  B o e d t k e r  and Doty ( 1 9 5 6 ) 32 r e ­

p e a t e d  G a l l o p ' s  s t u d y  and  o b t a i n e d  number a v e r a g e  m o l c u l a r  w e i g h t s

3 1 0 .0 0 0  and 1 2 5 ,0 0 0  and  w e i g h t  a v e r a g e  m o l e c u l a r  w e i g h t s  3 4 5 ,0 0 0  and

1 3 8 .000  f o r  c o l l a g e n s  and g e l a t i n s  r e s p e c t i v e l y .  They c o n c l u d e d  

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

w e re  formed from e a ch  c o l l a g e n  m o l e c u l e  upon d e n a t u r a t i o n .  E x t e n s i v e  

s t u d i e s  o f  s e d i m e n t a t i o n  and u l t r a c e n t r i f u g e  m ea su rem e n ts  were  l a t e r  

made t o  c l a r i f y  d i f f e r e n t  component s  i n  t h e  p a r e n t  g e l a t i n  f rom c o l ­

l a g e n .  A s i n g l e  c o h e r e n t  p i c t u r e  can  now be drawn t o  a c c o u n t  f o r  

v a r i e d  o b s e r v a t i o n s  and w i l l  be p r e s e n t e d  i n  t h e  n e x t  s e c t i o n .

C o u r t s  and S t a i n s b y 33 s t u d i e d  t h e  g e l a t i n  f rom ox h i d e  l im ed  

c o l l a g e n  and  found  t h e  m o l e c u l a r  w e i g h t s  r a n g e d  from 3 2 0 ,0 0 0  t o  6 4 ,0 0 0  

d e p e n d in g  on t h e  s o l v e n t  s y s te m  and g e l a t i n  c o n c e n t r a t i o n s .  They 

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

and  found  t h e  w e i g h t  a v e r a g e  m o l e c u l a r  w e i g h t  r a n g e d  f rom 1 . 9 4  x 

1 0 5 t o  0 . 2 5  x 1 0 s . V e i s ,  e t  a l  (1 9 5 5 ,  1956 ,  1957 ,  1958,  I 9 6 0 ) 3*-38 

s t u d i e d  g e l a t i n s  f rom u n l im e d  p u r i f i e d  s t e e r  h i d e  c o r iu m  c o l l a g e n  

by a v a r i e t y  o f  s h o r t  n e u t r a l  o r  a c i d  e x t r a c t i o n s .  M o l e c u l a r  w e i g h t s  

w ere  found  t o  r a n g e  f rom 8 . 3  x 105 t o  0 . 2  x 1 0 6 i n  v a r i o u s  f r a c t i o n s .

The r e s u l t s  f rom t h e  l i g h t  s c a t t e r i n g  s t u d i e s  i n d i c a t e d  t h a t  a l ­

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

t i n s  a r e  e x t r e m e l y  h e t e r o g e n e o u s  w i t h  m o l e c u l a r  w e i g h t  v a r y i n g  in  a 

f a i r l y  wide  r a n g e  up t o  v a l u e s  l a r g e r  t h a n  1 0 6 and a s i n g l e  c o n f i g u ­

r a t i o n  model i s  u n a b l e  t o  r e p r e s e n t  a l l  g e l a t i n s .
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C. G e l a t i n  Gel s

F e r r y  ( 1 9 4 8 ) 39 p o i n t e d  o u t  t h e  s i m i l a r i t y  o f  t h e  g e l a t i o n  o f  

g e l a t i n  t o  t h e  g e l a t i o n  o f  c e l l u l o s e s  and  many s y n t h e t i c  l i n e a r  p o l y ­

m er s .  Under  a p p r o p r i a t e  c o n d i t i o n s ,  t h e s e  po lym ers  form an i n f i n i t e  

t h r e e - d i m e n s i o n a l  i n s o l u b l e  po lymer  n e tw o r k .  B o e d t k e r  and Doty 

( 1 9 5 4 ) 17 m ea s u red  t h e  i n t e n s i t y  o f  t h e  s c a t t e r e d  l i g h t  a s  a f u n c t i o n  

o f  c o n c e n t r a t i o n ,  s c a t t e r i n g  a n g l e ,  and a g e  o f  t h e  g e l .  The i n t e n ­

s i t y  o f  t h e  s c a t t e r e d  l i g h t  f rom t h e  g e l a t i n  ge l  was fo u n d  t o  be s u b ­

s t a n t i a l l y  g r e a t e r  t h a n  i n  t h e  c o r r e s p o n d i n g  s o l u t i o n s  a t  40°C.  

However,  t h e  s c a t t e r i n g  i n t e n s i t y  d e c r e a s e d  w h i l e  t h e  ge l  c o n c e n t r a ­

t i o n  i n c r e a s e d .  They made a c o m p a r i s o n  o f  t h i s  g e l a t i n  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  s c a t t e r i n g  i n t e n s i t y  o f  g e l s  w i t h  t h a t  p r e d i c t e d  f o r  a 

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

g e l s  were  d e n s i t y  f l u c t u a t i o n s  s i m i l a r  i n  w e i g h t  and volume t o  t h e  

a g g r e g a t e s  in  g e l a t i n  s o l u t i o n s .  They c l a i m e d  t h a t  t h e  d e c r e a s e  in  

s c a t t e r i n g  i n t e n s i t y  d i d  n o t  n e c e s s a r i l y  i n d i c a t e  s m a l l e r  s c a t t e r i n g  

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

g rowth  and i n t e r l o c k i n g  o f  a g g r e g a t e s  a r i s i n g  from c r y s t a l l i t e  f o r ­

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

t i o n  a r o s e  from an i n c r e a s i n g  o r d e r i n g  o f  t h e  s c a t t e r i n g  c e n t e r s  

r a t h e r  t h a n  a d e c r e a s e  i n  t h e  a g g r e g a t e  s i z e .

E l d r i d g e  and  F e r r y  ( 1 9 5 4 ) 1,0 s t u d i e d  t h e  r e l a t i o n s h i p  be tween  

t h e  m e l t i n g  t e m p e r a t u r e  Tg o f  ge l  and i t s  c o n c e n t r a t i o n  and  m o le c u ­

l a r  w e i g h t  i n  some w e l l  c h a r a c t e r i z e d  f r a c t i o n a t e d  g e l a t i n  s y s t e m s .  

They found  t h a t  Tg was a p ro n o u n ce d  f u n c t i o n  o f  b o t h  m o l e c u l a r  w e i g h t  

and c o n c e n t r a t i o n  and  i n t e r p r e t e d  t h e  r e l a t i o n s  i n  t e r m s  o f  t h e  c r o s s -
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l i n k s .  They n o t e d  t h a t  a l l  t h e  c r o s s - l i n k s  d i d  n o t  have  e q u i v a l e n t  

s t a b i l i t i e s  and t h a t  t e m p e r i n g  o r  s lo w  ge l  f o r m a t i o n  a l l o w s  more 

s t a b l e  c r o s s - l i n k s  t o  be  e s t a b l i s h e d  a t  t h e  e x p e n s e  o f  t h e  w eake r  

b o n d s .  Rapid  c h i l l i n g  c a u s e s  a more h a p h a z a r d  f o r m a t i o n  o f  w eake r  

o r  l e s s  w e l l - o r g a n i z e d ,  c r o s s - l i n k e d  r e g i o n s .  The a v e r a g e  c r y s t a l ­

l i t e  s i z e  o f  t h e  g e l a t i n  n e tw o rk  was l e s s  i n  a quenched  ge l  formed 

a t  h i g h  c o n c e n t r a t i o n  t h a n  an e q u a l l y  r a p i d  que nc hed  ge l  fo rm ed  a t  

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

s c a t t e r e d  l i g h t  i n t e n s i t y  w i t h  i n c r e a s i n g  c o n c e n t r a t i o n  may be a 

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

S t u d i e s  on t h e  e f f e c t  o f  pH v a l u e s  and  s a l t  c o n c e n t r a t i o n  o f  t h e  

g e l a t i n  ge l  s t a b i l i t y  have  a l s o  been done and  were  d i s c u s s e d  in  d e t a i l  

i n  t h e  book by V e i s . 1 V i s c o e l a s t i c  p r o p e r t i e s  o f  g e l s  a r e  t r a d i t i o n ­

a l l y  i n v e s t i g a t e d  by m e c h a n ic a l  m eans .  M easuremen ts  o f  s h e a r  modu­

l u s ,41-1*2 c o m p r e s s i o n  o r  e x t e n s i o n  m o d u l i , 1* 3-1* 5 b i r e f r i n g e n c e 1* 6-1* 7 

have  been  made by s t a t i c  and dynamic m e th o d s .  The e x i s t e n c e  o f  p ha se  

s e p a r a t i o n  o f  g e l a t i n  g e l s  h a v in g  m e t h a n o l - w a t e r  m i x t u r e s  a s  t h e  ge l  

f l u i d  was found  by T. Tanaka e t  a l , ( 1 9 7 9 ) . 48 M easurements  o f  t h e  

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

t e n s i t y  f rom g e l s  g i v i n g  t h e  i n f o r m a t i o n  o f  t h e  c o l l e c t i v e  mode o f  

t h e  po lymer  n e tw ork  w ere  a l s o  p e r f o r m e d .  T h e s e  r e s u l t s  and t h e i r  r e ­

l a t i o n s h i p  t o  m e c h a n ic a l  m easu rem en ts  w i l l  be d i s c u s s e d  l a t e r .

1 . 2  PHYSICAL STRUCTURE OF COLLAGEN-GELATIN AND GEL SYSTEMS

A. C o l l a g e n

C o l l a g e n  i s  u n i q u e  among p r o t e i n s  b e c a u s e  o f  i t s  amino a c i d  com­

p o s i t i o n .  A n a l y s e s  o f  c o l l a g e n  o f  v a r y i n g  o r i g i n s  show d i f f e r e n t
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c o m p o s i t i o n s .  S l i g h t  d i f f e r e n c e s  i n  c o m p o s i t i o n  a l s o  e x i s t  f o r  c o l ­

l a g e n  o f  t h e  same s o u r c e .  I t  i s  e x t r a o r d i n a r i l y  r i c h  in  g l y c i n e  and  

p r o l i n e .  E a s t o e , 1,9-51 how ever ,  made t h e  p o i n t  t h a t  e x c e p t  f o r  t h e  

amide  g roup  and a r g i n i n e  r e s i d u e  c o n t e n t s , t h e  amino a c i d  c o m p o s i t i o n s  

o f  c o l l a g e n  were  q u i t e  s i m i l a r .  On t h e  o t h e r  h a n d ,  a l l  c o l l a g e n s  

have  t h e  same o v e r a l l  p h y s i c a l  s t r u c t u r e  d e s p i t e  a f a i r l y  wide  r a n g e  

o f  c o m p o s i t i o n s .  B e s i d e s  amino a c i d s ,  c o l l a g e n  a l s o  c o n t a i n s  v e r y  

sm a l l  amounts  o f  g l u c o s e 52 and  g a l a c t o s e 53 which a r e  c o v a l e n t l y  a t ­

t a c h e d  t o  i t s  hyd roxy l  p i n e  r e s i d u e s .

F i g .  1 59 shows t h e  s e v e n  s t e p s  o f  t h e  f o r m a t i o n  o f  c o l l a g e n

i n t o  c o n n e c t i v e  t i s s u e .  The b a s i c  u n i t  o f  c o l l a g e n  i s  t r o p o c o l l a g e n  

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

a  c h a in s  wrapped a ro u n d  e a ch  o t h e r  t o  fo rm  a r i g h t - h a n d e d  s u p e r h e l i x .  

The e x t r u d e d  t r o p o c o l l a g e n ,  which  i s  a l o n g  r i g i d  rod  w i t h  a p p r o x i ­

m a t e l y  3000 A in  l e n g t h  and 14 A in  d i a m e t e r ,  s e l f - a s s e m b l e s  i n t o  

f i b e r s  o f  o v e r l a p p i n g  m o l e c u l e s  ( w i t h  700 A p e r i o d i c i t y ) .  These  

f i b e r s  a r e  t h e n  o r g a n i z e d  t o  fo rm  complex t i s s u e .

The t h r e e  p o l y p e p t i d e  c h a i n s  which a r e  h y d r o g e n - b o n d e d  t o  each  

o t h e r  have t h e  same s i z e .  Two o f  t h e  c h a i n s ,  c a l l e d  a l , a r e  i d e n ­

t i c a l ,  w he re as  t h e  t h i r d  c h a i n ,  c a l l e d  i s  s i m i l a r  i n  s t r u c t u r e

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

s a nd  amino r e s i d u e s .  The amino a c i d  s e q u e n c e  o f  c o l l a q e n  i s  r e m a rk ­

a b l y  r e q u l a r :  n e a r l y  e v e r y  t h i r d  r e s i d u e  i s  g l y c i n e  and t h e  s e q u e n c e

o f  g l y c i n e - p r o l i n e - h y d r o x y p r o l i n e  o c c u r s  f r e q u e n t l y .  The r i s e  p e r  

r e s i d u e  in  t h e  s i n g l e - c h a i n  c o i l e d  h e l i x  i s  2 , 8 6  A and t h e  number 

p e r  t u r n  i s  n e a r l y  3 . 3 .
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F i g .  1 .  T h e  f o r m a t i o n  o f  c o l l a g e n  t i s s u e s .  ( F r o m  r e f .  5 4 )
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Most c o l l a g e n s  d e v e l o p  c o v a l e n t ,  n o n - p e p t i d e  bonds be tw een  c h a i n s  

known a s  c o v a l e n t  c r o s s - l i n k s .  Two k i n d s  o f  c o v a l e n t  c r o s s - l i n k s  

a r e  formed in  t h e  c o l l a g e n  f i b e r s :  i n t r a m o l e c u l a r  ( w i t h i n  a t r o p o -

c o l l a g e n  u n i t )  and i n t e r m o l e c u l a r  (be tw e e n  d i f f e r e n t  t r o p o c o l l a g e n  

u n i t s ) .  The e x t e n t  and t y p e  o f  c r o s s - l i n k i n g  v a r i e s  w i t h  t h e  p h y s i o ­

l o g i c a l  f u n c t i o n  and age  o f  t h e  t i s s u e .  Only a sm a l l  w e i g h t  f r a c t i o n  

o f  m a t u r e  mammalian c o l l a g e n o u s  t i s s u e  can be p u t  i n t o  s o l u t i o n  in  

t h e  fo rm  o f  a c i d  o r  s a l t  s o l u b l e  t r o p o c o l l a g e n .  The m a j o r  p o r t i o n  

o f  t h e  c o l l a g e n  i s  e x t e n s i v e l y  c r o s s - l i n k e d  and i n s o l u b l e .

B. G e l a t i n  -  The D e n a t u re d  S t a t e  o f  C o l l a g e n  

The o r d e r e d  h y d r o g e n - b o n d e d  c o n f i g u r a t i o n  o f  t h e  c o l l a g e n  mono­

mer m o l e c u l e ,  t r o p o c o l l a g e n ,  can  be m e l t e d  o u t  r e a d i l y  by h e a t i n g  

m o n o d i s p e r s e  c o l l a g e n  s o l u t i o n s  i n  a c i d  t o  a b o u t  40°C.  T h i s  c o l ­

l a g e n  t o  g e l a t i n  c o n v e r s i o n  c a l l e d  d e n a t u r a t i o n ,  i s  s h a r p  and com­

p l e t e d  w i t h i n  a few m i n u t e s  o v e r  a sm a l l  t e m p e r a t u r e  i n t e r v a l .  The 

d i s o r d e r e d  m o l e c u l e  f a l l s  a p a r t  i n  one  o f  t h e  t h r e e  ways shown in  

F i g .  2 1 . I f  t h e r e  a r e  no a d d i t i o n a l  r e s t r a i n i n g  bonds be tw een  

c h a i n s  ( P a t h  1) t h r e e  randomly  c o i l e d  s i n g l e - s t r a n d  p e p t i d e  c h a i n s ,

e a ch  w i t h  s e d i m e n t a t i o n  c o n s t a n t s  S % n = 3 . OS, a r e  c r e a t e d .  In
c \ i , w

t h o s e  c a s e s  ( P a t h  2) where  two c h a i n s  a r e  c o v a l e n t l y  c r o s s - l i n k e d  

d e n a t u r a t i o n  l e a d s  t o  two p a r t i c l e s ;  one  a  c h a i n ,  t h e  o t h e r  a two-  

s t r a n d  m o l e c u l e  w i t h  S ° Q w = 4 .5 S  c a l l e d  t h e  3 com ponen t .  In  t h e  

f i n a l  c a s e  ( P a t h  3)  i t  can be im a g in e d  t h a t  a t  l e a s t  two c o v a l e n t  

c r o s s - l i n k s  h o l d  t h e  t h r e e  c h a i n s  t o g e t h e r .  T h i s  t h r e e - c h a i n  s t r u c ­

t u r e  i s  c a l l e d  t h e  y  com ponent .
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N A TIV E  COLLAGEN MONOMER

3 o CHAINS I a CHAIN: 10 COMPONENT y  COMPONENT

M = 8 0 ,0 0 0  toQ
125,000

M^= 160,000 to 

2 5 0 ,0 0 0
My = 2 4 0 ,0 0 0  lo 

3 7 5 ,000

F i g .  2.  A s c h e m a t i c  d i a g r a m  o f  t h e  modes o f  c o n v e r s i o n  o f  monomer ic

t r o p o c o l l a g e n  t o  v a r i o u s  t y p e s  o f  g e l a t i n s ,  a s s umi ng  no r u p t u r e  

o f  p e p t i d e  bonds .  (From r e f .  1 ) .
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The d e n a t u r e d  s o l u t i o n  o f  e x t e n s i v e l y  c r o s s - l i n k e d  c o l l a g e n  c on ­

t a i n s  m o l e c u l e s  w i t h  a v e r y  wi de  m o l e c u l a r  w e i g h t  d i s t r i b u t i o n .  Each 

p a r t i c l e  may c o n t a i n  f rom one t o  more t h a n  t e n  c o v a l e n t  c r o s s - l i n k e d  

a  c h a i n s .

Most  o f  t h e  work on t h e  p r e p a r a t i o n  o f  g e l a t i n  has  been c a r r i e d  

o u t  i n  t h e  l a b o r a t o r i e s  o f  t h e  g l u e  and g e l a t i n  m a n u f a c t u r e r s .  T h e i r  

a im i s  t o  maxi mi ze  t h e  amount  o f  s o l u b l e  p r o t e i n  w i t h  minimum d e g r a ­

d a t i o n  o f  t h e  e x t r a c t e d  g e l a t i n .  The main p r ob lem f o r  t h e s e  manu­

f a c t u r e r s  i s  t o  i d e n t i f y  and o b t a i n  a r e p r o d u c i b l e  and w e l l - d e f i n e d  

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

t o  g e t  f i n e  and homogeneous p h o t o g r a p h i c  e m u l s i o n s .  The IFS t e c h ­

n i q u e  p r o v i d e s  a v e r y  power f u l  a p p r o a c h  t o  m o n i t o r i n g  new p r o c e d u r e s  

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

C. G e l a t i n  Gel

The g e l a t i o n  o f  a g e l a t i n  s y s t e m  can be d e l i n e a t e d  by t h r e e  

e s s e n t i a l  e v e n t s .  When t h e  s y s t e m  i s  c o o l e d  down,  p a r t i c l e s  form 

a g g r e g a t e s  t h r o u g h  t h e  c o l l a g e n - f o l d  f o r m a t i o n  o r  hydr ogen  bond 

c o n t a c t s .  The s e  a g g r e g a t e s ,  i d e n t i f i e d  a s  t h e  " c r y s t a l l i t e s "  can 

t h e n  form t h e  b a s i s  o f  t h e  ne t wor k  j u n c t i o n  p o i n t s  j o i n e d  t o g e t h e r  

by f l e x i b l e ,  u n s t r u c t u r e d  i n d i v i d u a l  p a r t i c l e  c h a i n s .  Temper i ng  o r  

a g i n g  o f  t h e  ge l  s y s t e m ,  a r e o r g a n i z a t i o n  p r o c e s s ,  p r o g r e s s i v e l y  

a l t e r s  t h e  a v e r a g e  a g g r e g a t e  s i z e  in t h e  n e t w o r k  and i n c r e a s e s  t h e  

o r d e r i n g  and s t a b i l i t y  o f  t h e  g e l .

The s t r u c t u r e  o f  a n e t wor k  ge l  i s  d e t e r m i n e d  by t h e  mode o f  gel  

f o r m a t i o n .  I f  t h e  ne t wo r k  f o r m a t i o n  i s  b r o u g h t  a b o u t  r a p i d l y  o r  a t  

h i g h  c o n c e n t r a t i o n ,  random c h a i n  c o n t a c t s  and po l yme r  c h a i n  e n t a n g l e ­

ment s  l e a d  t o  t h e  f o r m a t i o n  o f  f i n e  n e t wor k  s t r u c t u r e s .  On t h e  o t h e r



hand ,  s low f o r m a t i o n  o f  i n t e r c h a i n  c o n t a c t s  i n  d i l u t e  pol ymer  s o l u ­

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

t o  t h e  de ve l opmen t  o f  l a r g e  c r y s t a l l i t e s  i n  which c h a i n s  a r e  

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

n e t w o r k s .  A gel  formed a s  a f i n e  ne t work  w i l l  g r a d u a l l y  r e a r r a n g e  

i t s e l f  t o  a more o r d e r e d  s t r u c t u r e  and become a more c o a r s e  ne twork  

Coa r s e  ne t wor k  g e l s  have  h i g h e r  and s h a r p e r  m e l t i n g  t e m p e r a t u r e s

T , t h a n  g e l s  o f  f i n e  ne t wor ks  s i n c e  T depends  on t h e  r e l a t i v e  
y k y

number o f  bonds i n v o l v e d  i n  each  s e t  o f  i n t e r a c t i n g  c h a i n  s eg me n t s ,  

i n c r e a s i n g  a s  t h e  number  o f  bonds p e r  s egment  i n c r e a s e s .  The s h a r p  

n e s s  o f  Tg i s  due  t o  t h e  f a c t  t h a t  t h e  d i s r u p t i o n  o f  an i n t e r ­

a c t i n g  p a i r  o f  c h a i n  segmen t s  i s  a c o o p e r a t i v e  phenomenon i n v o l v i n g  

t h e  s i m u l t a n e o u s  r u p t u r e  o f  s e v e r a l  bonds .  A c o a r s e  ne t wor k  gel  

s c a t t e r s  more l i g h t  t h a n  a f i n e  ne t work  gel  s i n c e  i t  has  b i g g e r  

c r y s t a l l i t e  s i z e s .
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CHAPTER 2 

INTENSITY FLUCTUATION SPECTROSCOPY

2.1 INTRODUCTION

Among t h e  v a r i o u s  t e c h n i q u e s  f o r  t h e  s t u d y  o f  b i o p o l y m e r  and o t h e r  

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

c u r r e n t  i n t e r e s t .  I t  i s  b o t h  s u p p l e m e n t a r y  and c ompl e me n t a r y  t o  o t h e r  

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

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

n i q u e  i t  i s  now p o s s i b l e  t o  d e t e r m i n e  t h e  d i f f u s i o n  c o e f f i c i e n t  and 

t h e n  s i z e ,  w e i g h t  and a c t i v i t y  c o e f f i c i e n t  o f  m a c r o mo l e c u l e s  i n  s o l u t i o n  

a c c u r a t e l y  and r a p i d l y .  For  f r a g i l e  p r e p a r a t i o n s  t h a t  a r e  p r one  t o  s u f ­

f e r  an u n d e s i r a b l e  f a t e  a t  t h e  s l i g h t e s t  change  in  s o l u t i o n  c o n d i t i o n ,  

t h i s  t e c h n i q u e  may be t h e  p e r f e c t  t e c h n i q u e .  I t  i s  n o n d e s t r u c t i v e ,  

r e l a t i v e l y  r a p i d ,  and r e q u i r e s  o n l y  modes t  amount s  o f  m a t e r i a l .

I n t e n s i t y  f l u c t u a t i o n  s p e c t r o s c o p y  i s  t h e  main a p p r o a c h  o f  t h e  

dynamic  l i g h t  s c a t t e r i n g  t e c h n i q u e  and w i l l  be employed i n  t h e  e x p e r i ­

ment s  d i s c u s s e d  i n  t h i s  t h e s i s .  S i n c e  t h e  a p p l i c a t i o n s  o f  dynamic 

l i g h t  s c a t t e r i n g  have  been w i d e l y  d i s c u s s e d  i n  l i t e r a t u r e  we w i l l  o n l y  

d i s c u s s  b r i e f l y  in t h i s  c h a p t e r .

2 . 2  RAYLEIGH SCATTERING FROM A SOLUTION

C o n s i d e r  a s c a t t e r i n g  volume V whi ch  c o n t a i n s  N i d e n t i c a l  p a r t i c l e s

i n  a medium w i t h  d i e l e c t r i c  c o n s t a n t  e  and r e f r a c t i v e  i nd e x  n = / e .
o

The volume i s  i l l u m i n a t e d  w i t h  a monochr omat i c  p l a n e  wave o f  f r e q u e n c y  

w0 , wave v e c t o r  Ko , a m p l i t u d e  Ao and i s  p o l a r i z e d  p e r p e n d i c u l a r  t o  t h e  

s c a t t e r i n g  p l a n e ,  a s  shown i n  F i g .  3.

The e l e c t r i c  f i e l d  o f  t h e  i n c i d e n t  l i g h t  i n  t h e  medium can  be

w r i t t e n  a s :



/ A
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E ( r , t )  = A0e x p ( i t  - r  -  i u  t )   (1)o U o

The s c a t t e r e d  e l e c t r i c  f i e l d  a t  a l a r g e  d i s t a n c e  R0 and s c a t t e r ­

i ng  a n g l e  0 due  t o  t h e  j*'*1 s c a t t e r e r  w i l l  be

1  ( t ) = A - ( t )  e 1k’ ' R° e i t c ' ' r j  - “ o O  ..........  (2)
J «J

w i t h  s c a t t e r i n g  v e c t o r s

-»-i _ i f  T i 4irn . 2 0-q| = |k - k j  “ - x ^  S1n 2
Q

i * 5 i *

(3)

wher e  i s  t h e  w a v e l e n g t h  o f  t h e  l i g h t  i n  vacuum,  kg i s  t h e  wave v e c ­

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

t h
J p a r t i c l e  and t h e  a m p l i t u d e  A.  may depend on t h e  o r i e n t a t i o n  o f

J

t h e  j t h  s c a t t e r e r .  In c a s e  t h e  m u l t i p l e  s c a t t e r i n g  can be n e g l e c t e d ,
—>■

t h e  s c a t t e r e d  f i e l d  a t  R due t o  a l l  t h e  s c a t t e r e r s  i s  t h e n 5 ’ 55O

-3- N -> i t  -R  N -*■ -»■
M 4 ) = I  M t )  =e S ° H  A • ( t ) e x p  i ( q - r . ( t )  -  w t ) ]  (4)

j = 1  J  j = l  J J
The a v e r a g e  t o t a l  s c a t t e r e d  i n t e n s i t y  i s  g i v e n  a s

’ s = < i E s <t > l 2> t i m e  

and by t h e  W i e n e r - K h i n t c h i n e  t he o r e m t h e  o p t i c a l  s p e c t r u m  i s  

g i v e n  5 , 7 , 5 5 , 59 as

C O

I (u>) - J -  /  e i “ T < ! * ( t )  E ( t+r)>  dT
— oo

1 r°°QiwT r ( i ) /  \ j  ^
-  T ¥  G[  J ( r )  d  T

whe r e  t h e  a n g u l a r  b r a c k e t s  d e n o t e  an e ns e mb l e  a v e r a g e  and g ( 1 ) ( t ) i s

t h e  e l e c t r i c  f i e l d  a u t o c o r r e l a t i o n  f u n c t i o n  d e f i n e d  as

G ^ ^ ( t ) = <Es * ( t )  Es ( t + x ) >  = < | E S | 2> g ( 1) ( x )  (6)

S i m i l a r l y  we d e f i n e  t h e  i n t e n s i t y  a u t o c o r r e l a t i o n  f u n c t i o n  g ( 2 ) ( t ) as
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g (2 ) ( t )  = < is*( t )  i s ( t+x)> = < | i s !2> g ^ ( t )  (7)

where g ( 1) ( x ) , g ( 2 ) ( t )  are the normalized autocorrelation functions  

of scattered f ie ld  and in tens i ty  respectively .

For  a random g a u s s i a n  f i e l d ,  t h e  s e c o n d - o r d e r  c o r r e l a t i o n  f u n c ­

t i o n  g ( 2 ) ( x )  i s  r e l a t e d  t o  g ( 1 ) ( x )  by t h e  S i e g e r t  r e l a t i o n 5 - 55" 57 ,

g<2 ) ( T ) - =  1 + | g ( 0 ( T ) | 2 (8)

2 . 3  LIGHT BEATING SPECTROSCOPY

The r e  a r e  two compl enien t a ry  met hods  o f  p e r f o r m i n g  an a n a l y s i s  o f  

t h e  t i m e  d e p e n d e n c e  o f  r andoml y  f l u c t u a t i n g  l i g h t  beams.  One me a s u r e s  

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

o t h e r  mea s u r es  t h e  t i m e  a u t o c o r r e l a t i o n  f u n c t i o n  o f  d e t e c t e d  ph o t o n s  

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

t i o n s  a r e  c o r r e l a t e d .

The p h o t o - e l e c t r i c  e f f e c t  p r o v i d e s  a method o f  d e t e c t i n g  t h e  o p t i c a l  

f i e l d .  The p r o b a b i l i t y  W ^ ( t )  p e r  u n i t  t i m e  o f  p h o t o e l e c t r o n  e m i s s i o n  

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

t i o n  f i e l d ,  whi ch  i s  p r o p o r t i o n a l  t o  t h e  s q u a r e  o f  t h e  a m p l i t u d e  o f  t h e  

e l e c t r i c  f i e l d .

W ^ ( t )  = c E * ( t ) E ( t )  = a l ( t )

i ( t )  = eW^1^ ( t )

< i ( t ) >  = e  < W ^ ( t ) >  = ea  < E | t j E ^ j >  = ea<I>

<i < t >  1 Ct+T)> -  * ! <E{t ) E( t )  E( t + T ) E( t + T ) >= e 2a 2< I 2> 9 { 2 ) (t ) ( 9 >

I t  i s  s e e n  t h a t  t h e  p h o t o c u r r e n t  o u t p u t  i ( t )  c o n t a i n s  i n f o r m a t i o n  on t h e  

i n t e n s i t y  power  s p e c t r u m  and t h e  a u t o c o r r e l a t i o n  f u n c t i o n  o f  t h e  o p t i c a l  

f i e l d .  The power  s p e c t r u m  o f  t h e  p h o t o c u r r e n t  P_j(w) and t h e  a u t o -



22

c o r r e l a t i o n  f u n c t i o n  o f  t h e  p h o t o c u r r e n t  a l s o  form a F o u r i e r  t r a n s ­

f o rm p a i r  a c c o r d i n g  t o  t h e  W i e n e r - K h i n t c h i n e  t he o r e m:

Pi (us) = J — J ° ° e i w T  < i ( t )  i ( t + T )> dxI u M -  00

2 . 4  AUTOCORRELATION FUNCTION

By s u b s t i t u t i n g  eq .  (4)  i n t o  eq .  ( 6 ) ,  we have  t h e  g e n e r a l  e q u a ­

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

s o l u t i o n  a s s umi ng  t h a t  m u l t i p l e  s c a t t e r i n g  can be n e g l e c t e d .  I t  i s

N
G( 1 ) ( t ) = <e " 1(V  I  A . * ( t )  A . ( t + x ) e x p  [ - i q - f r • ( t ) - r  . ( t + r ) } ] >  ( ] o )  

i = l  ' J

A. D i l u t e  S o l u t i o n s

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

d e p e n d e n t  and t h e i r  p o s i t i o n s  and o r i e n t a t i o n s  a r e  u n c o r r e l a t e d .  Eq.

(10)  t h e n  r e d u c e s  t o

( ) . N
G ( x j  = e"1WoT J < A . * ( t )  A . ( t + x )> <exp [ - i q *{r . ( t ) - r  - ( t + x )>J. > ( 1 1 )

j=!  1 J

( 1 )  Mo n o d i s p e r se  Sys t ems

Assume t h a t  a l l  t h e  p a r t i c l e s  a r e  i d e n t i c a l ,  so t h a t  each  

p a r t i c l e  has  t h e  same a u t o c o r r e l a t i o n  f u n c t i o n .  Thus

1) ( x )  = Ne"^a)° T<A*( t )  A( t +x ) ><exp  - i q - { r ( t ) - r ( t + x . ) }]> . . . .  (12)

( a )  F r e e  t r a n s l a t i o n a l  d i f f u s i o n .  I f  t h e  p a r t i c l e s  a r e  

s p h e r i c a l  a n d / o r  s mal l  compared t o  t h e  r e c i p r o c a l  o f  s c a t t e r i n g  v e c t o r ,

i . e .  q £ « l , A ( t )  i s  i n d e p e n d e n t  o f  t i m e .  Then

( t ) = NA2e ’’1*aJoT< e x p - i q •  [ r ( t ) - r ( t + T ) ] >  (13)

For  p a r t i c l e s  u n d e r g o i n g  Brownian m o t i o n ,  eq (13)  b e c ome s 5 »7 >5 5 >&6

G ^ ^ ( x )  = NA2e " 101° V DTq2T (14)

whe r e  Dy i s  t h e  t r a n s l a t i o n a l  d i f f u s i o n  c o n s t a n t  o f  t h e  p a r t i c l e  and i s
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r e l a t e d  t o  t h e  f r i c t i o n  c o e f f i c i e n t  f  t h r o u g h  t h e  E i n s t e i n  e q u a t i o n  

Dj = k T / f

wher e  k i s  B o l t z m a n n ' s  c o n s t a n t  and T i s  t h e  a b s o l u t e  t e m p e r a t u r e .

The f r i c t i o n  c o e f f i c i e n t  f  i s  g i v e n  by S t o k e ' s  e q u a t i o n :

f  = 6iTnR h (16)

where  n i s  v i s c o s i t y  o f  t h e  s o l  v e n t  and  R^ i s  t h e  hydr odynami c  r a d i u s  o f  t h e  

p a r t i c l e .  For  s p h e r i c a l  p a r t i c l e s ,  e q u a l s  t h e  r a d i u s  o f  t h e  p a r t i c l e R .

(b)  R o t a t i o n a l  D i f f u s i o n .  When t h e  p a r t i c l e s  a r e  n o t  s p h e r ­

i c a l  and  do n o t  mee t  t h e  R a y l e i g h  c r i t e r i o n  ( q L « l ) ,  A.^(t)  w i l l  f l u c t u a t e  

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

and t r a n s n a t i o n a l  Brownian m o t i o n s ,  i t  can be shown f rom Eq ( 1 2 ) t h a t  

I g ^ 1 ^ ( t ) | c o n s i s t s  o f  an i n f i n i t e  sum o f  e x p o n e n t i a l  t e r ms  i n v o l v i n g  bo t h  

Dj and  t h e  r o t a t i o n a l  d i f f u s i o n  c o e f f i c i e n t  d ^ > 6o , 6 i ,62  po r  r i g i d  r o d ­

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

g (1 ' ) (T)  = n | a |  V “ ° T I  B, e x p [ - n ( n + l )  V ] ( , 7 )
£=0

even

I t  i s  assumed t h a t  t h e  R a y l e i g h - Ga n s  c r i t e r i o n  

2K0L ( n - n J « |

i s  s a t i s f i e d  a b o v e ,  where  n i s  t h e  r e f r a c t i v e  i n d e x  o f  t h e  p a r t i c l e .

Pecora61 and a l s o  Cumnins et  a I 62 nave  ca 1 cu l a t e a  t ne  values  o f  B? and f ound  

B0 (qL)-*l  and B2 ( q L ) ,  B4 (ql_) e t c - s -0  a s  qL-^O.  We can t h u s  d e t e r m i n e  Dj 

f rom g ^ ( t )  a t  t h e  s c a t t e r i n g  a n g l e  i n  which B2 ( q L ) ,  B4 (qL) e t c .  a r e  

z e r o  and t h e n  c a l c u l a t e  f rom g ^ ( x )  a t  l a r g e  s c a t t e r i n g  a n g l e  where  

B2 ( b u t  n o t  B1(, B6. e t c . ) ,  i s  c o n s i d e r a b l y  d i f f e r e n t  f rom z e r o .

The t r a n s l a t i o n a l  and r o t a t i o n a l  d i f f u s i o n  c o n s t a n t s  can be c a l ­

c u l a t e d  t h r o u g h  t h e  Broersma t h e o r y 63 > 6l* f o r  c y l i n d r i c a l  r o d - s h a p e d  p a r ­

t i c l e s  w i t h  l e n g t h  L and d i a m e t e r  d.  The Broersma e q u a t i o n s  a r e
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Dj = (kT/3-irnL) [ d - J ^ r n + r  ) ]  (1 8 )

Dr = (3kT/ i rnL3) ( 6 - £ )  ( 19)

wher e  6 = L n ( 2 L / d ) ,  £ = 1 . 5 7  -  7 ( j  -  0 . 2 8 ) 2

r „  = 1 . 3  -  8 (4-  0 . 3 ) 2 and r  = 0 . 3 5  -  4 ( ^  -  0 . 4 3 ) 2

A l t e r n a t i v e l y , one  can d e t e r m i n e  t h e  s h a p e  and s i z e  o f  t h e  p a r t i c l e s  in 

t e r ms  o f  Dj and DR.

(2)  P o l y d i s p e r s e  S o l u t i o n

For  p a r t i c l e s  w i t h  d i f f e r e n t  s i z e s  a n d / o r  s h a p e s ,  t h e  d i f ­

f u s i o n  c o e f f i c i e n t s . a r e  a l s o  d i f f e r e n t .  The a u t o c o r r e l a t i o n  f u n c t i o n  

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

f a r  f i e l d  a p p r o x i m a t i o n ,  i s  g i v e n  by 5 5 , 6 5 , 6 6

g ( 0 ( t )  = I  \ A . \ z  e ' 1^  e - 0/ *  ( 20 )
j = l  J

wher e  D. i s  t h e  t r a n s l a t i o n a l  d i f f u s i o n  c o n s t a n t ’ o f  p a r t i c l e  j .  Eq.  ( 2 0 )
«J

can  be r e w r i t t e n  i n  t e r ms  o f  s p e c i e s  o f  s c a t t e r e r .
N

G( 1 ) ( t )  = I  N. 1 A - | 2 e " iwoT e "r j T ( 21)
j = l  J J

wher e  N. i s  t h e  number  o f  s c a t t e r e r s  o f  s p e c i e s  j  w i t h  d i f f u s i o n  c o n s t a n t  

Dj and rj  = Dj q2 . Note  t h a t

|g( j) ( t ) | =  I  H.  | A j  | 2 e " r J T /  J;n .  | A j  | 2 (22)
J J

F o r  a s o l u t i o n  w i t h  t h e  p a r t i c l e ' s  m o l e c u l a r  w e i g h t  d i s t r i b u t i o n  c h a r a c ­

t e r i z e d  by a c o n t i n u o u s  f u n c t i o n  f ( M ) ,  we have

l n ( O f r l l =  f r  f ( M )  A ( M )  .  - D ( M )  q 2 r , M
| 9  ( t ) |  j  [  j f ( M ) | A ( M ) | 2 dM ■* e  dM

o r
I ^ 1 ) ( t ) | = / F ( r )  e d r  (24)

wher e  f ( M) dM i s  t h e  w e i g h t  f r a c t i o n  o f  m o l e c u l e s  w i t h  m o l e c u l a r  w e i g h t s



i n  t h e  r a n g e  M t o  M + dM and F ( F ) d r  i s  t h e  f r a c t i o n  o f  s c a t t e r e d  i n t e n ­

s i t y  due  t o  p a r t i c l e s  w i t h  de c a y  r a t e  r  = Dq2 be tween r  and r  + dT

D i f f e r e n t  met hods  have  been used  t o  a n a l y z e  t h e  pho t on  c o r r e l a t i o n

d a t a  f o r  p o l y d i s p e r s e  s o l u t i o n s .  However ,  t h e  mos t  common method o f
6 3

a n a l y s i s  i s  t h e  method o f  moments o r  c u n ml a n t s  d e s c r i b e d  by K o p p e l .

Fo l l o w i n g  K o p p e l 65 and Cummins e t  a l , 5S»56 Eq. (24)  i s  expanded  as  

L n [f j (1 ) ( x ) | = - <r >x  + ^  y 2 x 2 -  V* y 3 x 3 + %• [ y 4 - 3 y 2 2 ]  x 1* +
00 m

■ y K ( r )  ( - t )  1  (25)
m=l m!

where

<r> = / F F ( r ) d r  i s  t h e  mean decay  r a t e ,

y n = / F  ( r )  ( r  -  <r> ) nd F  i s  t h e  n.^1 moment o f  F ( r )  a b o u t  mean,

and Kni i s  t h e  m^h c u mu l a n t  o f  F ( r )

Note  t h a t  Ki = <r> = y x 

K2 = y2 

K3 = y 3  .

Kn = y 4 -  3 ( y 2 ) 2

t h e  f i r s t  c umu l a n t  i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  z - a v e r a g e  d i f f u s i o n  

c o e f f i c i e n t s  <D2 >5,5 t h e  s e cond  c u mu l a n t  K2 whi ch  i s  e qua l  t o  t h e  s e cond  

o r d e r  moment ,  i s  a good me a s u r e  o f  t h e  r e l a t i v e  w i d t h  o f  t h e  d i s t r i b u t i o n  

i . e . ,  t h e  p o l y d i s p e r s i t y .  F r e q u e n t l y ,  p o l y d i s p e r s i t y  i s  e s t i m a t e d  f rom K2/ K x 

Pusey has  g i v e n  an a p p r o x i m a t e  e x p r e s s i o n  whi ch  i s  v a l i d ;  i n  t h e  

l i m i t  o f  low p o l y d i s p e r s i t y :  67

A i  = 1 + li2/ a z< r > 2 (26)

wher e  a  i s  a b o u t  1 / 2  f o r  G a u s s i a n  random c o i l s  and 1 / 3  f o r  s p h e r e s .
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B. S e m i - d i l u t e  S o l u t i o n

When t h e  c o n c e n t r a t i o n  o f  a s o l u t i o n  i s  l ow,  t h e  p a r t i c l e s  a r e  

f a r  enough a p a r t  t h a t  t h e  e f f e c t  o f  i n t e r a c t i o n s  be tween p a r t i c l e s  i s  

s m a l l ,  and  e a ch  p a r t i c l e  e x e c u t e s  i t s  i n d i v i d u a l  Brownian mo t i on  c h a r a c ­

t e r i z e d  by t h e  f r e e  d i f f u s i o n  c o e f f i c i e n t  Dc -which i s  i n d e p e n d e n t  o f  

t h e  s o l u t i o n  c o n c e n t r a t i o n .  As t h e  s o l u t i o n  c o n c e n t r a t i o n  i s  i n c r e a s e d ,  

t h e  p a r t i c l e s  s t a r t  t o  i n t e r a c t  w i t h  each  o t h e r  t h r o u g h  t h e  l o n g - r a n g e  

r e p u l s i v e  cou l omb i c  f o r c e ,  t h e  hydr odynami c  i n t e r a c t i o n ,  and t h e  e x ­

c l u d e d  volume e f f e c t .  The d i f f u s i o n  c o n s t a n t  then depends  on c o n c e n t r a ­

t i o n .

A hydr odynami c  m o d e l , 68- 72 b a s e d  on s e a l  i ng  law t h e o r i e s  has  been p r o ­

p o s e d ,  d e s c r i b i n g  s t a t i c  and dynamic  p r o p e r t i e s  o f  b o t h  d i l u t e  and  s e mi ­

d i l u t e  s o l u t i o n s  o f  c h a i n  p a r t i c l e s .  The s e m i - d i l u t e  s o l u t i o n  i s  c on ­

s i d e r e d  a s  an e n t a n g l e d  ne t wo r k  w i t h  a f i n i t e  l i f e t i m e  T . The a v e r a g e  

d i s t a n c e  be t ween  two c r o s s l i n k s  i s  g i v e n  by t h e  s c r e e n i n g  l e n g t h  £ 

a c c o r d i n g  t o  t h e  s c a l i n g  law by Daoud e t  a l . 70

£ «  C- 0 - 75 ( 2 7 )

The c o o p e r a t i v e  d i f f u s i o n  c o n s t a n t  o f  t h e  c h a i n s  o f  t h e  ne t wor k  i s  t h u s  

g i v e n  by 72

D( c )  = 6 ^ "  “  C° ' 75 ( 28)

The c r o s s - o v e r  c o n c e n t r a t i o n  be tween  d i l u t e  and s e m i - d i l u t e  r e g i o n s  

f o r  a s o l u t i o n  o f  m a c r o mo l e c u l e s  o f  m o l e c u l a r  w e i g h t  M i s  g i v e n  by72

r *  = 3M ( 0 9 )
4 . NaRg 3

where  N̂  i s  t h e  Avogadro number ,  Rg t h e  r a d i u s  o f  g y r a t i o n  o f  t h e  c ha i n  

mol e c u ! e .
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B e s i d e  t h e  c o l l e c t i v e  e x c i t a t i o n  o f  t h e  po l ymer  ne t wor k  d e s c r i b e d  

a b o v e ,  t h e  po l ymer  chains  i n  s e m i - d i l u t e  s o l u t i o n s a l s o  e x e c u t e  i n d i v i d u a l  

mot i on  d e s c r i b e d  by i n t r o d u c i n g  t h e  " r e p t a t i o n "  c o n c e p t  by DeGennes73 : To

renew i t s  c o n f i g u r a t i o n ,  t h e  c h a i n  has  t o  s l i p  i n  a t u b e  o f  d i a m e t e r 5 

d e f i n e d  by i t s  n e i g h b o r s .  The d i f f u s i o n  c o e f f i c i e n t  a l o n g  t h e  t u b e  i s 74

Dt u b e  = kT/ 67rn ( ^  (30 )

where  g = n£3 , n i s  t h e  monomer c o n c e n t r a t i o n  p r o p o r t i o n a l  t o  t h e  mass 

c o n c e n t r a t i o n  C i n  gram p e r  c u b i c  c e n t i m e t e r ,  N i s  t h e  p o l y m e r i z a t i o n  

i n d e x .

The s e l f - d i f f u s i o n  c o e f f i c i e n t  D me a s u r e d  i n  a m a c r o s c o p i c  e x ­

p e r i m e n t  c o r r e s p o n d s  t o  a t h r e e - d i m e n s i o n a l  random wa l k .  I t  i s  shown 

t h e o r e t i c a l l y  and e x p e r i m e n t a l l y  74 t h a t

DSe l f  " - C - 1 - 7 * .. <3 1 >

The c o n c e n t r a t i o n  d e pe nde nc e  o f  a d i f f u s i o n  c o e f f i c i e n t  a l s o  depends  

on t h e  s o l v e n t .  From t h e  r e l a t i o n s h i p s  be tween  t h e  d i f f u s i o n  c o e f f i c i e n t ,  

c hemi ca l  p o t e n t i a l  and f r i c t i o n  c o e f f i c i e n t ,  t h e  d i f f u s i o n  c o e f f i c i e n t  

can be e x p r e s s e d  b y 55 ’ 75

D(c)  = D 0 ( l+KDc + . . . . )  (32)

w i t h  Kp = 2A2M -  Kf - v

where  A2 i s  t h e  s e cond  o s m o t i c  p r e s s u r e  v i r i a l  c o e f f i c i e n t ,  i s  t h e

f i r s t  o r d e r  c o n c e n t r a t i o n  d e pe nde nc e  o f  t h e  f r i c t i o n  ( o r  s e d i m e n t a t i o n )

c o e f f i c i e n t  and v i s  t h e  p a r t i a l  volume o f  t h e  po l ymer .

The c o n t r i b u t i o n  f rom 2A2M t e r m  can  make a d r a m a t i c  d i f f e r e n c e  t o  Kq 

i n  t h e t a  and n o n t h e t a  s o l v e n t s  and t h u s  make t h e  c o n c e n t r a t i o n  d e pe nde nc e  

d i f f e r e n t .

The e l e c t r i c  f i e l d  c o r r e l a t i o n  f u n c t i o n  o f  t h e  s e m i - d i l u t e  s o l u t i o n



wher e  D(c )> whi ch  depends  on s o l u t i o n  c o n c e n t r a t i o n ,  i s  t h e  c o o p e r a t i v e  

d i f f u s i o n  c o e f f i c i e n t  o f  t h e  p o l yme r  n e t w o r k  i n  o r d i n a r y  R a y l e i g h  s c a t ­

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

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

The n o r m a l i z e d  a u t o c o r r e l a t i o n  f u n c t i o n  o f  i n t e n s i t y  w i l l  be d i s ­

c u s s e d  i n  t h e  n e x t  s e c t i o n  and i s 72

g ( 2 ) (x)  = 1 + A exp ( -Dc q 2x)  (34)

wher e  A i s  a c o n s t a n t  d e t e r m i n e d  by t h e  e x p e r i m e n t a l  c o n f i g u r a t i o n .

C. Gel s

When a m a c r o m o l e c u l a r  s o l u t i o n  forms  a g e l ,  m o l e c u l e s  form i n t e r ­

c h a i n  c o n t a c t s  t o  form a po l yme r  ne t wor k  w i t h  s o l v e n t  c o n t a i n e d  i n s i d e  

t h e  n e t w o r k .  The m o l e c u l e  i s  no l o n g e r  f r e e  t o ' d i f f u s e  b u t  i s  c o n f i n e d  

t o  a r e g i o n  o f  t h e  ne t wor k  c o m p a t i b l e  w i t h  t h e  number  o f  e f f e c t i v e  c r o s s ­

l i n k s .  Two t h e o r e t i c a l  model s  o f  ge l  dynami cs  have  been p r o p o s e d ,  t h e

e l a s t i c  con t i nuum model o f  T a n a k a ,  Hacker  and Benedek(THB) , 1* 5 and t h e  

bounded d i f f u s i o n  model  o f  C a r l s o n  and F r a s e r  ( C F ) . 7 6 >77

(1)  Bounded D i f f u s i o n  Model

The CF model a s sumes  t h a t  e a ch  m o l e c u l e  u nde r goe s '  Brownian mot i on  

w i t h i n  a volume r e s t r i c t e d  by t h e  s u r r o u n d i n g  ne t wor k  t o  which i t  i s  

h a r m o n i c a l l y  bou n d .  T h i s  model  p r e d i c t s

g ( i ) ( x ) = e - ^ 2 U - e " 2̂ T) /2Y (35)

and

g ( 2 ) ( x )  = l - e x p ( - 2 D q 2/ y  ) + e x p [ ( - 2 D q 2/ y ) • ( l - e _YT) ]  (36)

wher e  y = k / f ,  k i s  t h e  s p r i n g  c o n s t a n t  w i t h  whi ch  t h e  m o l e c u l e  i s  

bound in  p l a c e ,  f  i s  t h e  f r i c t i o n  c o n s t a n t  oppos i ng  i t s  m o t i o n  and D
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i s  t h e  f r e e  d i f f u s i o n  c o e f f i c i e n t  o f  t h e  i n d i v i d u a l  p a r t i c l e s .

(2)  E l a s t i c  Cont inuum Model

The THB model  c o n s i d e r s  t h e  po l ymer  ne t wo r k  and t h e  s o l v e n t ,  which 

c o n s t i t u t e  t h e  ge l  s t r u c t u r e ,  as  two i n t e r p e n e t r a t i n g  i s o t r o p i c  e l a s t i c  

c o n t i n u a .  The l i g h t  s c a t t e r e d  f rom a gel  a r i s e s  f rom l o n g i t u d i n a l  d e ­

f o r m a t i o n  modes o f  t h e  n e t w o r k .  The d e f o r m a t i o n  o f  t h e  s w o l l e n  

n e t w o r k  has  been shown t o  obey a d i f f u s i o n  e q u a t i o n  and t h e  c o r r e l a t i o n  

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

G ( 0 ( t ) = I exp ( -Dc q 2x)  (37)

wher e  Dc = c n / f  i s  t h e  c o o p e r a t i v e  d i f f u s i o n  c o n s t a n t  o f  t h e  c h a i n s  o f  

t h e  n e t w o r k ,  c n  ( dyne / cm2 ) i s  t h e  l o n g i t u d i n a l  c o m p r e s s i o n a l  modulus  

and f  ( dyne  s e c / c m 1*) t h e  f r i c t i o n a l  f o r c e  p e r  u n i t  volume o f  t h e  n e t ­

work as  i t  moves w i t h  u n i t  v e l o c i t y  r e l a t i v e  t o  t h e  s u r r o u n d i n g  l i q u i d .  

Note  t h a t  t h e  c o r r e l a t i o n  f u n c t i o n  has  t h e  form o f  a s i n g l e  e x p o n e n t i a l  

d e c a y .

When we t a k e  a c c o u n t  o f  t h e  s t a t i c  s c a t t e r i n g  due t o  s p a t i a l  non­

r andomness  o f  t h e  c r o s s l i n k i n g ,  t h e  s t a t i c  s c a t t e r e d  component  works  as  

l o c a l  h e t e r o d y n e  s o u r c e ,  we h a v e : 72

g ( 0 (x)  .  < I ( t ) } ( t n ) >
I ‘ I (38)

= 1 + ~ ( C + I s ) 2 8XP ( ' Dc q 2 l )  + ( I  4 S ) 2 e x p ( - 2 D c q 2T)

wher e  I,, i s  t h e  i n t e n s i t y  o f  t h e  s t a t i c  c ompone n t ,  I t h e  i n t e n s i t y  s c a t -J O

t e r e d  f rom l o n g i t u d i n a l  f l u c t u a t i o n s .

In c a s e  I s »  I Q Eq (38)  r e d u c e s  t o

g ( 2 ) ( x )  = i + 2 1 * -  exp  ( -D q 2x) (39)
xs  c

Munch e t  a l 72 have  o b t a i n e d  t h e  f o l l o w i n g  r e l a t i o n  f o r  t h e  c o o p e r a t i v e  

d i f f u s i o n  c o n s t a n t



Dc “ 67rnRh ‘V

where  Dy i s  t h e  t r a n s l a t i o n a l  d i f f u s i o n  c o n s t a n t  f o r  a d i l u t e  s o l u t i o n

o f  f r e e  m a c r o mo l e c u l e s  h a v i n g  hydr odynami c  r a d i u s  e q u i v a l e n t  t o  t h a t

o f  one po l ymer  c h a i n  be tween  two i n t e r c h a i n  c o n t a c t s  o f  t h e  gel  n e t w o r k ,

n i s  t h e  v i s c o s i t y  o f  t h e  s w e l l i n g  l i q u i d .

2 . 5  CURRENT STUDIES 

The b r o a d e n i n g  o f  t h e  s c a t t e r e d  l i g h t  s p e c t r u m  due t o  Dopp l e r  e f ­

f e c t s  f rom Brownian mo t i on  o f  ma c r o mo l e c u l e s  was f i r s t  o b s e r v e d  i n  1954 

i n  a d i l u t e  s o l u t i o n  o f  p o l y s t y r e n e  l a t e x  s p h e r e s . 62 I t  was i n  good 

q u a n t i t a t i v e  a g r e e m e n t  w i t h  t h e  t h e o r y .  S i n c e  t h e n  t h e  l i g h t  b e a t i n g  

s p e c t r o s c o p y  t e c h n i q u e  has  been employed i n c r e a s i n g l y  t o  s t u d y  t h e  

hydr odynami c  p r o p e r t i e s  o f  s y s t e ms  o f  m a c r o m o l e c u l e s .  Some o f  t h e s e  

s t u d i e s  r e l a t e d  t o  o u r  mea s u r eme n t s  w i l l  be d i s c u s s e d  b r i e f l y  i n  t h e  

f o l l o w i n g .

A. D i l u t e  S o l u t i o n s  o f  R o d l i k e  Ma cr omol e c u l e s

In 1967 Dubin e t  a l . 78 mea s u r ed  t h e  R a y l e i g h  l i n e w i d t h s  o f  a s e r i e s  

o f  b i o l o g i c a l  m a c r o mo l e c u l e s  by f i t t i n g  t h e i r  l i g h t  s c a t t e r i n g  s p e c t r a  

t o  s i n g l e  L o r e n t z i a n  f u n c t i o n s .  They f ound s e r i o u s  d i s c r e p a n c i e s  f o r  

t o b a c c o  mos a i c  v i r u s  (TMV), t h e  mos t  a n i s o t r o p i c  m o l e c u l e  t h e y  s t u d i e d .  

In 1969 Cummins e t  a l . 62 me a s u r e d  t h e  s p e c t r u m  o f  l a s e r  l i g h t  s c a t t e r e d  

f rom d i l u t e  aqueous  s o l u t i o n  o f  TMV u s i n g  homodyne and h e t e r o d y n e  l i g h t  

b e a t i n g  t e c h n i q u e s .  From t h e  s p e c t r a  t h e y  i n f e r r e d  t h e  t r a n s l a t i o n a l  

and r o t a t i o n a l  d i f f u s i o n  c o e f f i c i e n t s  u s i n g  P e c o r a ' s  t h e o r e t i c a l  t r e a t ­

ment .  For  t h e  s i m i l a r l y  r o d l i k e  s ha ped  m a c r o m o l e c u l a r - c o l l a g e n ,  s t u d i e s  

u s i n g  t h e  l i g h t  b e a t i n g  t e c h n i q u e  wer e  n o t  p e r f o r me d  u n t i l  1971 by 

F r ench  e t  a l . 22 a s  m e n t i o n e d  in  1.1A where  s t u d i e s  on c o l l a g e n  s o l u t i o n s



31

u s i n g  t e c h n i q u e s  o f  dynamic  l i g h t  s c a t t e r i n g  were  d e s c r i b e d . 22" 28 

Measur ement s  o f  t h e  i n t e n s i t y  a u t o c o r r e l a t i o n  f u n c t i o n  o f  l i g h t  

s c a t t e r e d  f rom c o l l a g e n  s o l u t i o n s  a t  n o n - z e r o  s c a t t e r i n g  a n g l e s  were  

n o t  r e p o r t e d  b e f o r e  t h e  c u r r e n t  s t u d i e s .

B. D i l u t e  and S e m i - d i l u t e  S o l u t i o n s

K e l l e r  e t  a l . 79 meas ur ed  t h e  d i f f u s i o n  c o e f f i c i e n t s  o f  hemogl o­

b i n  and se rum a l bumi n  o v e r  a b r o a d  r a n g e  o f  c o n c e n t r a t i o n  by bo t h  

t r a c e r  and  mutua l  d i f f u s i o n  t e c h n i q u e s .  Some o f  t h e i r  r e s u l t s  a r e  

shown i n  F i g .  4a .  King e t  a l . 75 s t u d i e d  t h e  c o n c e n t r a t i o n  d e pe ndenc e  

o f  t h e  t r a n s l a t i o n a l  d i f f u s i o n  c o e f f i c i e n t  o f  p o l y s t y r e n e  i n  c y c l o -  

hexane  and 2 - b u t a n o n e  s o l v e n t s  by p e r f o r m i n g  t h e  s c a t t e r e d  l a s e r  l i g h t  

l i n e w i d t h  m e a s u r e me n t s .  T h e i r  r e s u l t s  were  we l l  f i t t e d  by e q . ( 3 2 )  

and a r e  shown i n  F i g .  4b .  M Daoud e t  a l . 70 p e r f o r me d  s mal l  a n g l e  

n e u t r o n  s c a t t e r i n g  s t u d i e s  on p o l y s t y r e n e  in  a good s o l v e n t  ( c a r b o n  

d i s u l f i d e )  i n  t h e  s e m i d i l u t e  r eg i me  wher e  t h e  m o l e c u l a r  c h a i n s  o v e r ­

l a p  s t r o n g l y .  They f ound  t h a t  Rq2 was p r o p o r t i o n a l  t o  C_x where  Rg 

was t h e  r a d i u s  o f  g y r a t i o n ,  x a c o n s t a n t  (x = 0 . 2 5  ± 0 . 0 2 )  and t h e  

s c r e e n i n g  l e n g t h  ? (C)  g i v i n g  t h e  r a n g e  o f  t h e  <C(y )C( y ' ) > c o r r e l a t i o n s  

was p r o p o r t i o n a l  t o  C~z w i t h  z = 0 . 7 2  ± 0 . 0 6  compared w i t h  0 . 7 5  men­

t i o n e d  i n  s e c t i o n  2 . 4B.

Photon c o r r e l a t i o n  s p e c t r o s c o p y  was u s e d  by R. F r o s t  e t  a l . 80 t o  

meas u r e  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  p o l y s t y r e n e  i n  a m i x t u r e  o f  ben­

z e ne  and 2 - p r o p a n a l  w i t h  b e nz ene  volume f r a c t i o n  cp = 0 . 6 4 .  They f ound 

t h a t  D v a r i e d  l i n e a r l y  w i t h  C, D = Do (1 + KpC),  and D0 , t h e  t r a n s ­

l a t i o n a l  d i f f u s i o n  c o e f f i c i e n t  i n  t h e  l i m i t  o f  C = 0 ,  v a r i e d  as  M- ^ 

wher e  Kp was d e f i n e d  b e f o r e ,  M was t h e  m o l e c u l a r  w e i g h t  and b was a
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+  A/„ =  6 x 10'’ ; O  A/„ =  17 100 ; x M„ =  4 500.

(From r e f .  72)

F i g .  4 .  The c o n c e n t r a t i o n  d e pe nde nc e  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 s
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c o n s t a n t .  Adam e t  a l . 71- a l s o  used  t h e  t e c h n i q u e  o f  i n t e n s i t y  

f l u c t u a t i o n  s p e c t r o s c o p y  t o  s t u d y  t h e  dynamic b e h a v i o r  o f  po l ymer  

( p o l y s t y r e n e )  s o l u t i o n s  i n  good s o l v e n t s  a t  d i f f e r e n t  c o n c e n t r a t i o n  

r e g i m e s .  In d i l u t e  s o l u t i o n s ,  t h e  hydrodynami c  r a d i u s  o f  t h e  

po l ymer  i n c r e a s e d  w i t h  t h e  m o l e c u l a r  w e i g h t  a s  wher e  x  = 0 . 5 5 ± 0 . 0 2  

and t h e  e f f e c t i v e  d i f f u s i o n  c o e f f i c i e n t  ^  f o l l o w e d  t h e  r e l a t i o n :

D(C,M) = D° ( M ) (1 + ^ ( M ) ^  

wher e  Do (M) “  M- ^ ,  was t h e  t r a n s l a t i o n a l  d i f f u s i o n  c o e f f i c i e n t  o f  

t h o s e  p a r t i c l e s  w i t h  m o l e c u l a r  w e i g h t  M i n  t h e  l i m i t  o f  C = 0.  In 

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

f ound  t h a t  t h e  s o l u t i o n s  behaved  l i k e  g e l s  o f  f i n i t e  l i f e t i m e .  The 

c o o p e r a t i v e  d i f f u s i o n  c o e f f i c i e n t  de pended  on c o n c e n t r a t i o n  o n l y  and 

i n c r e a s e d  w i t h  c o n c e n t r a t i o n  a s  where  B = 0 . 6 7  ± 0 . 0 2  compared 

w i t h  0 . 7 5  f rom t h e  d e G e n n e s ' c a l c u l a t i o n .  Some o f  t h e i r  r e s u l t s  a r e  

shown i n  F i g .  4c .

Munch e t  a l . 72 u s i n g  i n t e n s i t y  f l u c t u a t i o n  s p e c t r o s c o p y  s t u d i e d  

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

t r a t i o n  r e g i m e s .  They f ound t h a t  t h e  t r a n s l a t i o n a l  d i f f u s i o n  c o e f f c i e n t  

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

o p e r a t i v e  d i f f u s i o n  c o e f f i c i e n t  i n c r e a s e d  w i t h  po l ymer  c o n c e n t r a t i o n  

a s  c °*77±0*03 i n  t h e  s e m i - d i l u t e  r e g i me .  The s e  r e s u l t s  wer e  i n  a g r e e ­

ment  w i t h  deGennes '  p r e d i c t i o n s  and a r e  shown i n  F i g .  4d.

The s e l f - d i f f u s i o n  c o e f f i c i e n t  Ds e -j^ whi ch  was d e f i n e d  i n  s e c ­

t i o n  4 .4B was mea s u r ed  by H e r v e t  e t  a l . 74 r e c e n t l y  u s i n g  t h e  f o r c e d  

R a y l e i g h  s c a t t e r i n g  t e c h n i q u e .  In t h e  s e m i d i l u t e  r eg i me  t h e y  f ound 

t h a t  Ds e ^  d e c r e a s e d  w i t h  t h e  c o n c e n t r a t i o n  a s  C_ 1 - 7 ± 0 , 1 .
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C. Gel s

Tanaka  e t  al.*t5i n  1973 f i r s t  me a s u r e d  t h e  c o r r e l a t i o n  f u n c t i o n s  o f  t h e  

s c a t t e r e d  l i g h t  i n t e n s i t y  f rom 5% and 2.5% p o l y a c r y l a m i d e  g e l s  and i n t e r ­

p r e t e d  t h e i r  r e s u l t s  i n  t e r ms  o f  t h e  e l a s t i c  c o n t i n u u m model  t he y  p r o p o s e d .  

As p r e d i c t e d  by t h e i r  mode l ,  t h e  c o r r e l a t i o n  f u n c t i o n s  were  we l l  f i t t e d  by 

a s i n g l e  e x p o n e n t i a l  f u n c t i o n  e and  t h e  de c ay  r a t e  r  which s h o u l d  be 

( C i i / f ) q 2 o r  Dc q 2 was p r o p o r t i o n a l  t o  q2 . They a l s o  m e a s u r e d ,  u s i n g  

m a c r o s c o p i c  methods ,  Cn  and f  and compared t h e  n u m e r i ca l  p r e d i c t i o n s  o f  

t h e  model  w i t h  t h e  e x p e r i m e n t a l  mea s u r eme n t s  o f  t h e  c o r r e l a t i o n  f u n c t i o n .  

Both r e s u l t s  wer e  i n  good a g r e e m e n t .

C a r l s o n  and F r a s e r 76 mea s u r ed  t h e  a u t o c o r r e l a t i o n  f u n c t i o n s  o f  t h e  

s c a t t e r e d  l i g h t  i n t e n s i t y  f rom s o l u t i o n s  o f  F - a c t i n  and F - a c t i n  compl exed  

w i t h  myos i n  s u l i f r a g m e n t s .  They f ound  t h a t  t h e  i n i t i a l  a m p l i t u d e  o f  t h e  

n o r m a l i z e d  i n t e n s i t y  a u t o c o r r e l a t i o n  f u n c t i o n  was d r a s t i c a l l y  r e d u c e d  go i n g  

f rom t h e  " s o l "  t o  t h e  " g e l "  s t a t e .  The b e h a v i o r  was i n t e r p r e t e d  by t h e  

h a r m o n i c a l l y  bound p a r t i c l e  model  t h e y  p r o p o s e d .  T h i s  model  p r e d i c t e d  t h a t  

t h e  i n i t i a l  a m p l i t u d e  was c o r r e l a t e d  w i t h  t h e  c o n s t r a i n t  imposed on t h e  

mo t i on  o f  t h e  ma c r o mo l e c u l e s  i n  i t s  " g e l "  s t a t e .  F u r t h e r  s t u d y  on p o l y ­

a c r y l a m i d e  g e l s  was made by Wun and C a r l s o n . 77 They me a s u r e d  t h e  c o r r e l a ­

t i o n  f u n c t i o n  and de duc ed  p h y s i c a l  p r o p e r t i e s  i n  t e r ms  o f  t h e  bound p a r t i c l e  

model  and  t h e n  compared t h e  r e s u l t s  d e r i v e d  f rom u n i l a t e r a l  c o m p r e s s i o n  

and R a y l e i g h  r a t i o  m e a s u r e m e n t s .  In a d d i t i o n ,  t h e y  f ound  t h a t  t h e  a u t o ­

c o r r e l a t i o n  f u n c t i o n  f o r  t h e  g e l s  wer e  n o t  s i n g l e  e x p o n e n t i a l  i n  form.

Munch e t  a l ? ^ meas ured ,  u s i n g  l i g h t  b e a t i n g  s p e c t r o s c o p y ,  t h e  s p e c t r a  

o f  p o l a r i z e d  l i g h t  i n t e n s i t y  s c a t t e r e d  f rom model  ne t wo r k s  o f  p o l y s t y r e n e  

s w o l l e n  by b e n z e n e .  They i n v e s t i g a t e d  v a r i o u s  s e r i e s  o f  n e t wo r k s  o f  d i f -



35

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

The p h o t o c u r r e n t  s p e c t r a  o f  d i f f e r e n t  g e l s  were  f i t t e d  we l l  t o  s i n g l e  

L o r e n t z i a n  c u r v e s .  The c o m p r e s s i o n  modul i  o f  g e l s  were  a l s o  mea s u r ed  

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

were  u s e d  t o  d e t e r m i n e  t h e  e l a s t i c  and f r i c t i o n a l  c o e f f i c i e n t s .  L a t e r ,  a 

ge l  o f  a m i x t u r e  ( 1 / 1 )  i n  w e i g h t  o f  two " l i v i n g "  p o l y s t y r e n e s  o f  mo l e c u ­

l a r  w e i g h t s  17 , 0 0 0  and 7 3 , 0 0 0  r e s p e c t i v e l y  was s t u d i e d  by Munch e t  a l ? 2 

S i n g l e  e x p o n e n t i a l  c o r r e l a t i o n  f u n c t i o n s  wer e  o b t a i n e d  and t h e  r a t i o  

r / q 2 was i n d e p e n d e n t  o f  q 2 . The hydr odynami c  t h e o r y  b a s e d  on a c o o p e r a ­

t i v e  d i f f u s i o n  p r o c e s s  o f  ne t wor k  d e f o r m a t i o n  was used  t o  i n t e r p r e t  

t h i s  b e h a v i o r .  Munch e t  a l . 72 a l s o  mea s u r ed  t h e  a u t o c o r r e l a t i o n  f u n c t i o n s  

o f  s c a t t e r e d  l i g h t  f rom p o l y d i m e t h y l - s i l o x a n e - t o l u e n e  g e l s  formed by 

s w e l l i n g  p e r ma ne n t  n e t wo r k s  o r  by d i s s o l v i n g  l i n e a r  ma c r o mo l e c u l e s  a t  

s e m i - d i l u t e  r e g i me .  In bo t h  c a s e s ,  t h e  c o o p e r a t i v e  d i f f u s i o n  c o e f f i c i e n t  

v a r i e s  w i t h  c o n c e n t r a t i o n  a c c o r d i n g  t o  a power  l aw.

S t u d i e s  on t h e  c r i t i c a l  b e h a v i o r  o f  d e n s i t y  f l u c t u a t i o n s  o f  g e l s ,  

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

t i o n  i n  g e l a t i n  g e l s  were  c a r r i e d  o u t  r e c e n t l y  by Tanaka e t  a l . 1,3583,84 

Ma c r o s c o p i c  m e a s u r e m e n t s 85 were  employed .



CHAPTER 3

APPARATUS AND EXPERIMENTAL TECHNIQUES

A s c h e m a t i c  d i ag r a m o f  t h e  a p p a r a t u s  us e d  f o r  t h e  pho t on  c o r r e l a ­

t i o n  s p e c t r o s c o p y  e x p e r i m e n t s  i s  shown i n  F i g .  5.  In o r d e r  t o  m i n i ­

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

t i g h t  b l a c k e n e d  box.  The whol e  s y s t e m  i n c l u d i n g  t h e  l a s e r  was mounted 

on a Modern O p t i c s  pne u ma t i c  v i b r a t i o n  i s o l a t i o n  t a b l e  upon whi c h  a l l  

t h e  e x p e r i m e n t s  were  p e r f o r me d .  V a r i o u s  p a r t s  o f  t h e  a p p a r a t u s  a r e  

b r i e f l y  d e s c r i b e d  be low:

3.1  LASER AND OPTICAL DESIGN 

An Argon i on  l a s e r  ( S p e c t r a  P h y s i c s  165)  o p e r a t i n g  a t  4880 ft was 

used  a s  t h e  l i g h t  s o u r c e  i n  a l l  l i g h t  s c a t t e r i n g  m e a s u r em e n t s .  The 

s i g n a l - t o - b a c k g r o u n d  r a t i o s  were  improved  by o p e r a t i n g  t h e

l a s e r  i n  a s i n g l e  l o n g i t u d i n a l  mode by t h e  u s e  o f  an a i r  s p a c e d  e t a l o n  

( S p e c t r a  P h y s i c s  No. 589) i n  t h e  l a s e r  c a v i t y .  To o b t a i n  t h e  b e s t  

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

was o p e r a t e d  i n  t h e  l i g h t  mode which m a i n t a i n s  c o n s t a n t  i n t e n s i t y  by 

means o f  a l i g h t  f e e d b a c k  l o o p .  The i n t e n s i t y  has  been f ound  t o  be 

s t a b l e  t o  a b o u t  ±0.1% f o r  many h o u r s .

A monochr omat i c  i n c i d e n t  l a s e r  beam was p o l a r i z e d  p e r p e n d i c u l a r  t o  

t h e  s c a t t e r i n g  p l a n e  by a Glan-Thomas p r i s m .  The i n t e n s i t y  o f  t h e  

l a s e r  beam on t h e  s a mpl e  was a d j u s t e d  by r o t a t i n g  t h e  h a l f - w a v e  p l a t e  

(a mica s h e e t )  which r o t a t e d  t h e  p l a n e  o f  p o l a r i z a t i o n  o f  t h e  l i g h t  

i n c i d e n t  on t h e  p r i s m .  The l a s e r  beam was t h e n  f o c u s e d  o n t o  t h e  c e n ­

t e r  o f  t h e  s ampl e  c e l l  by a l e n s .  The s a mpl e  c e l l  was mounted i n  t h e  

c e n t e r  o f  a t h e r m o s t a t e d  b a t h  which was mounted on an x - y  t r a n s l a t i o n a l
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F i g .  5.  Block d i a g r a m o f  t h e  a p p a r a t u s  used  f o r  t h e  pho t on  c o r r e l a t i o n  

s p e c t r o s c o p i c  m e a s u r em e n t s .  Top vi ew o f  t h e  o p t i c s  e x c e p t  t h a t  

t h e  p h o t o t u b e  was a c t u a l l y  mounted v e r t i c a l l y  above  t h e  45° 

mi r r o r .
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s t a g e  a t  t h e  c e n t e r  o f  a g o n i o m e t e r .  Al l  d e t e c t o r  component s  were  

mounted on a t u n a b l e  c o u n t e r b a l a n c e d  arm w i t h  t h e  p i v o t  p o i n t  a t  t h e  

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

a PM t u b e  ( ITT FW 130) and two p i n h o l e s  which d e f i n e d  t h e  e f f e c t i v e  

volume and t h e  a n g u l a r  a p e r t u r e  o f  t h e  s c a t t e r i n g  r e g i o n .  A l e n s  

was p l a c e d  d i r e c t l y  b e h i n d  t h e  f i r s t  p i n h o l e  t o  image t h e  s c a t t e r i n g  

column o n t o  t h e  s e c o n d  p i n h o l e .  The l i g h t  p a s s i n g  t h r o u g h  t h e  s econd  

p i n h o l e  was r e f l e c t e d  by a 45° m i r r o r  o n t o  t h e  p h o t o c a t h o d e  o f  t h e  

v e r t i c a l l y  mounted p h o t o m u l t i p l i e r  t u b e .

3 . 2  COHERENCE AREA CONSIDERATIONS 

To o b t a i n  t h e  b e s t  s i g n a l - t o - b a c k g r o u n d  r a t i o ,  t h e  d e t e c t o r  a r e a  

was k e p t  i n  t h e  n e i g h b o r h o o d  o f  one  c o h e r e n c e  a r e a .  A u s e f u l  e s t i m a t e  

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

i s  g i v e n  by

A = 2lL  = r 2 A2
coh fl As

where  A i s  t h e  w a v e l e n g t h  o f  t h e  l a s e r  l i g h t ,  si i s  t h e  s o l i d  a n g l e  

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

f rom t h e  s o u r c e  t o  t h e  d e t e c t o r  and Ag i s  t h e  a r e a  o f  t h e  s o u r c e  s e e n  

by t h e  d e t e c t o r .  In o u r  o p t i c a l  s y s t e m ,  t h e  two d e t e c t o r  p i n h o l e s  

have  d i a m e t e r s  d and d2 s p a c e d  a t  a d i s t a n c e  r  a p a r t .  The s c a t t e r ­

i ng  column i s  m a g n i f i e d  by t h e  l e n s e  i mm e d i a t e l y  b e h i n d  t h e  f i r s t  

p i n h o l e  by a f a c t o r  o f  M. Then we have

,2 -i 2
A

coh rd2'i2 /M

The number  o f  c o h e r e n c e  a r e a s  w i t h i n  t h e  a r e a  o f  t h e  s e c o n d  p i n h o l e  

i s



For  o u r  ge ome t r y  r  = 13 cm, A = 4880 A, M = 1 . 9  

we need

, , < 4rX r r r
d i d o  = —— /M1 l  -Ti-

tO have  t h e  b e s t  s i g n a l - t o - b a c k g r o u n d  r a t i o .  Thus , we  s e l e c t e d  p i n  

h o l e s  w i t h  s i z e s  such  t h a t  t h e  above  e q u a t i o n  i s  s a t i s f i e d .  S i n c e  

t h e  s i z e s  o f  p i n  h o l e s  a l s o  a f f e c t e d  t h e  c o u n t  r a t e ,  t h e  opt imum 

c h o i c e  o f  s i z e s  does  n o t  c o r r e s p o n d  t o  t h e  l a r g e s t  s i g n a l - t o -  

b a c kgr ound  r a t i o .  In t h e  e x p e r i m e n t ,  one o f  t h e  f o l l o w i n g  com­

b i n a t i o n s  o f  p i n  h o l e s  was c hos en  f o r  d i f f e r e n t  s a mpl e s  a c c o r d i n g  

t o  t h e i r  l i g h t  s c a t t e r i n g  a b i l i t y

d i  (A) d 2 (A)

1 1000 100

2 500 100

3 500 250

3 . 3  ELECTRONICS

The o u t p u t  s i g n a l  f rom t h e  PM t u b e  was p r e a m p l i f i e d  by a f a c t o r  

o f  10 u s i n g  a LeCroy Model A1007 p r e a m p l i f i e r  mounted d i r e c t l y  on 

t h e  p h o t o t u b e  h o u s i n g .  The a m p l i f i e d  s i g n a l  was t h e n  s e n t  t h r o u g h  

a s h i e l d e d  50fl  c o a x i a l  c a b l e  t o  a LeCroy 2 - s t a g e  l i n e a r  a m p l i f i e r  

(Model 133B) w i t h  t o t a l  g a i n  s e t  a t  12.  Low l e v e l  n o i s e  was e l i m i ­

n a t e d  by a d i s c r i m i n a t o r  (EG&G T1 0 5 / N ' Mo d e l ) w i t h  t h e  t h r e s h o l d  v o l t ­

a ge  s e t  a t  55 mV. The d i s c r i m i n a t e d  s i g n a l  was t h e n  f e d  t o  t h e  i n p u t  

o f  a d i g i t a l  a u t o c o r r e l a t o r  f o r  c o r r e l a t i o n  m e a s u r e me n t s .
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The o u t p u t  p u l s e s  f rom t h e  PM t u b e  had r e l a t i v e l y  b r o a d  w i d t h s

and t a i l e d  o f f  v e r y  s l o w l y .  I f  a p u l s e  was f o l l o w e d  i m m e d i a t e l y  by

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

p u l s e  m i g h t  n o t  be c o u n t e d .  Th i s  c a u s e d  a d r oop  i n  t h e  v e r y  f i r s t  

few c h a n n e l s  o f  t h e  c o r r e l a t i o n  f u n c t i o n .  To p r e v e n t  t h i s  u n d e s i r ­

a b l e  e f f e c t ,  a 50 cm c o a x i a l  c a b l e  was a t t a c h e d  p a r a l l e l  t o  t h e  end 

o f  t h e  50ft c a b l e .  P u l s e s  t r a v e l i n g  down t o  t h e  end  o f  t h e  50ft c a b l e  

were  t h e n  r e f l e c t e d  by t h e  a t t a c h e d  50 cm c a b l e .  The r e f l e c t e d  p u l s e s  

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

a r e l a t i v e l y  s h a r p  peak o f  p o s i t i v e  a m p l i t u d e  i mm e d i a t e l y  f o l l o w e d  

by a s h a r p  peak o f  n e g a t i v e  a m p l i t u d e  which would t h e n  r e a d y  t h e  d i s ­

c r i m i n a t o r  f o r  a n o t h e r  c o u n t .  By a t t a c h i n g  t h e  50 cm c a b l e ,  a m p l i ­

t u d e s  o f  t h e  r e s u l t a n t  p u l s e s  were  o n l y  h a l f  o f  t h e  o r i g i n a l  p u l s e s .  

The t o t a l  g a i n  o f  t h e  a m p l i f i e r  was t h u s  i n c r e a s e d  f rom 12 t o  24 t o  

b r i n g  t h e  a m p l i t u d e s  back  t o  t h e  o r i g i n a l  v a l u e s .  However ,  t h i s  a l s o  

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

d i s c r i m i n a t o r  t h e r e f o r e  was r e a d j u s t e d  t o  90 mV t o  c u t  o f f  t h e  i n ­

c r e a s e d  n o i s e .

3 . 4  DIGITAL AUT0C0RRELAT0R AND COMPUTER FACILITIES 

A 60 c ha nne l  d i g i t a l  a u t o c o r r e l a t o r  d e s i g n e d  by A. F r a s e r  and 

b u i l t  a t  J o h n s  Hopkins  A p p l i e d  P h y s i c s  L a b o r a t o r i e s  was u s e d .  I t  can 

be o p e r a t e d  in  s i n g l e  c l i p p i n g ,  d o u b l e  c l i p p i n g ,  f a s t  c l i p p i n g ,  p r e ­

s c a l i n g  and m u l t i s c a l i n g  f u n c t i o n s .  A d e t a i l e d  d i s c u s s i o n  has  been 

g i v e n  p r e v i o u s l y 86 (Newman 1975) .  The f u n c t i o n s  o f  t h e  c o r r e l a t o r  

have  been d i s c u s s e d  by many a u t h o r s . 67- 89

The c o r r e l a t o r  was i n t e r f a c e d  w i t h  a PDP 8 m i n i c o m p u t e r ,  whi ch  

was t h e n  i n t e r f a c e d  w i t h  a PDP 10 main c o mp u t e r .  The c o n t e n t s  o f  t h e



60 cha nne l  memory o f  t h e  c o r r e l a t o r  can be d i s p l a y e d  l o c a l l y  on an 

o s c i l l o s c o p e  and p l o t t e r  by t h e  PDP 8 o r  s e n t  t o  t h e  main PDP 10 com­

p u t e r  whi ch  p e r m i t t e d  v e r y  r a p i d  o n - l i n e  d a t a  a c q u i s i t i o n ,  a n a l y s i s  

and  c u r v e  p l o t t i n g  on a Cal Comp p r e c i s i o n  p l o t t e r .  The e x p e r i m e n t  

was c o n t r o l l e d  f rom t h e  c o n s o l e  t e r m i n a l  o f  t h e  PDP 8 c ompu t e r .

From one t o  t w e l v e  c o n s e c u t i v e  e x p e r i m e n t s  a r e  c a r r i e d  o u t  and d a t a  

a c c u m u l a t e d  i n  t h e  PDP 8 a u t o m a t i c a l l y .  The a n a l y s i s  p rograms  i n  

t h e  PDP 10 u t i l i z e d  t h i s  m u l t i p l e - r e c o r d  c a p a b i l i t y  t o  r e d u c e  t h e  

v a r i a n c e  o f  s t a t i s t i c a l  e s t i m a t o r s .

3 . 5  TEMPERATURE CONTROL 

The sampl e  c e l l  was mounted immersed i n  w a t e r  i n s i d e  a t h e r m o ­

s t a t e d  b a t h  whi ch  c o n s i s t e d  o f  a p r e c i s i o n  mach i ned  b r a s s  c y l i n d e r  

c l amped  be t ween  two p l a t e s  w i t h  0 - r i n g  s e a l s .  The b r a s s  c y l i n d e r  

c o n t a i n e d  a s e r i e s  o f  h i g h  q u a l i t y  o p t i c a l  windows c e n t e r e d  a t  s c a t ­

t e r i n g  a n g l e s  o f  0 ° ,  1 1 . 8 2 ° ,  2 1 . 9 2 ° ,  3 1 . 8 2 ° ,  4 5 . 0 3 ° ,  6 9 . 8 3 ° ,  9 0 ° ,  

1 2 2 . 6 3 ° .  Each window was s e a t e d  i n  a h o l e  on t h e  b a t h  w i t h  i t s  normal  

a l o n g  a r a d i a l  d i r e c t i o n  o f  t h e  g o n i o m e t e r ' s  a r c .  The t e m p e r a t u r e  

was c o n t r o l l e d  t o  ±0 .05°C by a Br inkmann Lauda t e m p e r a t u r e  c o n t r o l l e r  

(Model K2-R) .  The c i r c u l a t e d  w a t e r  was f i l t e r e d  t h r o u g h  a m i l l i p o r e  

f i l t e r  w i t h  142 mm d i a m e t e r  and 0 . 4 5 y  p o r e  s i z e s .

3 . 6  PREPARATION OF SOLUTIONS 

The mos t  common d i f f i c u l t y  i n  a u t o c o r r e l a t i o n  mea s u r eme n t s  i s  

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

i n  t h e  s o l u t i o n s .  In o r d e r  t o  mi n i mi z e  t h e  amount  o f  d u s t ,  e x t e n s i v e  

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

s a mpl e  c e l l s .  Al l  t h e  g l a s s w a r e  was u l t r a - s o n i c a t e d  i n  a d e t e r g e n t
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s o l u t i o n ,  d i s t i l l e d  w a t e r ,  and t h e n  r i n s e d  w i t h  mi H i  p o r e  f i l t e r e d  

d e i o n i z e d  d i s t i l l e d  w a t e r .

The c u v e t t e s  (Hel lma s p e c i a l  o p t i c a l  g l a s s  c e l l s  t y p e  111-OS) 

were  f i r s t  immersed i n  warm d e t e r g e n t  s o l u t i o n ,  washed  r e p e a t e d l y  

w i t h  w a t e r ,  immersed in c h r omi c  a c i d  c l e a n i n g  s o l u t i o n  f o r  5 t o  10 

m i n u t e s  and t h e n  r i n s e d  w i t h  d e i o n i z e d  d i s t i l l e d  w a t e r .  The f i n a l  

s t e p  was t o  r i n s e  t h e  c u v e t t e s  w i t h  f r e s h l y  d i s t i l l e d  warm a c e t o n e  

i n  a s p e c i a l l y  d e s i g n e d  c u v e t t e  c l e a n e r 90 f o r  a t  l e a s t  an h o u r .

High s p e e d  c e n t r i f u g a t i o n  was used  e x t e n s i v e l y  i n  o r d e r  t o  r e ­

move d u s t  i n  w a t e r ,  s o l v e n t s  and s o l u t i o n s .  M i l l i p o r e  f i l t e r s  were  

a l s o  u s e d .  However ,  h i gh  s p e e d  c e n t r i f u g a t i o n  was p r e f e r r e d  s i n c e  

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

3 . 7  CALIBRATIONS AND ADJUSTMENTS 

The o p t i c a l  s y s t e m was r e a l i g n e d  p e r i o d i c a l l y .  B e f o r e  any  meas u r e ­

ment s  on s a mp l e s  were  t a k e n ,  a m o n o d i s p e r s e  s o l u t i o n  o f  p o l y s t y r e n e  

l a t e x  s p h e r e s  w i t h  known p a r t i c l e  s i z e  was u s e d  t o  c he ck  t h e  e n t i r e  

a p p a r a t u s .  A u t o c o r r e l a t i o n  me a s u r eme n t s  were  n o t  s t a r t e d  u n t i l  one -  

h a l f  h ou r  a f t e r  t h e  s a mp l e s  were  l o a d e d  i n t o  t h e  t h e r m o s t a t e d  b a t h  t o  

a l l o w  t h e r ma l  e q u i l i b r a t i o n .

For  t h e  g r e a t e s t  a c c u r a c y ,  many s h o r t  e x p e r i m e n t s ,  each  one  

n o r m a l i z e d  i n d e p e n d e n t l y  a g a i n s t  i t s  own b a c k g r o u n d ,  we r e  p r e f e r a b l e  

t o  a s i n g l e  l ong  e x p e r i m e n t .  To o b t a i n  t h e  opt imum o p e r a t i n g  c o n d i ­

t i o n  f o r  d i g i t a l  pho t on  c o r r e l a t i o n ,  t h e  d e t e c t o r  a r e a  was m a i n t a i n e d  

a r o u n d  one  c o h e r e n c e  a r e a  and t h e  c l i p p i n g  l e v e l  was s e t  equa l  t o  t h e  

a v e r a g e  number  o f  p h o t o c o u n t s  p e r  b i n .  The s i n g l e  c l i p p e d  mode was 

empl oyed  i n  s t u d i e s  o f  c o l l a g e n  and  g e l a t i n  s o l u t i o n s  when t h e



s c a t t e r e d  l i g h t  i s  G a u s s i a n .  For  t h e  g e l s ,  howe ve r ,  which p r o d u c e  

n o n - G a u s s i a n  s c a t t e r e d  f i e l d s ,  p r e s c a l i n g  was used  r a t h e r  t h a n  

c l i p p i n g .



44

CHAPTER 4

GELATIN SOLUTIONS

4.1 SAMPLE PREPARATION AND EXPERIMENTAL PROCEDURE

The g e l a t i n  s o l u t i o n s  were  p r e p a r e d ,  a s  r e q u i r e d ,  f rom Kodak l imed  

o s s e i n  g e l a t i n ,  b a t c h  No. 102-125 p r o v i d e d  by Dr.  P.I.  Rose.  G e l a t i n  s o l i d s  

wer e  added t o  t h e  sol  v e n t s  and k e p t  a t  4°C a t  l e a s t  o v e r n i g h t .  Then t h e  s o l u ­

t i o n s  were  r a p i d l y  h e a t e d  t o 4 0 ° C a n d  k e p t  a t  t h a t  t e m p e r a t u r e  f o r  an h o u r ,  

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

t r a t i o n s .  Fo r  s e m i - d i l u t e  s o l u t i o n s ,  s a mpl e s  were  o b t a i n e d  s i m p l y  by 

l o a d i n g  t h e s e  s o l u t i o n s  i n t o  c u v e t t e s .  For  d i l u t e  g e l a t i n  s o l u t i o n s ,  

t h e  s e r i e s  o f  d i l u t e d  s o l u t i o n s  wer e  l o a d e d  i n t o  c e n t r i f u g e  t u b e s  and 

c e n t r i f u g e d  u s i n g  an RC2 S o r v a l l  c e n t r i f u g e  a t  a s p e e d  o f  4 8 , 00 0  g a t  a

t e m p e r a t u r e  n e a r  b u t  l e s s  t h a n  30°C f o r  t h r e e  h o u r s .  Samples  wer e  ob ­

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

t o  we l l  c l e a n e d  c u v e t t e s  u s i n g  a s y r i n g e  and t y g o n  t u b i n g .

Al l  t h e  s o l v e n t s  were  p r e p a r e d  f rom d e i o n i z e d  d i s t i l l e d  w a t e r  f rom 

t h e  same s o u r c e  and f i l t e r e d  w i t h  a m i l l i p o r e  f i l t e r  o f  0 . 2 y p o r e  s i z e .

In Ta b l e  I we l i s t  a l l  t h e  s o l v e n t s  u s e d  i n  p r e p a r i n g  g e l a t i n  s o l u t i o n s  

a l o n g  w i t h  t h e i r  pH v a l u e s  and v i s c o s i t i e s .  The o n l y  s o l v e n t  u s e d  in  

p r e p a r i n g  s e m i - d i l u t e  s o l u t i o n s  i s  s o l v e n t  A which c o n s i s t s  o f  0.15M 

NaCl and 0.05M T r i s .

L i g h t  s c a t t e r i n g  mea s u r eme n t s  were  p e r f o r me d  e i t h e r  on t h e  same day 

as  t h e  s a mpl e s  were  p r e p a r e d  a n d / o r  a f t e r  t h e  s a mpl e s  had been i n  a 4°C 

r e f r i g e r a t o r  o v e r n i g h t  t o  s e v e r a l  d a y s .  Samples  removed f rom t h e  r e ­

f r i g e r a t o r  were  a l l o w e d  t o  s i t  a t  room t e m p e r a t u r e  a t  l e a s t  t h r e e  ho u r s  

b e f o r e  any  mea s u r eme n t s  were  t a k e n .  Samples  n o t  mea s u r ed  on t h e  day o f  

p r e p a r a t i o n  c o u l d  be s t o r e d  a t  4°C f o r  a s  l ong  as  s e v e r a l  days  w i t h o u t  

d e g r a d a t i o n .



TABLE I

SOLVENTS USED FOR GELATIN SOLUTIONS

V i s c o s i t i e s

PH 2(3°C 35° C
S o l v e n t s I n g r e d i e n t s

Va l ues
*

n / n w
n

cp
*

n/ 0m
n

cp

A 0.05M NaCl , 
.05M T r i s

9 . 0 3 1 . 005 1 . 0070 1. 005 0 . 7 2 4 4

B . 1 5M Na Cl , 
.05M T r i s 9 . 7 0 1 . 0123 1 . 0143 1 . 0148 0 . 7315

C 1M NaCl,  
.05M T r i s 9 . 7 5 1 . 0873 1 ..Q895 1 . 1049 0 . 7 9 6 4

D 3M NaCl ,  
.05M T r i s 9 . 7 5 1 . 3325 1 . 3352 1 . 3572 0 . 9783

E 1M CaCl , 
0.05M T r i s 9 . 0 0 1 . 3155 1.3181 1 . 3263 0 . 9 5 6 0

* n 35° = 0 . 72 0 8  cp1 /,\ r

From CRC Handbook o f  C h e mi s t r y  and P h y s i c s ,  6 0 t h  e d i t i o n  

( 1979- 1980)
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For  each  s a m p l e ,  c o r r e l a t i o n  s p e c t r a  a t  f o u r  o r  f i v e  d i f f e r e n t  

d e l a y  t i m e s  x wer e  mea s u r ed  so  t h a t  t h e  t o t a l  d e l a y  t i m e s  s panned  

a p p r o x i m a t e l y  f rom 0 . 2  t o  2 c o r r e l a t i o n  t i m e s .  At  e a ch  d e l a y  t i m e  

f o u r  e x p e r i m e n t s  were  p e r f o r me d  and t h e  e x p e r i m e n t a l  d u r a t i o n s  were  

chos en  so t h a t  t h e  t o t a l  c o u n t s  o f  d e t e c t e d  p h o t o p u l s e s  were  h i g h e r  

t h a n  106 . When t h e  d e l a y  t i m e s  p e r  cha nne l  were  s e t  l o n g e r  t h a n  1 u s e e ,  

t h e  s i n g l e  c l  i p . mode  o f  t h e  c o r r e l a t o r  was u s e d .  When i t  was 1 u s e e  

o r  s h o r t e r ,  t h e  f a s t  mode which i s  e q u i v a l e n t  t o  d o u b l e  c l i p p e d  a t  z e r o  

l e v e l  was p r e f e r r e d .  Data  were  a n a l y z e d  u s i n g  a s i n g l e  e x p o n e n t i a l  f i t  and 

t h e  method o f  moments i m m e d i a t e l y  a f t e r  a l l  me a s u r eme n t s  f o r  each  sampl e  

were  c o m p l e t e d .  Cur ves  o f  moments v s -Tmax we^e p l o t t e d  by t h e  Cal  Comp 

p l o t t e r  and t h e  r e s u l t s  o f  t h e  f i r s t  and s e c o n d  o r d e r  c u mu l a n t s  were  

o b t a i n e d  w i t h i n  10 m i n u t e s .

4 . 2  DATA ANALYSIS

A. DILUTE SOLUTIONS 

S i n c e  t h e  s o l u t i o n s  wer e  h i g h l y  p o l y d i s p e r s i v e ,  we employed 

t h e  method o f  moments o r  c u m u l a n t s  t o  a n a l y z e  o u r  d a t a .  C o r r e l a t i o n  d a t a  

o b t a i n e d  a t  a s c a t t e r i n g  a n g l e  0 = 90° f rom a 2 . 0  mg/ml g e l a t i n  s o l u ­

t i o n  in  0.15M NaCl and 0.05M T r i s  a t  35°C a r e  shown i n  F i g .  6 a l o n g  w i t h  

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

The l o g a r i t h m s  o f  t h e  n o r m a l i z e d  d a t a  Ln were  f i r s t

1 e a s t  s q u a r e  f i t t e d  to a 1 i n e a r  f u n c t i o n  o f  x f o r  p r e l  i m i n a r y  c he ck  and t hen  

t o d i f f e r e n t  o r d e r  p o l y n o m i a l s  i n  powers  o f  x a s  i n  E q . 25. The ba c kgr ound  

l e v e l  B due  t o  random c o r r e l a t i o n s  o f  p h o t o p u l s e s  was f i r s t  i n d e p e n d e n t l y  

c a l c u l a t e d  f rom t h e  Eq . :
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where  N i s  t h e  t o t a l  c o u n t s  o f  p h o t o p u l s e s ,  Nc i s  t h e  t o t a l  c l i p p e d  

c o u n t s ,  T i s  t h e  e x p e r i m e n t a l  d u r a t i o n  and AT i s  t h e  d e l a y  t i m e  p e r  c h a n ­

n e l .  S i n c e  t h e  s c a t t e r e d  f i e l d  f rom g e l a t i n  s o l u t i o n s  i s  a G a u s s i a n  

f i e l d ,  t h e  S i e g e r t  r e l a t i o n  (Eq.  3)  can  be a p p l i e d  and t h e  p a r a m e t e r s

K1, K2, K 3 , - - -  i n  Eq.  25 were  d e t e r m i n e d  by m i n i m i z i n g  t h e  q u a n t i t y : 66 

M M
l  [ 1 / 2  Ln ( c ?I i l - i  -  I  M  C- T . J ™]2 W( t , )  ( 41)

i =2 B m=0 1

wher e  t h e  C ( x . )  a r e  t h e  raw d a t a ,  t h e  sum i s  o v e r  a s e t  o f  cha nne l  t i m e s  

x .  = iAT w i t h  i r a n g i n g  f rom 2 t o  M2 where  M2 i s  t h e  c ha nne l  up t o  whi ch  

t h e  c o r r e l a t i o n  d a t a  wer e  a n a l y z e d  and M c o r r e s p o n d s  t o  t h e  o r d e r  o f  p o l y ­

n o m i a l s  t o  be l e a s t  s q u a r e s  f i t t e d .  Note  t h a t  f o r  a s i n g l e  e x p o n e n t i a l  

f i t ,  M e q u a l s  1.  The p r o p e r  w e i g h t i n g  f u n c t i o n  was d i s c u s s e d  by Koppel65 

and was shown t o  be

w M  = e x P ( 4x/ Tc)
'  '  l + e x p ( - 2x / x c ) (42)

wher e  x c i s  t h e  c o r r e l a t i o n  t i m e  and i s  e q u i v a l e n t  t o  t h e  r e c i p r o c a l  o f  t h e

de c ay  r a t e  o f  t h e  c o r r e l a t i o n  f u n c t i o n .  An e s t i m a t e d  v a l u e  f o r  x c which was

u s e d  i n  Eq .42  was o b t a i n e d  by a n a l y z i n g  t h e  d a t a  w i t h  W(x- j )=l ;  t h e n  t h e

d a t a  wer e  r e a n a l y z e d  w i t h  t h e  c o r r e c t  w e i g h t i n g .  The v a l u e s  o f  t h e  p a r a m e t e r s

Kl ,K2 o b t a i n e d  f rom t h e s e  f i t t i n g s  wer e  t h e n  p l o t t e d  a s  a f u n c t i o n  o f  x
3 r  max

which was t h e  t o t a l  d e l a y  t i m e  up t o  whi ch  t h e  s p e c t r a  were  f i t t e d  t o  t h e  

p o l y n o m i a l s  and was e qua l  t o  t h e  b i n  t i m e  AT t i m e s  M2 d e f i n e d  i n  Eq.  41 .  Each 

moment was t h e n  e x t r a c t e d  f rom t h e  common i n t e r c e p t  a t  xm a x = 0  o f  t h e  d i f ­

f e r e n t  po l y n o mi a l  f i t  t r a j e c t o r i e s  whi ch  i s  t h e  p r o c e d u r e  p r o p o s e d  by Koppel .  

F i g .  7 and F i g .  8  show such  p l o t s  f o r  v a l u e s  o f  K1 and K2 r e s p e c t i v e l y ,  

u s i n g  t h e  c o r r e l a t i o n  d a t a  o b t a i n e d  f rom a 2 . 0  mg/ml g e l a t i n  s o l u t i o n ,  a 

p o r t i o n  o f  whi ch  was shown i n  F i g .  6 .



FIGURE 6

N o r ma l i z e d  c o r r e l a t i o n  d a t a  f o r  a 2 . 0  mg/ml g e l a t i n  s o l u t i o n  

i n  0 . 1 5  M NaCl and 0.05M t r i s .

(NOTE: 128 b i n  d e l a y  a f t e r  b i n  44)

T = 35°C,  0 = 90°

T h e o r e t i c a l  f i t s  t o  G ^ ( x )  = B(1 + ^  I g ^ ^ x ) ! 2 )

•  x = 1 u s e c / b i n

Dark l i n e :  s i n g l e  e x p o n e n t i a l  f i t ,  4 = 0 . 3 9 2
D

| g ( i ) ( x ) | =  e x p ( - 1 . 9 5 5  x lO^x)
a

L i g h t  l i n e :  q u a d r a t i c  f i t ,  ^ = 0 . 4 0 4

| g ( ^ ( T ) | =  e x p ( - 2 . 8 0 1  x lO^x + 2\  1 . 3 7 2  x 1 0 9x 2 ■ 

1 . 2 2 6  x I O ^ t 3 +  1  6 . 3 5 2  x 1 Q 1 8 x 4 )

A x  = 2 u s e c / b i n
a

Dark l i n e :  s i n g l e  e x p o n e n t i a l  f i t ,  5- =  0 . 3 8 9
D

| g ( l ) ( x ) |  = exp  ( - 1 . 7 1 3  x 10“x)
a

L i g h t  l i n e :  q u a d r a t i c  f i t ,  ^  = 0 . 4 0 4
D

| g ( 1 ^ ( t ) |  = exp ( 0 2 . 0 4 8  x lO^x + ^  7 . 1 8 5  x l 0 7x 2 - 

1 . 227 x 1 0 12x 3 - 1  3 . 453  x l O ^ x 1*)

•  x = 5 u s e c / b i n
n

Dark l i n e :  s i n g l e  e x p o n e n t i a l  f i t ,  5- = 0 . 3477
b

| g ( x ) ( x ) |  = exp ( - 1 . 4 3 8  x IQ-x)
A

L i g h t  l i n e :  q u a d r a t i c  f i t ,  w  = 0 . 3 4 7 7
D

| g ^ ) ( x ) | =  exp ( - 1 . 9 2 5  x l O S  + ^  4 . 8 2 8  x 1 0 7x 2 

7 . 1 5 4  x l O ^ x 3 -  1  1.151 x 10 16x 1*)

# H = number  o f  c o r r e l a t i o n  t i m e  s p a nne d  by 44 b i n s



4 I

4 i

<£>

o

o

o



50

F i g .  7.  E s t i m a t e s  o f  t h e  f i r s t  o r d e r  c umu l a n t  f rom l i n e a r ,  q u a d r a t i c  

and c u b i c  po l ynomi a l  f i t s  t o  g e l a t i n  c o r r e l a t i o n  d a t a .

The e x t r a p o l a t i o n  p r o c e d u r e  o f  Koppel  g i v e s  <2K1> = 2 . 1 2  XI0^ 

o r  <r> = 1 . 0 6  X 104 .
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F i g .  8 . E s t i m a t e s  o f  t h e  s e cond  o r d e r  cumi i l ant  f rom q u a d r a t i c  and 

c u b i c  po l ynomi a l  f i t s  t o  g e l a t i n  c o r r e l a t i o n  d a t a .
O

E x t r a p o l a t i o n  p r o c e d u r e  o f  Koppel g i v e s  <2K2> = 1 . 2 8  X 10 

o r  y 2 = 0 . 6 4  X 108 .
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The random and s y s t e m a t i c  e r r o r s  make i t  d i f f i c u l t  t o  e x t r a c t  

moments h i g h e r  t ha n  s econd  o r d e r  so t h a t  t h e  r e s u l t  o f  a moment 

a n a l y s i s  n o r ma l l y  o n l y  c o n s i s t s  o f  t h e  z - a v e r a g e  decay  r a t e  <T>z 

and t h e  q u a n t i t y  u 2/ < r >2 which i s  an u s e f u l  i nd e x  o f  t h e  p o l y d i s -  

p e r s i t y  o f  t h e  s o l u t i o n .

B. SEMI-DILUTE SOLUTIONS 

The c o r r e l a t i o n  f u n c t i o n  o f  a s o l u t i o n  o f  po l ymer  ne t wor k  p r o ­

posed  by DeGennes i s

g ( 2 ) ( t )  = B + A e x p ( - Dc q 2x) (43)

where  Dc i s  t h e  c o o p e r a t i v e  d i f f u s i o n  c o e f f i c i e n t  o f  t h e  c h a i n s  o f  

t h e  n e t wor k ,  B i s  t h e  backgr ound  l e v e l  and A i s  a p a r a m e t e r  which de ­

pends  on t h e  number  o f  c o h e r e n c e  a r e a s  v i ewe d ,  t h e  c l i p p i n g  l e v e l  and 

t h e  dead t ime  e f f e c t .  In Eq. 43 we have assumed t h a t  t h e  s c a t t e r e d  

i n t e n s i t y  o f  t h e  s t a t i c  component s  I g ( i n c l u d i n g  d u s t  t r a p p e d  i n  t h e  

ne t wor k )  i s  much l a r g e r  t h a n  t h a t  f rom l o n g i t u d i n a l  f l u c t u a t i o n s  I o . 

Thus t h e  p r e s c a l i n g  f u n c t i o n  o f  t h e  c o r r e l a t o r  s h o u l d  be used  t o  

measur e  t h e  c o r r e l a t i o n  f u n c t i o n s .  However,  i t w a s  n o t  c l e a r  w h e t h e r  t h e  

u n c e n t r i f u g e d  g e l a t i n  s o l u t i o n s  form a polymer  ne t wor k  and t h e  c l i p p i n g  

f u n c t i o n  was used  in  t h e  e x p e r i m e n t s .  The c o r r e l a t i o n  s p e c t r a  were  l e a s t

s q u a r e s  f i t t e d  t o  Eq.
q ( 2 ) ( t )  = B + A exp ( - 2Dqzx) ..........  (44)

The p a r a m e t e r s  B, A, and D were  d e t e r m i n e d  by t h e  method d i s c u s s e d  i n

t h e  l a s t  s e c t i o n .  We a l s o  a n a l y z e d  t h e  d a t a  u s i n g  t h e  method o f

c umul a n t s  d i s c u s s e d  b e f o r e .

4 . 3  EXPERIMENTAL RESULTS 

A. DILUTE SOLUTIONS 

Each p o i n t  on t h e  c u r v e s  shown i n  F i g s .  9 t o  15 r e p r e s e n t s  a
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r e s u l t  e x t r a p o l a t e d  f rom an a n a l y s i s  o f  a c o mp l e t e  s e t  o f  d a t a .  The 

c o n c e n t r a t i o n  d e pe ndenc e  o f  t h e  z - a v e r a g e  d i f f u s i o n  c o e f f i c i e n t  Dz and 

t h e  p o l y d i s p e r s i t y  U2 / < r >2 o f  g e l a t i n  s o l u t i o n s  o f  0.15M NaCl and 0.05M 

T r i s  a t  d i f f e r e n t  t e m p e r a t u r e s  a r e  shown i n  F i g s  9 and 10 r e s p e c t i v e l y .

The s e  c u r v e s  show t h a t  Dz has  an upward t r e n d  a t  c o n c e n t r a t i o n s  h i g h e r

t h a n  t h e  c r o s s o v e r  c o n c e n t r a t i o n  1 . 8  mg/ml .  However ,  t h e  p o l y ­

d i s p e r s i t y  r e m a i n s  a p p r o x i m a t e l y  t h e  same a t  52%. The z - a v e r a g e  f r e e
f

d i f f u s i o n  c o e f f i c i e n t s  Dz o f  g e l a t i n  s o l u t i o n s  o f  d i f f e r e n t  s o l v e n t s  a r e  

l i s t e d  i n  T a b l e  I I .  S i m i l a r  r e s u l t s  f o r  s o l u t i o n s  o f  1MCaCl2 and 0.05M 

T r i s  a r e  shown in  F i g .  11 ,  F i g .  12 and T a b l e  I I .

F i g .  13 shows t h e  d e pe ndenc e  o f  Dz on t h e  i o n i c  s t r e n g t h  o f

t h e  s o l v e n t s .  Note  t h a t  Dz i s  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  i o n i c  

s t r e n g t h  o f  NaCl.  S i n c e  Dz depends  on t h e  v i s c o s i t y  o f  t h e  s o l v e n t ,  we 

c a l c u l a t e  t h e  hydr odynami c  r a d i i  f rom E i n s t e i n ' s  r e l a t i o n  and S t o k e s '  

l aw u s i n g  t h e  p r o p e r  v i s c o s i t y  l i s t e d  i n  T a b l e  I .  The hydr odynami c  r a d i i  

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

a r e  shown in  F i g s . 14 and 15 r e s p e c t i v e l y .  Note  t h a t  i n  t h e  s o l v e n t  o f  

sod ium c h l o r i d e  t h e  hydr odynami c  r a d i u s  a t  35°C i n c r e a s e s  s l i g h t l y  a s  

t h e  i o n i c  s t r e n g t h  i n c r e a s e s  more t h a n  30 t i m e s  and o n l y  a v e r y  smal l  

i n c r e a s e  i s  o b s e r v e d  when t h e  t e m p e r a t u r e  i s  l owe r e d  t o  20°C.  The h y d r o -  

dynamic  r a d i u s  i n  t h e  s o l u t i o n  o f  CaCl2 s o l v e n t  i s  s m a l l e r  t h a n  i t  i s  i n  

t h e  s o l u t i o n  o f  NaCl s o l v e n t  o f  t h e  same i o n i c  s t r e n g t h .  F i g .  16 shows 

t h e  q 2 d e p e n d e n c e  o f  Dz . We have t h e  z - a v e r a g e  f r e e  d i f f u s i o n  c o e f f i ­

c i e n t  d i r e c t l y  p r o p o r t i o n a l  t o  q2 . In T a b l e  I I I  we l i s t  t h e  v a l u e s  o f  

t h e  f i r s t  two c u m u l a n t s  ( f ,  p 2 ) and Dz. f o r  a g e l a t i n  s o l u t i o n  w i t h  1 . 2 5  

mg/ml c o n c e n t r a t i o n  a t  35°C mea s ur ed  a t  d i f f e r e n t  a n g l e s .
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F i g .  13.  The i o n i c  s t r e n g t h  d e pe nde nc e  o f  t h e  z - a v e r a g e  f r e e  d i f f u s i o n  c o e f f i c i e n t  

o f  g e l a t i n  s o l u t i o n s .  T= 35°C,  0 =90° .
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F i g .  14. The i o n i c  s t r e n g t h  d e pe nde nc e  o f  t h e  hydr odynami c  r a d i i  o f  g e l a t i n  m o l e c u l e
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T= 35°C,  0 = 9 0 ° .
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F i g .  15.  I o n i c  s t r e n g t h  d e p e n d e n c e  o f  p o l y d i s p e r s i t y  o f  g e l a t i n  s o l u t i o n s ,

•  : a t  35° C i n  s o l v e n t s  o f  NaCl and .05M t r i s
O  : a t  20° C i n  s o l v e n t s  o f  NaCl and .05M t r i s
A  : a t  35° C i n  s o l v e n t s  o f  CaCl? and
A a t  20° C in  s o l v e n t s  o f  CaClo and

.05M t r i s  

.05M t r i s
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F i g .  16.  q d e p e n d e n c e  o f  z - a v e r a g e  f r e e  d i f f u s i o n  c o e f f i c i e n t  o f  g e l a t i o n  s o l u t i o n s  

i n  0.15M NaCl and 0.05M t r i s .  T= 35°C



TABLE I I

FREE DIFFUSION COEFFICIENTS AND HYDRODYNAMIC RADII 

OF GELATIN MOLECULES

35° C 20°C
Sol v e n t s

Df ( 10" 7~ )  z '  s e c 7 Rh (A) MZ/ < V > Z { %) Df ( 10- ’ Cm2)
z K s e c 7 Rh (A) y 2/ < r > 2 (%)

0.05M Na Cl , 
0.05M T r i s 1 . 7 8  ± 0 . 0 3 174 52±4 1.21 ± 0 . 0 3 176 68 ±4

0.15M Na Cl , 
0 . 05M T r i s 1 . 7 7 ± 0 . 0 3 174 52+4 1 . 2 0 ±  0 . 0 3 176 68 ±4

1M NaCl , 
0.05M T r i s 1.61 ± 0 . 0 5 176 56±4

3M Na Cl , 
0.05M T r i s 1 . 2 8  ± 0 . 0 5 180 60 ±4.

1M CaCl , 
0.05M T r i s 1 . 4 0  ± 0 . 0 3 167 62 ±4 1 . 06  ± 0 . 0 3 163 74 ±4



TABLE I I I

RESULTS OF 1 . 2 5  MG/ML GELATIN SOLUTION WITH 0 . 1 5M NaCl 

AND 0.05M TRIS SOLVENT

S c a t t e r i n g
Angl es 2 1 . 9 ° 3 1 . 8 ° 90°

q 2 (cm- 2 ) 

f  ( s e c - 1 ) 

D^(cm2/ s e c )  

y 2 ( s e c - 2 )

4 . 2 7  x l O9 

0 . 0 6 3 x l 0 + “ 

1 . 4 8  x lO -7  

0.21 x l O6

8 . 8 8  x l O9 

0 . 1 3 4 x 1 0 “ 

1.51 x l O ' 7 

0 . 6 3  x l O6

5 . 8 8 x l 0 10

1 . 0 5 x 1 0 “

1 . 7 9 x 1 0 - 7 

3 0 . 5  x l O6



3 .  SEMI-DILUTE SOLUTIONS 

For  s e m i - d i l u t e  s o l u t i o n s ,  some o f  t h e  c o r r e l a t i o n  d a t a  a r e  

shown i n  F i g s  17 t o  21 a l o n g  w i t h  t h e i r  b e s t  s i n g l e  e x p o n e n t i a l  f i t s .  

Note  t h a t  t h e  h i g h e r  t h e  c o n c e n t r a t i o n ,  t h e  more t h e  c o r r e l a t i o n  

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

f u s i o n  c o e f f i c i e n t s  c a l c u l a t e d  f rom t h e  s i n g l e  e x p o n e n t i a l  f i t s  w i t h  

t o t a l  d e l a y  t i m e  = 1 . 8  x a r e  p l o t t e d  a s  f u n c t i o n  o f  c o n c e n t r a t i o n s  

i n  F i g .  22.  The same r e s u l t s  i n c l u d i n g  r e s u l t s  o f  h i g h e r  c o n c e n t r a ­

t i o n s  a r e  p l o t t e d  i n  f u l l  l o g a r i t h m i c  s c a l e s  i n  F i g .  23 .  The d i f ­

f u s i o n  c o e f f i c i e n t  a t  v e r y  low c o n c e n t r a t i o n  i s  i n d e p e n d e n t  o f  c o n ­

c e n t r a t i o n  and t h e n  d e c r e a s e s  r a p i d l y  w i t h  C, w i t h  l i n e a r  b e h a v i o r .  

However ,  when t h e  c o n c e n t r a t i o n  i s  h i g h  e n o u g h ,  i t  d e c r e a s e s  s l o w l y  

c o r r e s p o n d i n g  t o  a power  l aw aC- 1 - 67 wh-jc h -js c o n t r a r y  t o  

De G e n n e s 1 p r e d i c t i o n  Dc ( c )  K C 0' 75 b u t  i s  s i m i l a r  t o  t h a t  f o r  t h e  

s e l f - d i f f u s i o n  c o e f f i c i e n t  o f  i n d i v i d u a l  c h a i n  m o l e c u l e s  o f  t h e  

p o l yme r  ne t wo r k  w i t h  Ds ( c ) “ C " 1 - 7 5 .

F i g s .  24 t o  31 show t h e  p l o t t i n g  o f  t h e  f i r s t  two o r d e r  cumu- 

l a n t s  o b t a i n e d  f rom t h e  c u mu l a n t  a n a l y s i s  o f  t h e  d a t a  f rom g e l a t i n  

s o l u t i o n s .  Note  t h a t  f o r  h i g h  c o n c e n t r a t i o n  s o l u t i o n s ,  t h e  c u mu l a n t s  

f rom d i f f e r e n t  o r d e r  o f  po l ynomi a l  f i t s  do n o t  c o n v e r g e  t o  any common 

i n t e r c e p t .

4 . 4  DISCUSSION 

A. DILUTE SOLUTIONS 

At  low c o n c e n t r a t i o n s ,  p a r t i c l e s  i n  s o l u t i o n  unde r go  f r e e  d i f ­

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

t i o n .  However ,  a t  c o n c e n t r a t i o n s  h i g h e r  t h a n  t h e  c r o s s o v e r  c o n ­

c e n t r a t i o n ,  t h e  d i f f u s i o n  c o e f f i c i e n t  i n c r e a s e s  a s  t h e  c o n c e n t r a t i o n
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F i g .  17.  Nor ma l i z e d  c o r r e l a t i o n  d a t a  f o r  a 2 . 5  mg/ml u n c e n t r i f u g e d  g e l a t i n  

s o l u t i o n  i n  0.15M NaCl and 0.05M t r i s  (Note  128 b i n  d e l a y  a f t e r  

b i n  4 4 ) .

T = 35° C , 6 =90°

•  : t  = 2 p s e c / b i n  

a  : x = 5 p s e c / b i n

S o l i d  l i n e s  : s i n g l e  e x p o n e n t i a l  f i t s  

H : The number  o f  c o r r e l a t i o n  t i m e s  s pa nned  by 44 b i n s
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F i g .  18.  Nor ma l i z e d  c o r r e l a t i o n  d a t a  f o r  a 5 . 0  mg/ml u n c e n t r i f u g e d  g e l a t i n  s o l u t i o n  o f  0.15M NaCl and 0.05M t r i s

S o l i d  l i n e s  : s i n g l e  e x p o n e n t i a l  f i t s ,  H : Number o f  c o r r e l a t i o n  t i m e s  s pa nned  by 44 b i n s

CT><£>



CONC. = ' 1 0  mg/ml 

T = 35° C

5 y s e c / b i n  

10 y s e c / b i n  

20 y s e c / b i n.75

•  •.25
* •

•  o

0.0
F i g .  19.  Nor ma l i z e d  c o r r e l a t i o n  d a t a  f o r  a 10 mg/ml u n c e n t r i f u g e d  g e l a t i n  s o l u t i o n  o f  0.15M NaCl and 0.05M t r i s .  

S o l i d  l i n e s  : s i n g l e  e x p o n e n t i a l  f i t s *  H : Number o f  c o r r e l a t i o n  t i m e s  s pa nned  by 44 b i n s



CONC. = 20 mg/ml
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CM
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F i g . 20.  Nor ma l i ze d  c o r r e l a t i o n  d a t a  f o r  a 20 mg/ml u n c e n t r i f u g e d  g e l a t i n  s o l u t i o n  o f  .15M NaCl & .05M t r i s .



1 . 0 0

CONC. = 30 mg/ml

= 90

0 .7 5

CM

0.25

0.00
F i g . 21 Nor ma l i z e d  c o r r e l a t i o n  d a t a  f o r  a 30 mg/ml u n c e n t r i f u g e d  g e l a t i n  s o l u t i o n  o f  .15M NaCl & .05M t r i s .

ro
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F i g .  22.  The c o n c e n t r a t i o n  d e pe nde nc e  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 s  

o f  t h e  g e l a t i n  s o l u t i o n s  i n  0.15M NaCl and 0.05M t r i s  

w i t h o u t  b e i n g  c e n t r i f u g e d .  The d i f f u s i o n  c o e f f i c i e n t s  were  

o b t a i n e d  by f i t t i n g  t h e  c o r r e l a t i o n  d a t a  t o  s i n g l e  e xpone n ­

t i a l  f u n c t i o n s .  The e r r o r  b a r s  r e p r e s e n t  s t a n d a r d  d e v i a t i o n s  

o f  s e ven  s e t s  o f  e x p e r i m e n t s .

T= 35°C,  0= 90°
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F i g .  23.  C o n c e n t r a t i o n  d e p e n d en c e  o f  d i f f u s i o n  c o e f f i c i e n t  o f  

g e l a t i n  s o l u t i o n s  i n  0.15M NaCl and  0.05M t r i s  w i t h o u t  

b e in g  c e n t r i f u g e d .  T= 35°C,  0= 9 0 ° .

( P a r t  o f  t h e  d a t a  have  been shown i n  F i g .  2 2 . )
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F i g .  24 .  F i r s t  o r d e r  c u m u l a n t s  f rom l i n e a r ,  q u a d r a t i c  and c u b i c  f i t s  t o  

t h e  c o r r e l a t i o n  d a t a  o f  a 2 . 5  mg/ml u n c e n t r i f u g e d  g e l a t i n  

s o l u t i o n  o f  0.15M NaCl and 0.05M t r i s .  T =35° C, 0 =90°

0 :  L i n e a r ,  0 :  Q u a d r a t i c ,  Cubic



TTiAXi U3EQ

•t v  i i | I i i i I i I I | I i i I I I I I i | 11 r  ; i i I r  i i T 'i I i I | - | - r v r

o

CONC. = 2 . 5  mg/ml 

T = 35° C 

0 = 90°

□

©

©

J. i. ;.i
w W -A l—-gt-1- 1- -A-A M CP

ts <3 3

§ Q
<S<3 8 8<3 3'

i—L_L

0
9

0
'0

9
S



78

F i g .  25 .  Second o r d e r  c u m u l a n t s  f rom q u a d r a t i c  and c u b i c  f i t s  t o  t h e  

c o r r e l a t i o n  d a t a  o f  a 2 . 5  mg/ml u n c e n t r i f u g e d  g e l a t i n  s o l u ­

t i o n  o f  0.15M NaCl and 0.05M t r i s .

0  : Q u a d r a t i c  f i t ,  &  : Cubic  f i t
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F i g .  26 .  F i r s t  o r d e r  c u m u l a n t s  f rom t h e  c o r r e l a t i o n  d a t a  o f  a 5 mg/ml u n c e n t r i f u g e d

g e l a t i n  s o l u t i o n  o f  .15M NaCl & .05M t r i s . 00o



CONC. = 5 mg/ml 

T = 35° C

0  : Q u a d r a t i c  

&  : Cubic
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F i g .  27.  Second o r d e r  c u m u la n t s  f rom t h e  c o r r e l a t i o n  d a t a  o f  a 5 mg/ml u n c e n t r i f u g e d

g e l a t i n  s o l u t i o n  o f  . 1 5M NaCl & . 05M t r i s .
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F i g .  28. F i r s t  o r d e r  c u m u l a n t s  f rom d i f f e r e n t  o r d e r  p o lynom ia l  f i t s  t o  t h e  c o r r e l a t i o n

d a t a  o f  a 10 mg/ml u n c e n t r i f u g e d  g e l a t i n  s o l u t i o n  o f  . 1 5M NaCl & .05M t r i s .
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CONC. = 10 mg/ml

([) : Q u a d r a t i c  

A  : Cubic

F i g .  29. s e cond  o r d e r  c u m u l a n t s  f rom d i f f e r e n t  o r d e r  p o lynom ia l  f i t s  t o  t h e  c o r r e l a t i o n
oo

d a t a  o f  a 10 mg/ml u n c e n t r i f u g e d  g e l a t i n  s o l u t i o n  o f  .15M NaCl & .05M t r i s .  °°
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CONC. = 20 mg/ml

0  : L i n e a r  

(32 : Q u a d r a t i c  
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F i g .  30.  F i r s t  o r d e r  c u m u l a n t s  f rom d i f f e r e n t  o r d e r  p o lynom ia l  f i t s  t o  t h e  c o r r e l a t i o n

d a t a  o f  a 20 mg/ml u n c e n t r i f u g e d  g e l a t i n  s o l u t i o n  o f  0.15M NaCl and  0.05M t r i s .

00



CONC. = 20 mg/ml
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F i g .  31 .  Second o r d e r  c u m u l a n t s  f rom d i f f e r e n t  o r d e r  po ly n o m ia l  f i t s  t o  t h e  c o r r e l a t i o n

d a t a  o f  a 20 mg/ml u n c e n t r i f u g e d  g e l a t i n  s o l u t i o n  o f  0.15M NaCl and 0.05M t r i s .



i n c r e a s e s .  T h i s  b e h a v i o r  i s  due t o  t h e  i n c r e a s i n g  e f f e c t s  o f  i n t e r ­

p a r t i c l e  i n t e r a c t i o n s  when t h e  i n t e r p a r t i c l e  s p a c i n g  becomes compa-. 

r a b l e  t o  t h e  p a r t i c l e  s i z e  and  p a r t i c l e s  in  s o l u t i o n  fo rm a po lymer  

n e tw o r k .  The c r o s s o v e r  c o n c e n t r a t i o n  o b t a i n e d  i s  h i g h e r  t h a n  i t s  

t r u e  v a l u e  s i n c e  t h e  need  t o  c e n t r i f u g e  sam p les  t o  e l i m i n a t e  d u s t  

has  a l s o  removed some b i g  p a r t i c l e s  f rom t h e  s o l u t i o n s  and  l e a d s  t o  

an o v e r e s t i m a t e  o f  t h e  c o n c e n t r a t i o n s .

The p o l y d i s p e r s i t y  c a l c u l a t e d  f rom  Eq. 2 6 ,  u s i n g  v a l u e s  o f  M,w

and m ea su red  a t  Kodak L a b o r a t o r i e s  i s  much l o w e r  t h a n  o u r  e x ­

p e r i m e n t a l  r e s u l t .  The d i s c r e p a n c y  be tw een  t h e s e  two v a l u e s  i s  due 

t o  t h e  e f f e c t  o f  c e n t r i f u g i n g  t h e  sa m p le  i n  t h e  c o r r e l a t i o n  m e a s u r e ­

ments  and t h a t  Eq. 26 i s  v a l i d  o n l y  i n  t h e  low l i m i t  o f  p o l y d i s p e r ­

s i t y .

The hydrodynam ic  r a d i u s  o f  t h e  g e l a t i n  m o l e c u l e s  o n l y  i n c r e a s e s  

a few a n g s t r o n s  when i t s  t e m p e r a t u r e  i s  l o w e re d  f rom 35°C t o  20°C 

i n d i c a t i n g  t h a t  most  o f  t h e  a g g r e g a t e s  a r e  c o v a l e n t l y  l i n k e d  and t h e  

hyd rogen  bonded o r  c o l l a g e n - f o l d e d  a g g r e g a t e s  do n o t  make a s i g n i f i ­

c a n t  c o n t r i b u t i o n  even  a t  low t e m p e r a t u r e  ( 2 0 ° C ) .  The i n c r e a s e  i n  

hydrodynam ic  r a d i u s  when t h e  i o n i c  s t r e n g t h  o f  t h e  s o l u t i o n  i n c r e a s e s  

i n d i c a t e s  t h a t  g e l a t i n  m o l e c u l e s  do c a r r y  c h a r g e s .  At  low i o n i c  

s t r e n g t h  t h e  c h a n c e  f o r  c h a r g e d  p a r t i c l e s  t o  c o l l i d e  and fo rm h y d r o ­

gen bonded a g g r e g a t e s  i s  r e d u c e d  by t h e  r e p u l s i v e  Coulombic f o r c e s  

be tw een  t h e  c h a r g e s  on t h e  m a c r o m o l e c u l e s .  However ,  as  t h e  i o n i c  

s t r e n g t h  i s  i n c r e a s e d ,  t h e  Coulombic i n t e r a c t i o n s  a r e  s c r e e n e d  o u t  

more and more c o m p l e t e l y  by t h e  c h a r g e s  on t h e  i o n s  and t h e  m ac ro ­

m o l e c u l e s  a r e  more f r e e  t o  a g g r e g a t e .
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B o e d t k e r  and Doty f a i l e d  t o  f i n d  any  s i g n i f i c a n t  change  i n  a g g r e g a t e s  

when t h e  i o n i c  s t r e n g t h  was i n c r e a s e d  from 0 . 1 5M t o  1M and c o n c l u d e d  t h a t  

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

c e s s .  Our r e s u l t s  i n s t e a d  i n d i c a t e  a l a r g e  amount  o f  c h a r g e s  c a r r i e d  by 

t h e  m o le c u le s  so  t h a t  t h e  i o n s  i n  1M NaCl s o l v e n t  a r e  n o t  enough t o  s c r e e n  

o u t  a s i g n i f i c a n t  f r a c t i o n  o f  t h e  r e p u l s i v e  Coulombic f o r c e s  and t h e i r  

i n s t r u m e n t s  w e re  u n a b l e  t o  d i s t i n g u i s h  t h e  sm a l l  amount  o f  c h a n g e .

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

has  s c r e e n e d  o u t  t h e  r e p u l s i v e  Coulombic i n t e r a c t i o n s  more c o m p l e t e l y  

and t h u s  b ro u g h t  a s i g n i f i c a n t  i n c r e a s e  i n  a g g r e g a t i o n .

For  a m o n o d i s p e r s e  s a m p le  o f  sm a l l  p a r t i c l e s  w i t h  q L < < ! , we e x p e c t  

t h e  d i f f u s i o n  c o e f f i c i e n t  t o  be i n d e p e n d e n t  o f  q 2 o r  t h e  de c ay  r a t e  to  

be p r o p o r t i o n a l  t o  q2 . S i n c e  o u r  s am p les  a r e  p o l y d i s p e r s e  t h e  z - a v e r a g e  

d i f f u s i o n  c o e f f i c i e n t  i s  p r o p o r t i o n a l  t o  q 2 w i t h  t h e  p r o p o r t i o n a l i t y  d e ­

p e n d in g  on t h e  p o l y d i s p e r s i t y  o f  t h e  s a m p l e s .  T h i s  i s  b e c a u s e  t h e  

s m a l l e r  t h e  s c a t t e r i n g  a n g l e  t h e  more t h e  l i g h t  s c a t t e r i n g  i s  domi­

n a t e d  by b i g g e r  p a r t i c l e s .  The f i r s t  o r d e r  c u m u la n t  which  e q u a l s  t h e  

z - a v e r a g e  decay  r a t e  r, and t h e  s e c o n d  o r d e r  cumulant p 2 which i n d i c a t e s  t h e  

p o l y d i s p e r s i t y  o f  t h e  s a m p l e s ,  a r e  g i v e n  b y 66

w here  G (r)  d f  i s  t h e  f r a c t i o n  o f  s c a t t e r e d  i n t e n s i t y  due to  p a r t i c l e s  

w i t h  de c ay  r a t e  r  = Dq2 in  t h e  r a n g e  r t o  r + dr and G(R)dR i s  d e f i n e d  

in  a s i m i l a r  way w i t h  p a r t i c l e  r a d i u s  i n  t h e  r a n g e  R to  R + dR. The

00 00

f  = L r s ( r ) d r
1 00

/  G(r)dr
o

= I TG(R)dR (45)oo

and
jo G(R)dR

t°°
= /  ( r - r )2 G( R)dR 

-00
JT G(R)dR

(46)



r e l a t i o n  G(r)dr = G(R)dR has been  a p p l i e d  i n  t h e  above  e q u a t i o n s .

For  p a r t i c l e s  sm a l l  compared t o  t h e  w a v e l e n g t h  o f  t h e  i n c i d e n t  l i g h t  

G(R) i s  g i v e n  by

G(R)dR = N(R) R6 f  (R) • dR (47)
H

where  N(R) i s  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  p a r t i c l e s  w i t h  r a d i u s  R and 

f  (R) i s  t h e  form f a c t o r  o f  t h e  p a r t i c l e s  i n  t h e  s o l u t i o n s .  S u b s t i -
H

t u t i n g  Eq. 47 i n t o  Eq. 45 and Eq. 46 and u s i n g  t h e  r e l a t i o n

r  = Dq2 = (kT/6iTnR)q2 we can  c a l c u l a t e  Y and p 2 f o r  a g i v e n  model

o f  p a r t i c l e  d i s t r i b u t i o n  N(R) and  p a r t i c l e  s h a p e  f o r  which t h e  form
£

f a c t o r  f Q(R) i s  known. The z - a v e r a g e  f r e e  d i f f u s i o n  c o e f f i c i e n t  D 
H z

i s  c a l c u l a t e d  from f / q 2 .

Two k i n d s  o f  m o d e l s ,  G a u s s i a n  and  R e c t a n g u l a r ,  f o r  t h e  p a r t i c l e  

d i s t r i b u t i o n  f u n c t i o n s  have  been a p p l i e d  t o  f i t  t h e  r e s u l t s  l i s t e d  i n  

T a b l e  I I I  by assum ing  s p h e r i c a l  p a r t i c l e s  w i t h  fo rm f a c t o r  g i v e n  b y 7

f q (R) = { [ s i n ( q R )  -  qR c o s ( q R ) ] } 2 (48)

N e i t h e r  d i s t r i b u t i o n ,  however ,  g i v e s  a p r o m i n e n t  q 2 d e p e n d en c e  i n  t h e  

c a l c u l a t e d  v a l u e s  o f  and y 2 n o r  i s  t h e r e  any a g r e e m e n t  be tw een  t h e
f

c a l c u l a t e d  v a l u e s  o f  Dz and y 2 w i t h  t h e s e  m easu red  v a l u e s  a t  a g iv e n  

v a l u e  o f  q 2 .

B. SEMI-DILUTE SOLUTIONS 

S i n c e  t h e  sam p les  a r e  h i g h l y  p o l y d i s p e r s e ,  t h e  c r o s s o v e r  c o n ­

c e n t r a t i o n  which i s  p r o p o r t i o n a l  t o  t h e  m o l e c u l a r  w e i g h t  and i n v e r s e l y  

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

c a n n o t  be w e l l  d e f i n e d .  However ,  i n  t h e  v e r y  low c o n c e n t r a t i o n  r e g i o n  

t h e  d i f f u s i o n  c o e f f i c i e n t  i s  i n d e p e n d e n t  o f  C s i n c e  t h e  p a r t i c l e s  in
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t h e  s o l u t i o n s  a r e  u n d e r g o i n g  f r e e  d i f f u s i o n  m o t i o n .  The p o l y d i s p e r ­

s i t y  o f  t h e  s o l u t i o n s  makes t h e  c o r r e l a t i o n  s p e c t r a  d i f f e r e n t  f rom a 

s i n g l e  e x p o n e n t i a l  d e c a y .  As t h e  c o n c e n t r a t i o n  i n c r e a s e s ,  p a r t i c l e s  

s t a r t  t o  i n t e r a c t  w i t h  ea ch  o t h e r  t h r o u g h  e n t a n g l e m e n t s  among them­

s e l v e s  and more p a r t i c l e s  a g g r e g a t e .  The d i f f u s i o n  c o e f f i c i e n t  i s  

t h u s  d e c r e a s i n g  w i t h  C.

The d i v e r g e n c e  o f  d i f f e r e n t  o r d e r  c u m u l a n t s  a t  t  „ = 0 when t h e  co n -
UlaX

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

d a t a  f rom t h e  s i n g l e  e x p o n e n t i a l  f i t s  in  t h e  f i r s t  few c h a n n e l s  

i n d i c a t e  t h a t  some d e n s i t y  f l u c t u a t i o n s  w i t h  v e r y  s h o r t  decay  t i m e  e x i s t .  

Two a l t e r n a t i v e  c o n j e c t u r e s  a b o u t  t h e  dynamics  o f  m a c r o m o l e c u l a r  m o t io n s  

can be made t o  i n t e r p r e t  t h e  above  b e h a v i o r .  The f i r s t  i s  t h a t  t h e  p a r ­

t i c l e s  a r e  becoming  more and  more a g g r e g a t e d  a s  t h e  c o n c e n t r a t i o n  i s  i n ­

c r e a s i n g  and when t h e  c o n c e n t r a t i o n  i s  h igh  enough each  a g g r e g a t e d  p a r ­

t i c l e  fo rms  a n e tw ork  i t s e l f  and i s  e x e c u t i n g  n e tw ork  v i b r a t i o n s  ( i n t e r n a l  

modes)  i n  a d d i t i o n  t o  t h e  d i f f u s i o n  m o t i o n .  The s e cond  a l t e r n a t i v e  i s  

t h a t  some p a r t i c l e s  a g g r e g a t e  and t h e  r e s t  fo rm a s i n g l e  ne tw ork  which 

i s  so l o o s e  t h a t  t h e  r e s t  o f  t h e  p a r t i c l e s  ( a g g r e g a t e d )  can s t i l l  move 

a r o u n d ,  and  u n d e rg o  d i f f u s i o n  m o t i o n s .  The l i g h t  s c a t t e r i n g  i n  bo th  

c a s e s  comes f rom a c o l l e c t i v e  e f f e c t  o f  d e n s i t y  f l u c t u a t i o n s  due t o  v i ­

b r a t i o n s  o f  t h e  po lymer  n e tw ork  and t h e  d i f f u s i v e  m ot ion  o f  i n d i v i d u a l  

p a r t i c l e s , e s p e c i a l l y  t h o s e  a g g r e g a t e d .  The c o l l e c t i v e  d i f f u s i o n  c o e f f i ­

c i e n t  we have f o l l o w s  « C " 1- 67 and t h e  p o l y m e r i z a t i o n  i n d e x  N -

t h e  a v e r a g e  number o f  monomers o f  each  a g g r e g a t e d  p a r t i c l e  -  can  be e s t i ­

mated  by N« C 5.
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DeGennes'  p r e d i c t i o n  t h a t  t h e  c o o p e r a t i v e  d i f f u s i o n  c o e f f i c i e n t  

f o l l o w s  Dc ( c )  «  C0 - 75 i n  t h e  s e m i - d i l u t e  r e g i o n  i s  t r u e  f o r  a homo­

geneous  po lym er  n e tw ork  formed by m o n o d i s p e r s i v e  c h a i n  m o l e c u l e s .  S i n c e  

t h e  s y s te m  i s  e x t r e m e l y  p o l y d i s p e r s e  w i t h  a g g r e g a t i o n  i n c r e a s i n g  w i t h  

c o n c e n t r a t i o n ,  we do n o t  have  a homogeneous po lymer  n e tw o r k ,  t h e  c o r r e l a ­

t i o n  s p e c t r a  a r e  t h u s  n o t  a s i n g l e  e x p o n e n t i a l  de c ay  and t h e  r e s u l t s  f rom 

c o r r e l a t i o n  m easu rem en ts  a r e  q u i t e  d i f f e r e n t  f rom DeGennes* p r e d i c t i o n s .



CHAPTER 5 

GELS

5.1  SAMPLE PREPARATION AND EXPERIMENTAL PROCEDURE

G e l a t i n  s o l i d s  were  added  t o  a s o l v e n t  o f  0 .15H NaCl and 0.05M T r i s  

t o  make s o l u t i o n s  o f  50 mg/ml o r  75 mg/ml c o n c e n t r a t i o n s  and t h e n  k e p t  a t  

4°C a t  l e a s t  o v e r n i g h t  a l l o w i n g  t h e  s o l i d s  t o  s w e l l .  The s o l u t i o n s  were  

t h e n  r a p i d l y  h e a t e d  t o  40°C f o r  an h o u r ,  s t i r r e d  f o r  s e v e r a l  m i n u t e s ,  and 

t r a n s f e r r e d  t o  c u v e t t e s .  Samples  were  t h e n  e i t h e r  l o a d e d  i n t o  t h e  sy s te m  

f o r  l i g h t  s c a t t e r i n g  m ea su rem e n ts  o r  k e p t  a t  4°C f o r  a p e r i o d  f rom o v e r ­

n i g h t  up t o  s e v e r a l  d a y s .

Fo r  t h e  s am p les  w i t h  f o r m a l d e h y d e ,  t h e  c r o s s l i n k i n g  a g e n t  was a d d e d  t o  

t h e  s o l u t i o n  i m m e d i a t e l y  a f t e r  t h e y  were h e a t e d  a t 4 0 ° C f o r  an h o u r .  The 

s o l u t i o n s  were  t h e n  s t i r r e d  f o r  one  t o  two m i n u t e s  and t h e n  l o a d e d  i n t o  

c u v e t t e s .  L i g h t  s c a t t e r i n g  m ea su rem e n ts  were  s t a r t e d  w i t h i n  an h o u r .

S i n c e  t h e  s c a t t e r e d  f i e l d  f rom a ge l  i s  a n o n - G a u s s i a n  f i e l d ,  t h e  

c l i p p i n g  f u n c t i o n  o f  t h e  c o r r e l a t o r  can  n o t  be a p p l i e d .  In  t a k i n q  c o r r e l a ­

t i o n  f u n c t i o n s ,  t h e  c o r r e l a t o r  was s e t  t o  s i n q l e  p r e s c a l e d  mode and  t h e  

t o t a l  d e l a v  t im e  o f  44 c h a n n e l s  was cho s en  t o  be n e a r  1 . 8  c o r r e l a t i o n  

t i m e s .  The p r e s c a l e  l e v e l s  were  s e t  such  t h a t

Number o f  c o u n t s  p e r  b i n  n ,
P r e s c a l e  l e v e l

o r

Count  r a t e  o f  p h o t o p u l s e s  x Bin t im e  = < Q •,
P r e s c a l e  Level

in  o r d e r  t o  make t h e  p r o b a b i l i t y  o f  d e t e c t i n g  two s c a l e d  c o u n t s  i n  a b i n  

t im e  n e g l i g i b l e .

Samples  w ere  a l l o w e d  t o  s i t  i n  t h e  s y s t e m  a t  20°C f o r  a t  l e a s t  a week 

and l i g h t  s c a t t e r i n g  m easu rem en ts  were  p e r f o r m e d  e v e r y  h o u r  i n  t h e  f i r s t  

two days  and  t h e n  o n c e  o r  t w i c e  a d a y .  Most o f  t h e  d a t a  were  m ea su red  a t
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s c a t t e r i n g  a n g l e s  o f  9 0 ° .  Some were  m easu red  a t  s c a t t e r i n g  a n g l e s  

o f  2 1 . 9 °  and 3 1 . 8 °  when t h e  s a m p le s  had been  k e p t  i n  t h e  s y s t e m  long  

enough and no s i g n i f i c a n t  c hanges  i n  a s h o r t  p e r i o d  o f  t im e  were  o b ­

s e r v e d .

5 . 2  DATA ANALYSIS 

Most  o f  t h e  p r e v i o u s  s t u d i e s  on t h e  a u t o c o r r e l a t i o n s  o f  s o l i d  

g e l s  were  a n a l y z e d  and  i n t e r p r e t e d  by t h e  e l a s t i c  c o n t in u u m  model 

which p r e d i c t s  a s i n g l e  e x p o n e n t i a l  i n t e n s i t y  a u t o c o r r e l a t i o n  f u n c ­

t i o n  in  t h e  l i m i t  o f  I g »  I Q. A l th o u g h  o u r  s o l u t i o n s  which  formed 

t h e  g e l s  w e re  h i g h l y  p o l y d i s p e r s i v e  and r e l a t i v e l y  d u s t y ,  o u r  i n t e n ­

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

w e l l .  We t h e r e f o r e  f i t  o u r  d a t a  t o  a s i n g l e  e x p o n e n t i a l  fo rm  and 

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

d e v i a t i o n  f rom s e v e r a l  a u t o c o r r e l a t i o n s  w i t h  t h e  same b i n  t i m e  t a k e n  

a t  a b o u t  t h e  same t i m e .

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

bounded p a r t i c l e  model w ere  a l s o  i n v e s t i g a t e d .  The i n t e n s i t y  c o r r e l a ­

t i o n  f u n c t i o n  o f  t h e  bounded p a r t i c l e  model a t  v e r y  s h o r t  d e l a y  t im e  

r e d u c e s  from Eq. 36 t o  a s i n g l e  e x p o n e n t i a l  f u n c t i o n  o f  d e l a y  t im e  55

g ^ ( x )  = 1 - e x p ( - 2 D q 2/ y )  + e x p ( - 2 D q 2x) (49)

We t h u s  have  s i n g l e  e x p o n e n t i a l  a u t o c o r r e l a t i o n  a t  s h o r t  d e l a y  t im e  

f o r  b o t h  t h e  bounded p a r t i c l e  model and t h e  e l a s t i c  con t in u u m  model 

which p r e d i c t s  a s i n g l e  e x p o n e n t i a l  a u t o c o r r e l a t i o n  a t  a l l  d e l a y  

t i m e s .  We t h e r e f o r e  f i t  t h e  d a t a  t o  mono- and m u l t i - e x p o n e n t i a l  

f o rm s .

g ( 2 ) ( t ) = B + A exp (50)
Tc
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and

G(2 ) ( t ) = B[1 + exp (Bq + Bj T + B2t 2 + . . . ) ]  (51)

u s i n g  t h e  method o f  l e a s t  s q u a r e s  f i t  d i s c u s s e d  i n  C h a p t e r  2. For

t h e  c a s e  o f  p r e s c a l i n q ,  t h e  b a c k g ro u n d  l e v e l  B was c a l c u l a t e d  f rom 

t h e  t o t a l  number  o f  c o u n t s  N and t h e  t o t a l  number  o f  p r e s c a l e d  c o u n t s  

Np by t h e  e q u a t i o n

B = N Np/ ( T / A T )  (52)

where  T i s  t h e  e x p e r i m e n t a l  d u r a t i o n  and  AT i s  t h e  b i n  t i m e .

Note t h a t  Eq. 36 f o r  t h e  a u t o c o r r e l a t i o n  o f  t h e  bounded p a r t i c l e  

model can be e xpanded  as

g ( 2 ) ( x )  = 1 -  e x p ( - 2 D q 2/ y )  + exp [ ( - 2 D q 2/ y ) (  f  — Jp- ~ ) ]
n=l n '

o r
. .  oo / \ n — i _

g ( 2 ) ( x )  = 1 -  e x p ( - 2 D q 2/ y )  + exp [2Dq2 £ —  t ]
n=l n -

o r

g ( 2 ) ( t )  = B0 + exp I  B x n . . . .  (53)
n=l  n

where  Bn = —^ —  and Bo i s  i n d e p e n d e n t  o f  d e l a y  t i m e .  Note  t h a t

t h e  r a t i o  o f  t h e  c o e f f i c i e n t s  o f  two c o n s e c u t i v e  t e r m s  i n  t h e  expo-

- Y  Rn e n t i a l  Bn/ B n_^ We have  J ! —  • n = - y  i n d e p e n d e n t  o f  d e l a y

t i m e .

Note t h a t  t h e  a u t o c o r r e l a t i o n s  o f  t h e  bounded p a r t i c l e  model and 

t h e  e l a s t i c  c o n t in u u m  m ode l ,  i . e .  Eq. 36 and Eq. 39 a t  x = 0 become 

g ( 2 ) ( o )  = 2 -  e x p ( - 2 D q 2/ y )  (54)

and

g ( 2 ) ( o )  = 1 + 2 L -  (55)
*s

r e s p e c t i v e l y .  Thus v a l u e s  o f  ^  c a l c u l a t e d  from c o r r e l a t i o n  d a t a  by



[ C ( t ) - B ] / B  a t  t  = 0 l i m i t  o r  t h e  i n t e r c e p t s  o f  c o r r e l a t i o n  f u n c t i o n s  

a t  t  = 0 a r e  p r o p o r t i o n a l  t o  1 -  e x p ( - 2 D q z / y )  and 2 I D/ I S r e s p e c t i v e l y  

S i n c e  y i n c r e a s e s  and I 0/ I s  d e c r e a s e s  a s  g e l a t i o n  p r o g r e s s e s ,  b o th  

mode ls  p r e d i c t  a d e c r e a s i n g  o f  A/B d u r i n g  t h e  g e l a t i n  p r o c e s s  and t h e  

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

The s t a t i c  component  o f  t h e  s c a t t e r e d  l i g h t  depends  on q2 a c c o r d ­

in g  t o  t h e  O r n s t e i n  Z e r n i k e  a p p r o x i m a t i o n  t h r o u g h  t h e  r e l a t i o n 7

I<- °c — ------  where  £ i s  c a l l e d  t h e  c o r r e l a t i o n  l e n g t h  which c h a r a c -
i +c 2q 2

t e r i z e s  t h e  r a n g e  o f  t h e  c o r r e l a t i o n s  be tw een  t h e  d e n s i t y  f l u c t u a t i o n s  

a t  d i f f e r e n t  p o s i t i o n s .  We have

Is .  «  1 + £ 2q 2

Both mode ls  p r e d i c t  a q 2 d e p e n d e n c e  o f  A/B i n  t h e  fo rms  o f  

1 -  e x p ( - 2 D q 2/ y )  and 1 + £ 2q 2 r e s p e c t i v e l y .  By u s i n g  t h e  power e x ­

p a n s i o n  f o r  t h e  e x p o n e n t i a l  t e r m  we have

1 -  e x p ( - 2 D q 2/ y )  = 1 -  f  ^  = 2Dq2/ y
n=0 M-

where  t h e  h i g h e r  o r d e r  t e rm s  were  n e g l e c t e d .  Thus b o th  models  p r e d i c t  

t h a t  A/B i s  p r o p o r t i o n a l  t o  q 2 .

For  t h e  s a m p le s  w i t h  f o r m a l d e h y d e ,  t h e  r e l a x a t i o n  t i m e  xc became 

s h o r t e r  w i t h  a g e .  Thus we compared  t h e  c o r r e l a t i o n  f u n c t i o n s  w i t h  

d e c r e a s i n g  d e l a y  t i m e  suc h  t h a t  44 c h a n n e l s  c o v e r  a p p r o x i m a t e l y  t h e  

same number o f  r e l a x a t i o n  t i m e s .  I n s t e a d  we c o u l d  a l s o  change  t h e  

number o f  d e l a y  c h a n n e l s  in  t h e  f i t t i n g  p r o c e d u r e .  S i n c e  t h e  r e l a x a ­

t i o n  t i m e  a l s o  depended  on q 2 , t h e  q 2 d e p e n d e n c e  o f  t h e  c o o p e r a t i v e  

d i f f u s i o n  c o e f f i c i e n t  was a l s o  i n v e s t i g a t e d  i n  a s i m i l a r  way.



5 . 3  EXPERIMENTAL RESULTS 

F i g .  32 shows t h e  c o r r e l a t i o n  f u n c t i o n s  o f  a g e l a t i n  s o l u t i o n  o f  

75 mg/ml i n  0.15M NaCl and 0.05M T r i s  a t  35°C which was l a t e r  formed 

i n t o  a ge l  by l o w e r i n g  i t s  t e m p e r a t u r e  t o  20°C.  The b e s t  

s i n g l e  e x p o n e n t i a l  f i t s  a r e  a l s o  shown in  t h e  same f i g u r e .  Au to ­

c o r r e l a t i o n s  o b t a i n e d  a t  a s c a t t e r i n g  a n g l e  0 = 90° from a 70 hour

o l d  ge l  a t  20°C w i t h  75 mg/ml c o n c e n t r a t i o n  a r e  shown i n  F i g .  33

a l o n g  w i t h  t h e i r  b e s t  s i n g l e  e x p o n e n t i a l  f i t s .  S i m i l a r

c u r v e s  f o r  g e l s  w i t h  fo rm a ld e h y d e  a r e  shown in  F i g .  34 .  F i g .  35

shows t h e  a u t o c o r r e l a t i o n  t a k e n  on 3 1 . 8 °  s c a t t e r i n g  a n g l e  a l o n g  w i t h  

t h e i r  b e s t  s i n g l e  e x p o n e n t i a l  f i t s .  Note  t h a t  t h o s e  c o r r e l a t i o n s  

w i t h  44 c h a n n e l s  c o v e r i n g  l e s s  t h a n  1 . 8  r e l a x a t i o n  t i m e s  a r e  f i t  

w e l l  by a s i n g l e  e x p o n e n t i a l  f u n c t i o n  e x c e p t  t h e  f i r s t  ch a n n e l  which 

was n o t  i n c l u d e d  i n  t h e  f i t .  The i n t e r c e p t s  o f  t h e  a u t o c o r r e l a t i o n s  

a r e  d e c r e a s i n g  w i t h  a g e  and t h e  s c a t t e r i n g  a n g l e s ,  and t h e  c o r r e l a ­

t i o n  f u n c t i o n s  become a l m o s t  f l a t  f o r  t h o s e  g e l s  which  were  v e ry  o l d .  

Bn
The r a t i o s  • n f rom t h e  m u l t i - e x p o n e n t i a l  f i t  o f  Eq. 53 

Dn-1

were  c a l c u l a t e d  and do n o t  g i v e  any  e v i d e n c e  o f  b e i n g  c o n s t a n t .  The 

v a r i a n c e  i n  t im e  o f  t h e  a v e r a g e  d e c a y  r a t e  o f  t h e  c o r r e l a t i o n  f u n c ­

t i o n s  o f  g e l s  w i t h  c o n c e n t r a t i o n s  75 mg/ml and 50 mg/ml a r e  p l o t t e d  

i n  F i g .  36 t o  F i g .  39 .  Fo r  g e l s  w i t h o u t  f o r m a ld e h y d e  t h e  de c a y  r a t e  

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

changed  t o  20°C e i t h e r  f rom 40°C ( i n  t h e  l i q u i d  s t a t e )  o r  4° ( i n  t h e  

s o l i d  s t a t e )  and  t h e n  s t a y e d  a p p r o x i m a t e l y  a t  t h a t  v a l u e .  Fo r  g e l s  

w i t h  f o rm a ld e h y d e  t h e ' d e c a y  r a t e  o f  t h e  c o r r e l a t i o n  f u n c t i o n  c o n ­

t i n u o u s l y  i n c r e a s e d  i n  t i m e .  The q 2 d e p e n d e n c e  o f  t h e  de c ay  r a t e  o f
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F i g .  32 .  N orm a l ize d  c o r r e l a t i o n  d a t a  f o r  a 75 mg/ml g e l a t i n  s o l u t i o n  in  0 . 1 5M 

NaCl and 0.05M t r i s  w i t h o u t  b e in g  c e n t r i f u g e d  (Note  128 b in  d e l a y  

a f t e r  b i n  4 4 ) .  T =35°C,  0=90° .

A : x= 200 y s e c / b i n ,  H= 1 .0  

•  : t =1000 y s e c / b i n ,  H= 3 . 5

H : Number o f  c o r r e l a t i o n  t i m e s  spanned  by 44 b i n s  

S o l i d  l i n e s  : s i n g l e  e x p o n e n t i a l  f i t s



CONC. = 75 mg/ml 

T =35° C 

0 =90°
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70 HOURS OLD GEL WITHOUT FORMALDEHYDE CONC. = 75 mg/ml

1 y s e c / b i n

2 y s e c / b i n

CM
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. 0

F i g .  33 .  N orm a l ize d  c o r r e l a t i o n  d a t a  o f  a 70 hou r  o l d  ge l  o f  75 mg/ml c o n c e n t r a t i o n  i n  0 . 1 5M NaCl and 

0.05M t r i s .  S o l i d  l i n e s  : s i n g l e  e x p o n e n t i a l  f i t s
<£>
00
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5 DAY OLD GEL WITH 5% FORMALDEHYDE CONC. = 75 mg/ml

0 . 5  p s e c / b i n ,  H 

1 p s e c / b i n ,  H

CQ

CO
I

%

F i g .  34.  N o rm a l i ze d  c o r r e l a t i o n  d a t a  o f  a 5 day o l d  g e l a t i n  ge l  o f  75 mg/ml c o n c e n t r a t i o n  and S% f o r m a ld e h y d e  

i n  0.15M NaCl and .05M t r i s .  S o l i d  l i n e s  : S i n g l e  e x p o n e n t i a l  f i t s ,  H : Number o f  c o r r e l a t i o n  t im e s
<£>
V£>



.03
5 DAY GEL WITH 5% FORMALDEHYDE CONC. = 75 mg/ml

GO

•  •

•  •

.00
F i g .  35.  N orm a l ize d  c o r r e l a t i o n  d a t a  f o r  a 5 day o l d  g e l a t i n  ge l  o f  75 mg/ml c o n c e n t r a t i o n  & 5% f o rm a ld e h y d e  

i n  .15M NaCl & .05M t r i s .  S o l i d  l i n e s  : s i n g l e  e x p o n e n t i a l  f i t s ,  H : number  o f  c o r r e l a t i o n  t i m e s  spanned  by 

44 b i n s  °



CONCENTRATION = 5 0  m g / m l

h

Age (Day)

F i g .  36 .  The cha nge  in  t h e  d e c a y  r a t e  o f  t h e  i n t e n s i t y  c o r r e l a t i o n  f u n c t i o n s  i n  age  f o r  a 

50 mg/ml g e l a t i n  ge l  i n  0.15M NaCl and 0.05M t r i s .  T= 20°C,  6=90°.
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F i g .  37 .  The c h a n g e  in  de c a y  r a t e  o f  i n t e n s i t y  c o r r e l a t i o n  f u n c t i o n s  i n  age  f o r  a 75 mg/ mi 

ge l  i n  0 . 1 5M NaCl and 0.05M t r i s .  T= 20°C ,  0= 90° .
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F i g .  38 .  The c hange  in  de c ay  r a t e  o f  t h e  i n t e n s i t y  c o r r e l a t i o n  f u n c t i o n s  i n  a g e  f o r

a 75 mg/ml ge l  i n  0.15M N aC l , 0.05M t r i s  and  5% f o r m a l d e h y d e .  T= 20°C } 0 =90'

o
CO
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AGE (DAY)

F i g .  39.  The c hange  in  d e c a y  r a t e  o f  t h e  i n t e n s i t y  c o r r e l a t i o n  f u n c t i o n s  i n  age  f o r  a 

50 mg/ml ge l  i n  0 . 1 5M NaC l , 0.05M t r i s  and 5% f o r m a l d e h y d e .  T= 20°C,  0=90°.
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q 2 ( cm- 2 )
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F i g .  40 .  q 2 d e p e n d en c e  o f  t h e  de c ay  r a t e s  o f  t h e  c o r r e l a t i o n  

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

•  : 75 mg/ml & 5% f o r m a l d e h y d e ,  T= 20°C,  5 day o l d  sam ple

A :  50 mg/ml & 5% f o r m a l d e h y d e ,  T= 20°C,  7 day o l d  sample

A :  50 mg/ml & 5% f o r m a l d e h y d e ,  T= 20°C,  18 day  o l d  sample
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p
F ig .  41 .  The age  and q de pe ndenc e s  o f  t h e  i n i t i a l  a m p l i t u d e  A/B o f  t h e  

i n t e n s i t y  c o r r e l a t i o n  f u n c t i o n s  o f  g e l s .  T= 20°C

# : 50 mg/ml ge l  i n  0 . 1 5M NaCl , 0.05M t r i s  and 5% fo rm a ld e h y d e

* : 75 mg/ml ge l  i n  0 . 1 5M N a c l ,  0.05M t r i s  and 5% f o rm a ld e h y d e
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t h e  c o r r e l a t i o n  f u n c t i o n  o f  g e l s  k e p t  a t  20°C f o r  s e v e r a l  days  a r e  

shown in  F i g .  40 .  The d i f f u s i o n  c o e f f i c i e n t  i s  i n d e p e n d e n t  o f  q 2 

( o r  t h e  decay  r a t e  i s  p r o p o r t i o n a l  t o  q 2 ) .  A summary o f  some r e s u l t s  

i s  shown i n  T a b l e  IV.

F i g .  41 shows t h e  q 2 d e p e n d en c e  o f  A/B. Note t h a t  A/B i s  p r o ­

p o r t i o n a l  t o  q 2 and t h e  s l o p e  o f  t h e  s t r a i g h t  l i n e  d e c r e a s e d  w i t h  

a g e .  T h e r e f o r e  t h e  c o r r e l a t i o n  l e n g t h  becomes s h o r t e r  and  s h o r t e r  

f o r  ge l  w i t h  f o r m a ld e h y d e .

5 .4  DISCUSSION

Polymers  i n  g e l a t i n  s o l u t i o n  u n d e r  a p p r o p r i a t e  c o n d i t i o n s  fo rm 

i n t e r c h a i n  c o n t a c t s  o r  c r o s s - l i n k s  s t a b i l i z e d  by e i t h e r  p r im a r y  o r  

s e c o n d a r y  b o nds .  As lo n g  a s  t h e  number o f  i n t e r c h a i n  c o n t a c t s  i s  

below some i n i t i a l  number  p e r  po lymer  c h a i n ,  t h e  po lymer  s y s te m  r e ­

t a i n s  i t s  s t a b i l i t y .  When t h e  c r i t i c a l  p o i n t  i s  r e a c h e d  t h e r e  i s  a 

t r a n s i t i o n  which  c o r r e s p o n d s  t o  t h e  f o r m a t i o n  o f  an i n f i n i t e l y  l a r g e  

p e rm anen t  n e tw ork  o f  po lymer  c h a i n s .  T h i s  ne tw ork  i s  i n s o l u b l e  and 

t h e  e n t i r e  p o l y m e r - s o l v e n t  s y s te m  forms a g e l .

Fo r  g e l s  w i t h o u t  a c r o s s l i n k i n g  a g e n t  such  a s  f o r m a l d e h y d e ,  t h e  

n e tw ork  s y s te m  i s  s t a b i l i z e d  by s e c o n d a r y  f o r c e s  such  as  hydrogen  

b o n d s ,  e x h i b i t i n g  a s t r o n g  d e pe ndenc e  upon t h e  s o l v e n t  e n v i r o n m e n t  and 

t h e  s y s t e m  t e m p e r a t u r e .  The whole  s y s te m  r e p r e s e n t s  a d e l i c a t e  b a l a n c e  

be tw een  s o l u t e - s o l v e n t  and s o l u t e - s o l u t e  i n t e r a c t i o n s .  The s y s te m  

u n d e r  c e r t a i n  c i r c u m s t a n c e s  r e a c h e s  e q u i l i b r i u m  w i t h i n  s e v e r a l  ho u r s  

and  t h e  d i f f u s i o n  c o e f f i c i e n t  r e a c h e s  i t s  f i n a l  v a l u e  which i s  much 

h i g h e r  t h a n  i t  i s  i n  t h e  l i q u i d  s t a t e .  I t  i s  a b l e  t o  have  a r e v e r s e  

g e l  t o  g e l a t i n  t r a n s i t i o n  by s im p l y  i n c r e a s i n g  i t s  t e m p e r a t u r e  above  

t h e  m e l t i n g  p o i n t .



TABLE IV

THE DECAY RATES OF THE CORRELATION FUNCTIONS 

FOR GELATIN GELS

r / q 2 ( 1 0 _10cm2/ s e c )  

a t  35°C 

i n  l i q u i d  s t a t e

r / q 2 (10~ 7cm2/ s e c )  

a t  20°C 

i n  s o l i d  s t a t e

2.0% Gel 

w i t h o u t  

Formaldehyde

145 .4 0 1 .2 6  ± 0 . 3

5.0% Gel 

w i t h o u t  

Formaldehyde

4 1 .3 2 3 . 3  ± 0 . 3

7.5% Gel 

w i t h o u t  

Formaldehyde

1 4 .5 0 4 . 0  ± 0 . 3
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T a b l e  IV shows t h a t  a s  t h e  c o n c e n t r a t i o n  i n c r e a s e s  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 s  i n  t h e  s o l u t i o n  s t a t e  b u t  i n c r e a s e s  i n  t h e  ge l  

s t a t e .  T h i s  r e s u l t  i n d i c a t e s  t h a t  a s  t h e  c o n c e n t r a t i o n  i n c r e a s e s ,  

more and  b i g g e r  a g g r e g a t e s  a r e  formed i n  s o l u t i o n s ;  however  l e s s  

o r d e r e d  ne tw ork  g e l s  w i t h  more i n t e r c h a i n  c o n t a c t s  and s m a l l e r  c r y s ­

t a l l i t e  s i z e s  a r e  formed in  s o l i d  g e l s .

F o r m a ld e h y d e ,  a c r o s s l i n k i n g  a g e n t ,  c r e a t e s  c o v a l e n t  bonded c r o s s ­

l i n k s  o r  i n t e r c h a i n  c o n t a c t s .  A ge l  w i t h  t h i s  a g e n t  added becomes 

s t i f f e r  w i t h  age  s i n c e  more and more c o v a l e n t  bonds  a r e  c r e a t e d  in  

t i m e .  As a r e s u l t ,  t h e  g e l - g e l a t i n  t r a n s i t i o n  c a n n o t  be c a r r i e d  

o u t  f o r  an o l d  ge l  w i t h  a c r o s s l i n k i n g  a g e n t  by s im p l y  i n c r e a s i n g  

i t s  t e m p e r a t u r e .  S i n c e  more and more c r o s s l i n k s  a r e  c r e a t e d  in  

t i m e ,  p o r t i o n s  o f  po lym er  t h a t  a r e  e i t h e r  be tw een  two c r o s s l i n k s  

o r  i n t e r c h a i n  c o n t a c t s  i n  t h e  e l a s t i c  con t in u u m  model o r  t h a t  a r e  

bound by t h e  s u r r o u n d i n g  ne tw ork  i n  t h e  bouded p a r t i c l e  model become 

s m a l l e r  and s m a l l e r .  In C h a p t e r  2 ,  we showed t h a t  t h e  d i f f u s i o n  c o ­

e f f i c i e n t s  d e f i n e d  i n  Eq. 36 and Eq. 39 a r e  e q u i v a l e n t  t o  t h e  f r e e  

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

a s  t h e  p o r t i o n s  o f  po lym er  m e n t io n e d  a b o v e .  Both models  t h u s  p r e d i c t  

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

f u n c t i o n s  i n c r e a s e s  i n  t i m e  which i s  i n  a g r e e m e n t  w i t h  o u r  r e s u l t s .

In  s e c t i o n  2 ,  we have  shown t h e o r e t i c a l l y  t h a t  b o th  models  p r e ­

d i c t  a d e c r e a s e  o f  g ^ 2 ^ (0 )  d u r i n g  t h e  g e l a t i o n  p r o c e s s  w h i l e  A/B, 

which e q u a l s  g ( 2 ) ( 0 ) - l ,  i s  p r o p o r t i o n a l  t o  q 2 . Our r e s u l t s  a r e  a l s o  

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

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



d i f f u s i o n  c o e f f i c i e n t  f o r  g e l s  w i t h  fo rm a ld e h y d e  can a l s o  be i n t e r ­

p r e t e d  by bo th  m odels .  However , t h e  bounded p a r t i c l e  model p r e d i c t s  

t h a t  t h e ' r a t i o  o f  two c o n s e c u t i v e  c o e f f i c i e n t s  i n  t h e  m u l t i - e x p o n e n ­

t i a l  f i t  w i l l  be c o n s t a n t ,  which i s  n o t  s u p p o r t e d  by t h e  d a t a .  In 

c o n t r a s t ,  t h e  e l a s t i c  con t inuum  model has  a s i n g l e  e x p o n e n t i a l  c o r r e ­

l a t i o n  f u n c t i o n  which i s  in  a g re e m e n t  w i t h  o u r  r e s u l t s  b u t  i s  i n  d i s ­

a g re e m e n t  w i t h  t h e  bounded p a r t i c l e  model e x c e p t  a t  v e ry  s h o r t  d e l a y  

t i m e s .  In a d d i t i o n ,  t h e  e l a s t i c  c on t inuum  model a l s o  p r e d i c t s  a q 2 

s c a t t e r i n g  which has  been proven  t o  be t r u e .  We t h e r e f o r e  c o n c lu d e  

t h a t  t h e  e l a s t i c  con t inuum  model p r o v i d e s  an a p p r o p r i a t e  d e s c r i p t i o n  

o f  t h e  dynamics o f  t h e  g e l ' s  po lymer  ne tw ork  and t h a t  t h e  bounded 

p a r t i c l e  model i s  l i m i t e d  t o  t h e  r e g i o n  o f  v e ry  s h o r t  r e l a x a t i o n  t im es .  

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

t h e  e l a s t i c  con t inuum  m ode l ,  become s h o r t e r  w i t h  age  as  e x p e c t e d  and 

a r e  l i s t e d  in  T a b l e  V.



TABLE V

THE AGE DEPENDENCE OF THE COOPERATIVE DIFFUSION COEFFICIENTS 

AND CORRELATION LENGTHS OF GELS WITH FORMALDEHYDE

4FG 5FG

Sample
75 mg/ml gel

5%
Formaldehyde

50 mg/ml ge l  

5% Fo rmaldehyde

Age 5 day 3 day 7 day 18 day

D(10~7cm2/ s e c 8 . 7 5  ± 0 . 7 5 3 . 0 0  ± 0 .5 0 3 . 2 5  ± 0 .5 0 5 .5 0  ± 0 . 7 0

S (cm) 1 .2 3  x 10“ e 1 . 5 4  x 1 0 - G 0 .7 3 6  x 10“ 6 0 .5 1 0  x 1 0 - 6
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CHAPTER 6 

COLLAGEN

6.1 SAMPLE PREPARATION AND EXPERIMENTAL TECHNIQUES 

D r ied  c o l l a g e n  from d i f f e r e n t  s o u r c e s  p r e p a r e d  by t h e  Hoffman La 

Roche R e s e a rc h  L a b o r a t o r y  was added t o  0.05M a c e t i c  a c i d  t o  make up t h e  

c o l l a g e n  s o l u t i o n s .  The m i x t u r e  was s t i r r e d  w i t h  a m a g n e t i c  s t i r r e r  a t  

4°C f o r  36 h o u r s  and th e n  c e n t r i f u g e d  a t  a speed  o f  50 ,000  g f o r  t h r e e  

ho u r s  a t  t h e  same t e m p e r a t u r e .  The s u p e r n a t a n t  o f  t h e  c e n t r i f u g e d  c o l ­

l a g e n  s o l u t i o n s  was t h e n  e i t h e r  d i r e c t l y  d i a l y z e d  a g a i n s t  a d i a l y z i n g  

b u f f e r  o r  p u r i f i e d  by t h e  d e n s i t y  g r a d i e n t  t e c h n i q u e  and th e n  d i a l y z e d .

Samples  which were n o t  t o  be p u r i f i e d  by t h e  d e n s i t y  g r a d i e n t  t e c h ­

n i q u e  had a c o n c e n t r a t i o n  o f  1 mg/ml in  t h e  i n i t i a l  m i x t u r e s .  Repea ted  c e n ­

t r i f u g a t i o n s  removed a l a r g e  amount  o f  i n h o m o g e n e i t i e s  and d u s t .  The co n ­

c e n t r a t i o n  i n  t h e  s o l u t i o n s  r e a d y  f o r  c o r r e l a t i o n  measurem ents  were e s t i ­

mated t o  be a ro u n d  0 . 5  mg/ml.

The d e n s i t y  g r a d i e n t  t e c h n i q u e  was employed t o  remove c o l l a g e n  a g g r e ­

g a t e s  which were  n o t  removed by c e n t r i f u g a t i o n .  We f i r s t  c r e a t e d  in  c e n ­

t r i f u g e  t u b e s  t h e  d e n s i t y  g r a d i e n t  w i t h  s u c r o s e  c o n c e n t r a t i o n  v a r y i n g  from 

30% a t  t h e  bo t tom  t o  10% a t  t h e  t o p  u s in g  a d e n s i t y  g r a d i e n t  maker .  The 

t o t a l  amount  o f  t h e  s u c r o s e  s o l u t i o n  in  each  t u b e  was 12 ml.  1 . 5  ml s u p e r ­

n a t a n t  f rom t h e  c e n t r i f u g e d  c o l l a g e n  s o l u t i o n  was t h e n  l o a d e d  c a r e f u l l y  on 

t o p  o f  t h e  s u c r o s e  s o l u t i o n  in  each  c e n t r i f u g e  t u b e  w i t h o u t  d i s t u r b i n g  t h e  

g r a d i e n t .  These  t u b e s  were  t h e n  c e n t r i f u g e d  a t  a sp e ed  o f  1 2 0 ,000  ~ 200 ,000g  

f o r  44 h o u r s  a t  4°C u s i n g  Beckman L2-65B u l t r a c e n t r i f u g e  and SW40Ti r o t o r .

The c e n t r i f u g e d  s o l u t i o n  in  each  t u b e  was t h e n  s e p a r a t e d  i n t o  d i f f e r e n t  

f r a c t i o n s .  The c o m p a ra b le  f r a c t i o n s  from d i f f e r e n t  t u b e s  were combined t o ­

g e t h e r  t o  form each  sample  which was t h e n  l o a d e d  i n t o  d i a l y z e r  t u b i n g  and 

d i a l y z e d  a g a i n s t  t h e  b u f f e r .



The d i a l y z i n g  b u f f e r  was an aqueous  s o l u t i o n  o f  0.05M t r i s ,  0.02M NaCl 

and 0.005M CaCl 2 w i t h  a pH o f  7 . 6 .  In each  c a s e ,  t h e  t o t a l  amount o f  d i a ­

l y z e d  sample  was l e s s  t h e n  5 ml and was d i a l y z e d  a g a i n s t  750 ml b u f f e r  each  

t im e .  The d i a l y z i n g  b u f f e r  was r e p l a c e d  w i th  f r e s h  b u f f e r  e v e r y  12 h o u r s ,  

r e p e a t e d  f o u r  t i m e s .  The sam p les  were t h e n  c e n t r i f u g e d  a t  a speed  o f  50 ,000  g 

f o r  t h r e e  hou rs  a t  5 t o  10°C. The s u p e r n a t a n t s  were t h e n  t r a n s f e r r e d  to  

t h e  c u v e t t e s  and c e n t r i f u g e d  in  a RC2 S o r v a l l  c e n t r i f u g e  a t  a low sp e ed  o f  

10 ,000  g o r  l e s s  o v e r n i g h t  w i t h  a w e l l  b a l a n c e d  r o t o r .  T h i s  f i n a l  c e n t r i ­

f u g a t i o n  was t o  s e t t l e  down t h e  r e s i d u a l  c o l l a g e n  a g g r e g a t e s  and d u s t  in  

t h e  sample t o  t h e  bo t tom  o f  t h e  c u v e t t e  which was removed and  l o a d e d  i n t o  

t h e  t h e r m o s t a t e d  b a t h  b e f o r e  t h e  l i g h t  s c a t t e r i n g  m ea su rem e n ts .

Samples  t o  be p a s s e d  th r o u g h  t h e  d e n s i t y  g r a d i e n t  p u r i f i c a t i o n  had 

6 mg/ml c o n c e n t r a t i o n  in  t h e  i n i t i a l  m i x t u r e .  At t h e  f i r s t  c e n t r i f u g a t i o n  

t h e  c o n c e n t r a t i o n  o f  t h e  s u p e r n a t a n t  was e s t i m a t e d  ' to be l e s s  t h a n  3 mg/ml.

The f i n a l  c o n c e n t r a t i o n  o f  t h e  s a m p l e ,  r e a d y  f o r  m ea s u rem e n t ,  was l e s s  t h a n  

o r  equa l  t o  0 . 5  mg/ml

B e f o re  t h e  c o l l a g e n  sample  was l o a d e d ,  t h e  a p p a r a t u s  was c a l i b r a t e d  a t  

s c a t t e r i n g  a n g l e s  o f  3 1 .8 °  and 90° w i t h  a p o l y s t y r e n e  sam ple  o f  known p a r ­

t i c l e  s i z e .  The l a s e r  o u t p u t  was a l s o  a d j u s t e d  t o  a s i n g l e  l o n g i t u d i n a l  

mode m o n i t o r e d  w i t h  a p i e z o e l e c t r i c  s p e c t r u m  a n a l y z e r .  C o r r e l a t i o n  f u n c ­

t i o n s  o f  c o l l a g e n  s o l u t i o n s  were  t h e n  m easu red  a t  20°C f o r  3 1 .8 °  and 90° 

s c a t t e r i n g .

The d i f f i c u l t y  i n  remov ing a l l  t h e  d u s t  f rom t h e  sample  made t h e  s c a t ­

t e r i n g  i n t e n s i t y  f l u c t u a t e  s i g n i f i c a n t l y  a t  low s c a t t e r i n g  a n g l e s .  The 

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

f o r e ,  a t  low s c a t t e r i n g  a n g l e  many s h o r t  e x p e r i m e n t s  were  pe r fo rm e d  and
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o n l y  t h o s e  w i t h  a v e r a g e  c o u n t  r a t e  and ^ 2/ < r > 2 -  an i n d i c a t i o n  o f  p o l y -

d i s p e r s i t y  o f  t h e  sample  -  be low c e r t a i n  v a l u e s  were  a c c e p t e d .

At  l a r g e  s c a t t e r i n g  a n g l e ,  t h e  c o u n t  r a t e  was e x t r e m e l y  low,  so  t h a t  

we had t o  c o l l e c t  d a t a  f o r  a l o n g  e x p e r i m e n t a l  d u r a t i o n  t o  o b t a i n  

s t a t i s t i c a l l y  a c c e p t a b l e  r e s u l t s .  S i n c e  t h e  s c a t t e r i n g  from o v e r s i z e d  

p a r t i c l e s  i s  d i r e c t e d  s t r o n g l y  i n t o  low a n g l e s ,  lo n g  c o l l e c t i o n  t im e s  

a r e  p o s s i b l e  w i t h o u t  o v e r f l o w  and t h e  v a l i d i t y  o f  t h e  m easu red  d i f f u s i o n  

c o e f f i c i e n t s  i s  g r e a t e r  t h a n  a t  sm a l l  a n g l e s .

6 . 2 .  DATA ANALYSIS

A. VISCOSITY

The Broersma e q u a t i o n s  ( e q .  18 and 19)  show t h a t  b o th  t h e  t r a n s l a ­

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

t o  t h e  s h e a r  v i s c o s i t y  n- However ,  t h e  r a t i o  o f  D-j- and i s  i n d e p e n d e n t  

o f  t h e  v i s c o s i t y  and i s  g i v e n  by;

, m  ) (56)
Dr  "  9L2 S - i

where  6 ,  5 ,  y u  and  y^  were d e f i n e d  in  s e c t i o n  2 . 4  and  depends  o n l y  on t h e  

l e n g t h  L and d i a m e t e r  d o f  t h e  p a r t i c l e s .  ^T/Dr i s  t h u s  a f u n c t i o n  o n l y  o f  

L and  d. F u r t h e r m o r e ,  s i n c e  t h e  d i a m e t e r  d i s  v e r y  sm a l l  compared w i t h  

t h e  l e n g t h  L,  t h e  v a r i a n c e  i n  d does  n o t  c r e a t e  any s i g n i f i c a n t  change  in  

DT/Dr . Thus DT/Dr d e pe nds  o n l y  on t h e  l e n g t h  L. Fo r  a g i v e n  L, we c a l ­

c u l a t e d  t h e  c o r r e s p o n d i n g  ^T/Dr and  t h e  r e s u l t s  a r e  l i s t e d  i n  Tab le  VI .

The v i s c o s i t y  n o f  o u r  sample  was n o t  w e l l  d e f i n e d  due t o  t h e  i n t r i n ­

s i c  v i s c o s i t y 9 1 ’ 92 o f  t h e  c o l l a g e n  m o l e c u l e s  and t h e  r e s i d u a l  s u c r o s e  i n ­

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

removed by t h e  d i a l y z i n g  p r o c e s s .  In a n a l y z i n g  o u r  d a t a , . .w e  u sed  t h e  r a t i o



116

TABLE VI

VALUES OF Dt /D r AND THE RATIO OF THE SCATTERED INTENSITIES 

OF Bo , B , B and Bt  t  FOR DIFFERENT MOLECULAR LENGTHS

Length D T / D r  (10 ' “ cm2 / 90°
*

S c a t t e r i n g
*

3 1 .8 °  S c a t t e r i n g

(A)
b 2 Bit (B2+Bit) b 2 Bit

d=13.6A d=14/( Bo B0 ^ t o t B0 Bo

2500 8 . 3 0 8.31 0 .2 5 3 0 .0 0 4 0 .9 9 7 0 .0 0 5 0

2550 8 . 6 3 8 .6 4 0 .2 7 5 0 .0 0 5 0 .9 9 6 0 .0 0 5 0

2600 8 . 9 7 8 .9 7 0 .2 9 9 0 .0 0 6 0 .9 9 5 0 .0 0 5 0

2650 9.31 9 .3 2 0 .3 2 4 0 .0 0 7 0 .9 9 5  . . 0 .0 0 6 0

2700 9 .6 5 9 .6 6 0.351 0 .0 0 8 0 .9 9 4 0 .0 0 6 0

2715 9 .7 6 9 .7 7 0.361 0 .0 0 9 0 .9 9 4 0 .0 0 7 0

2725 9 .8 3 9 .8 4 0 .3 6 5 0 .0 0 9 0 .9 9 3 0 .0 0 7 0

2750 10.01 10 .02 0 .3 7 9 0 .0 1 0 0 .9 9 3 0 .0 0 7 0

2800 10 .37 10 .3 8 0 .4 1 0 0.011 0 .9 9 2 0 .0 0 7 0

2850 10 .7 4 10 .7 5 0.441 0 .0 1 3 0.991 0 .0 0 8 0

2900 11.11 11 .12 0 .4 7 5 0 .0 1 5 0 .9 9 0 0 .0 0 9 0

2950 11 .49 11 .5 0 0 .4 8 7 0 .0 1 8 0 .9 8 8 0 .0 1 0 0

3000 11 .8 8 1 1 .8 9 0 .5 2 9 0 .0 2 0 0 .9 8 0 0 .0 1 0 0

^ C a l c u l a t e d  from Eq. 56 

* From R e f .  62
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^T/Dr which i s  i n d e p e n d e n t  o f  v i s c o s i t y  i n s t e a d  o f  Dy o r  DR i n d i v i d u a l l y ,  

t o  d e t e r m i n e  t h e  p a r t i c l e  l e n g t h  L v i a  t h e  Broersma e q u a t i o n s .  Dy was 

f i r s t  i n d e p e n d e n t l y  c a l c u l a t e d  from t h e  d a t a  a t  low s c a t t e r i n g  a n g l e  (31 .8° )  

From t h e  d a t a  a t  90° s c a t t e r i n g  a n g l e ,  we found  a s e t  o f  Dy and DR by t r y ­

in g  d i f f e r e n t  v a l u e s  o f  L and DR such  t h a t  Dy was equa l  t o  t h a t  o b t a i n e d  

f rom low s c a t t e r i n g  a n g l e  d a ta ,  and ^ / D r was e qua l  t o  t h a t  p r e d i c t e d  by 

t h e  Broersma e q u a t i o n s .  The d e t a i l s  a r e  d e s c r i b e d  i n  t h e  n e x t  s e c t i o n .

B. DATA FITTING

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

p a r t i c l e s  was d i s c u s s e d  i n  c h a p t e r  2 .  I t  can  be w r i t t e n  as

g ( 1) ( x )  = - J —  I  Bjle x p { - [ D Tq 2+ £ ( £ + l ) D R]x}

^  even <5 7 >£=0 eV
even

00

Bt 0 t  = I  B£ (58)£=0 *  
even

where  B„ = ( 2 £ + l ) {  1  J'h V x ) d x} 
* n o x

J ^ ( x )  a r e  Besse l  f u n c t i o n s  and h e q u a l s  q L / 2 - The v a l u e s  o f  B^ i n  t e rm s  

o f  h have  been c a l c u l a t e d  by P e c o r a 61and a l s o  by Cummins^2 In t a b l e  VI we 

l i s t e d  some o f  t h e s e  v a l u e s  c o r r e s p o n d i n g  t o  s e v e r a l  d i f f e r e n t  l e n g t h s  L 

o f  t h e  m a c r o m o l e c u l e s .

Note  t h a t  a t  a 3 1 . 8 °  s c a t t e r i n g  a n g l e ,  B0 c o n t r i b u t e s  more t h a n  99% 

o f  Thus c o r r e l a t i o n  d a t a  f o r  t h i s  c a s e  was f i t t e d  t o  t h e  s i n g l e

e x p o n e n t i a l  f u n c t i o n  as  d i s c u s s e d  in  s e c t i o n  4 . 2 A .  The r e s u l t  o b t a i n e d  

was t h e  t r a n s l a t i o n a l  d i f f u s i o n  c o e f f i c i e n t  D y .
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At a 90° s c a t t e r i n g  a n g l e  b o th  Bq and B2 make c o n s i d e r a b l e  c o n t r i b u ­

t i o n s .  S i n c e  t h e y  make up more t h a n  99% o f  t h e  c o r r e l a t i o n  f u n c t i o n s

can be w r i t t e n  as

g ( 1 ) ( t ) = Cexp ( - D Tq 2T ) ]  [B0 + B2 exp ( - 6 D rt ) ]  (59)

and

g ( 2 ) (x )  = 1 + [ e x p ( - 2 D Tq 2x ) ]  [B0+ B2 exp ( - 6 Drt ) ] 2 (60)

C(t ) -B
The n o r m a l i z e d  c o r r e l a t i o n  d a t a — g—  can  be r e l a t e d  t o  t h e  c o r r e l a ­

t i o n  f u n c t i o n  by

— = |  ( e xp- 2DTq 2T) [ l  + ! i e x p  ( -6Dr I ) ] 2 (61)
o

The re  a r e  two ways t o  f i t  c o r r e l a t i o n  d a t a  f o r  90° s c a t t e r i n g .  The f i r s t  

i s  t o  c a l c u l a t e  f rom t h e  d a t a ,  t h e  d e r i v e d  f u n c t i o n :

Y ( t ) = /  C^Tg~B ' exp (2DTq 2x) • |  -  1 (62)

u s i n g  t h e  v a l u e  o f  Dy from t h e  low a n g l e  s c a t t e r i n g  and f i t  i t  t o  t h e  s i n g l e
D

e x p o n e n t i a l  f u n c t i o n  _i_ exp ( - 6 Ddt ) a s  d i s c u s s e d  in  c h a p t e r  4.
R

An i n i t i a l  v a l u e  f o r  t h e  p a r a m e t e r  A/B c o r r e s p o n d i n g  t o  each  v a l u e  o f  B2/ B o 

can be found  by

= -  (] + l l .  ) 2 (63)
B B u  B0 1

where —— — -  can  be o b t a i n e d  by f i t t i n g  t h e  v e r y  f i r s t  few c h a n n e l s  o f  t h e

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

The p a r a m e t e r s  o b t a i n e d  in  t h i s  s i n g l e  e x p o n e n t i a l  f i t  a r e  DR and B2/ B 0 .

T h i s  p r o c e s s  i s  i t e r a t e d  u n t i l  a s e t  o f  DR and B2/ B o i s  o b t a i n e d  such t h a t  

B2/ B o i s  s u f f i c i e n t l y  c l o s e  t o  t h e  i n i t i a l  v a l u e  a s s i g n e d  t o  c a l c u l a t e  A/B.
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The p h y s i c a l  p r o p e r t i e s  o b t a i n e d  from t h i s  a n a l y s i s  a r e  t h e  r o t a t i o n a l  

d i f f u s i o n  c o e f f i c i e n t  DR and t h e  p a r t i c l e  l e n g t h  L which i s  d e t e r m i n e d  

from Bo/B .* O

A l t e r n a t i v e l y  Eq. 61 can be w r i t t e n  as

Z ( t )  = /  [ 1 +  e - 6 D R T ] 2 = A e x p  {_z d ^ 2 t) ( 6 4 )

By knowing DR, t h e  d e r i v e d  f u n c t i o n  o f  t h e  c o r r e l a t i o n  d a t a  can be 

f i t t e d  t o  a s i n g l e  e x p o n e n t i a l  f u n c t i o n  and Dy can be o b t a i n e d .  D i f ­

f e r e n t  v a l u e s  o f  DR were  t r i e d  f o r  a g i v e n  p a r t i c l e  l e n g t h  L and a Dy 

and Dj /D r c o r r e s p o n d i n g  t o  each  DR was fo u n d .  T h i s  p r o c e s s  was con­

t i n u e d  u n t i l  a s e t  o f  L and DR were found  such  t h a t  Dy was equa l  t o  t h e  

v a l u e  o b t a i n e d  a t  a 3 1 .8 °  s c a t t e r i n g  a n g l e  and  D y / D R was equa l  t o  t h e  

v a l u e  p r e d i c t e d  by t h e  Broersma e q u a t i o n s  a t  t h e  same v a l u e  o f  p a r t i c l e  

l e n g t h  L.

6 . 3  EXPERIMENTAL RESULTS

F i g .  42 shows t h e  c o r r e l a t i o n  f u n c t i o n  t a k e n  a t  3 1 .8 °  s c a t t e r i n g  a n g l e  

o f  a r a t  s k i n  c o l l a g e n  s o l u t i o n  w i t h o u t  d e n s i t y '  g r a d i e n t  p u r i f i c a t i o n .  The 

c o r r e l a t i o n  f u n c t i o n  d e p a r t s  f rom t h e  b e s t  s i n g l e  e x p o n e n t i a l  f i t  s i g n i f i ­

c a n t l y  and t h e  decay  r a t e  w h ic h ,  i n  t h e  c a s e  o f  c o l l a g e n  monomer s o l u t i o n  

e q u a l s  2 D y q 2 a t  3 1 .8 °  s c a t t e r i n g  a n g l e  i s  e x t r e m e l y  s m a l l .  These  i n d i c a t e  

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

d u s t .

The c o r r e l a t i o n  f u n c t i o n s  o f  a c o l l a g e n  s o l u t i o n  which has  been p u r i ­

f i e d  by t h e  d e n s i t y  g r a d i e n t  t e c h n i q u e  a r e  shown in  F i g . 43 and F i g . 44 f o r  

3 1 .8 °  and 90° s c a t t e r i n g  a n g l e s  r e s p e c t i v e l y .  The c o r r e l a t i o n  f u n c t i o n  a t  

3 1 . 8 °  s c a t t e r i n g  a n g l e  f i t t e d  we l l  t o  a s i n g l e  e x p o n e n t i a l  f u n c t i o n  i n d i ­

c a t i n g  t h e  m o n o d i s p e r s i t y  o f  t h e  s a m p le .  7 . 2 0  ± 0 .1 6  x 1 0 " 8cm2/ s e c  was



.75

CD

CD

O
J

.25

0

F i g . 42 .  N o rm a l i ze d  c o r r e l a t i o n  d a t a  f o r  a r a t  s k i n  c o l l a g e n  s o l u t i o n  w i t h o u t  b e in g  p u r i f i e d  t h r o u g h  s u c r o s e  

g r a d i e n t  s e p a r a t i o n .  T= 20°C,  0= 3 1 . 8 ° .  H= 0 . 6 9 ,  t= 50 y s e c / b i n

ro
o
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F i g .  43 .  N o rm a l i ze d  c o r r e l a t i o n  d a t a  f o r  a r a t  s k i n  c o l l a g e n  s o l u t i o n  p u r i f i e d  t h r o u g h  s u c r o s e  g r a d i e n t  

s e p a r a t i o n .  x = 50 y s e c / b i n ,  s o l i d  l i n e :  s i n g l e  e x p o n e n t i a l  f i t
4— J

ro
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F i g .  44 .  N o rm a l i ze d  c o r r e l a t i o n  f u n c t i o n  o f  a r a t  s k i n  c o l l a g e n  s o l u t i o n  

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

T= 20°C,  0= 9 0 ° ,  t = 5 y s e c / b i n ,  H= 2 .1 7

S o l i d  l i n e :  t h e o r e t i c a l  f i t  t o  e q .  61 w i t h  A/B = . 2 5 1 ,  B g / l ^  0 . 3 6 1 ,  

Dr = 735 s e c " 1 and Dy = 7 .242X10- 8  cm2/ s e c
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o b t a i n e d  f o r  t h e  t r a n s l a t i o n a l  d i f f u s i o n  c o e f f i c i e n t  by f i t t i n g  t h e s e  

d a t a  t o  s i n g l e  e x p o n e n t i a l  form a s  d i s c u s s e d  i n  t h e  l a s t  s e c t i o n .

The d a t a  f o r  90° s c a t t e r i n g  a n g l e  was a n a l y z e d  m a in ly  by t h e  

s e cond  method d e s c r i b e d  in  t h e  l a s t  s e c t i o n .  A p r e l i m i n a r y  check  

u s i n g  t h e  f i r s t  method was p e r f o r m e d .  The r e s u l t s  f rom bo th  methods 

a r e  i n  g e n e r a l  a g re e m e n t  w i t h  each  o t h e r .  We o n ly  p r e s e n t  t h e  r e ­

s u l t s  ur .ing t h e  seco n d  method in  which we found s e t s  o f  L and Dp such  

t h a t  t h e  c a l c u l a t e d  Dy was r e s t r i c t e d  t o  7 . 2 0  ± 0 .1 6  x 10-8 cm2/ s e c  

and D-p/Dp̂  was e qua l  t o  t h a t  c a l c u l a t e d  by t h e  Broersma e q u a t i o n s  a t
O

t h e  same p a r t i c l e  l e n g t h  L. We o b t a i n e d  2715 ± 100A f o r  t h e  p a r t i c l e  

l e n g t h  and 735 ± 50 s e c -1 f o r  t h e  r o t a t i o n a l  d i f f u s i o n  c o e f f i c i e n t  

Dp. The t h e o r e t i c a l  f i t  t o  t h e  c o r r e l a t i o n  f u n c t i o n  w i t h  Dy =

7 .2 0  x 10“ 8 cm2/ s e c  and Dp = 735 s e c -1 i s  a l s o  shown in  F i g s . 43 and

44.
9 o

For c o l l a g e n  monomers 2715A in  l e n g t h  and 1 3 . 6A in  d i a m e t e r  a t  

20°C in  d i s t i l l e d  w a t e r ,  t h e  t r a n s l a t i o n a l  d i f f u s i o n  c o e f f i c i e n t  c a l ­

c u l a t e d  from t h e  Broersma e q u a t i o n s  i s  8 . 4 7  x 10~8 cm2/ s e c .

The r a t i o  o f  t h i s  v a l u e  and o u r  r e s u l t s  o f  7 .2 0  x 1 0 " 8 cm2/ s e c  

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

sample  was t h e n  found t o  be 1 .1 8  c p .  The c o r r e c t e d  r o t a t i o n a l  d i f ­

f u s i o n  c o e f f i c i e n t  in  20°C d i s t i l l e d  w a t e r  i s  ‘ 865 s e c - 1 .

6 . 4  DISCUSSION

The p r im a ry  r e s u l t  o f  o u r  m easu rem en ts  i s  a d e t e r m i n a t i o n  o f  

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

which  in  t u r n  d e t e r m i n e s  t h e  l e n g t h  o f  t h e  c o l l a g e n  m o le c u le s  t h r o u g h  

t h e  Broersma e q u a t i o n s .  The a d v a n t a g e  o f  t h i s  p r o c e d u r e  i s  t o  bypass



t h e  s h e a r  v i s c o s i t y  n when i t  i s  n o t  e x a c t l y  known. All  our .  a n a l y s i s  

i s ,  o f  c o u r s e ,  d e p e n d e n t  on t h e  v a l i d i t y  o f  t h e  Broersma e q u a t i o n s  

which may a p p l y  o n l y  t o  r i g i d  r o d l i k e  m o l e c u l e s .

The r e s u l t s  o f  some p r e v i o u s  p h y s i c a l  s t u d i e s  on t r o p o c o l l a g e n  

s o l u t i o n s  by t h e  t e c h n i q u e s  o f  e l e c t r o n  m i c r o s c o p y ,  e l e c t r i c  b i r e f r i n ­

g ence  and i n t e n s i t y  f l u c t u a t i o n  s p e c t r o s c o p y  a r e  l i s t e d  in  T a b l e  V I I .  

The c a l c u l a t i o n  o f  DR o r  D-j- f rom t h e  d i r e c t l y  m ea s u red  c o r r e l a t i o n  

f u n c t i o n s  o f  n o n - z e r o  d e g r e e  s c a t t e r i n g  i s  f i r s t  c a r r i e d  o u t  h e r e .

A l l  p r e v i o u s  s t u d i e s  i n d i c a t e  t h a t  c o l l a g e n  m o l e c u l e s  have a d i a m e t e r  

be tw een  13.6A and 14A and a l e n g t h  be tween  2500A and 3000^ .  Our r e -
o

s u i t s  y i e l d  a l e n g t h  (2715 ± 100A) which i s  in  g e n e r a l l y  good a g re e m e n t  

w i t h  t h e  r e s u l t s  o f  p r e v i o u s  s t u d i e s .  As p o i n t e d  o u t  by Thomas and 

F L e t c h e r , 28 t h e  l e n g t h s  o b t a i n e d  from dynamic m easu rem en ts  and  t h e  

u s e  o f  t h e  Broersma e q u a t i o n s  a r e  a l l  somewhat  s m a l l e r  t h a n  t h e  l e n g t h s  

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

t o  t h e  s l i g h t  f l e x i b i l i t y  and  t h e  sm a l l  d i a m e t e r  o f  c o l l a g e n  m o le c u le s .  

The Broersma e q u a t i o n s ,  as  any  hydrodynamic  r e l a t i o n s h i p ,  s t r i c t l y  

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

p a r t i c l e s  a r e  v e r y  much g r e a t e r  t h a n  t h e  d im e n s io n s  o f  t h e  s o l v e n t  

m o l e c u l e s .  The 1 3 .6 $  d i a m e t e r  o f  a c o l l a g e n  m o l e c u l e  i s  o n l y  s e v e r a l  

t im e s  g r e a t e r  t h a n  t h e  d i a m e t e r  o f  a w a t e r  m o l e c u l e .  The f l e x i b i l i t y ,  

o f  c o u r s e ,  makes t h e  a p p a r e n t  l e n g t h  o f  m o l e c u l e s  m easu red  in  s o l u t i o n  

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

m i c r o s c o p i c  t e c h n i q u e  may a l s o  s t r e t c h  t h e  p a r t i c l e  and make t h e  

m ea s u red  l e n g t h  l o n g e r  t h a n  i t  i s  in  s o l u t i o n .



TABLE VII

THE RESULTS OF CURRENT PHYSICAL STUDIES IN TROPOCOLLAGEN SOLUTIONS

I n v e s t i g a t o r T e c h n i q u e 3 D b ( i 0 -s cm^ 
I s e c D ^ C s e c - 1 ) L e n g th 0 ( &) C o n d i t i o n s

P r e s e n t  work DLS 8 . 4 7  ± .20 865 ± 60 2715 ± 100 Rat  s k i n  c o l l a g e n , 0 . 5  mg/ml i n  0.02M 
NaCl,0 .005MCaCl2 , 0 . 0 5  M T r i s  a t  pH=7.6

Thomas28 & 
F l e t c h e r

DLS o CO ro i+ oo o Q 2530 ± 70 Ra t  t a i l  t e n d o n  (RTT) 0 . 8 - 5 . 4  mg/ml 
in  . 09M HAC

G. F l e t c h e r 27 DLS 8 . 6  ± 0 . 2 RTT,0 .1 - 1  mg/ml i n  0.5M c a l c i u m  a c e t a t e  
o r  0.1M c a l c i u m  c h l o r i d e

J .  Bernengo25 
e t  a l

EB 1040 ± 60 2560 ± 150 C a l f  s k i n  c o l l a g e n ( C S C )  0 . 0 1 2 - 0 . 1  
mg/ml in  0.1M HAC

II EM 2940 ± 40 II

B. O b r l n k 23 DLS 7 . 8 L a t h y r i t i c  c o l l a g e n ,  0 . 8 - 3 . 2  mg/ml in 
p h o s p h a t e  b u f f e r  a t  pH = 7 . 4

A n a n th a n a -  
r a y a n a n 21,e t  al

EB 810 2790 CSC, 0 . 0 5 - 0 . 4  mg/ml i n  0.01M HAC

II EM 2850 II

Y o s h i o k a 85 
e t  a l

EB .972 ±324 2620 RTT, 0 1 . - 0 . 2  mg/ml i n  0.02M HAC

C. T a n f o r d 3 Sedimentation & 
Light Scattering .

6 . 9 Us ing  D o t ' y  c o n c l u s i o n 32

a .  DLS, d e p o l a r i z e d  l i g h t  s c a t t e r i n g ;  EB, e l e c t r i c  b i r e f r i n g e n c e ;  EM, e l e c t r o n  m ic r o s c o p y

b.  C o r r e c t e d  t o  s c a t t e r i n g  in  w a t e r  a t  20°C

c .  From Broersma e q u a t i o n s  (Eq.  18 and Eq. 19)  w i t h  d = 1 3 .6 $ )

d.  E x t r a p o l a t e d  t o  z e r o  c o n c e n t r a t i o n

ro
O ')
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The p u r i f i c a t i o n  by t h e  d e n s i t y  g r a d i e n t  t e c h n i q u e  gave v e ry  good 

m o n o d i s p e r s e  s a m p l e s .  However , s i n c e  10 t o  30% s u c r o s e  s o l u t i o n s  were 

used  in  t h e  p r o c e s s ,  e x t e n s i v e  d i a l y s i s  was needed t o  remove t h e  s u c r o s e  

from t h e  sample  c o m p l e t e l y .  As a r e s u l t ,  t h e  v i s c o s i t y  o f  t h e  samples  

was h i g h e r  t h a n  t h a t  o f  t h e  p u r e  s o l v e n t  by an i n d e t e r m i n a t e  amount .  

T h e r e f o r e ,  t h e  normal  p r o c e d u r e  o f  d e t e r m i n i n g  Dy from low a n g l e  s c a t ­

t e r i n g  and  Dr f rom h igh  a n g l e  s c a t t e r i n g  i n d i v i d u a l l y  does  n o t  g i v e  

r e l i a b l e  r e s u l t s  i n  t h i s  c a s e .  Our t e c h n i q u e ,  ba s ed  on t h e  r a t i o  Dy/DR, 

s o l v e s  t h i s  problem and p r o v i d e s  a r e a s o n a b l e  i n p u t  f o r  t h e  e v a l u a t i o n  

o f  m o l e c u l a r  d im e n s io n s  t h r o u g h  t h e  Broersma e q u a t i o n s .

The c e n t r i f u g a t i o n  o f  t h e  sam ples  w i t h i n  t h e  c u v e t t e s  p r i o r  t o  t h e  

measurem ent  o f  a u t o c o r r e l a t i o n  f u n c t i o n s  was found  t o  be e s s e n t i a l .  I t  

s e t t l e d  t h e  r e s i d u a l  c o l l a g e n  a g g r e g a t e s  and  dus.t  i n  t h e  sample  t o  t h e  

bo t tom  o f  t h e  c u v e t t e s .  The l i m i t a t i o n  o f  t h i s  t e c h n i q u e  i s  t h e  need 

t o  p h y s i c a l l y  move t h e  c u v e t t e s  f rom t h e  c e n t r i f u g e  t o  t h e  s p e c t r o m e t e r ,  

t h e r e b y  a g i t a t i n g  t h e  c o n t e n t s  somewhat.  The o n l y  improvement  on t h i s  

t e c h n i q u e  would be t o  b u i l d  t h e  c e n t r i f u g e  i n t o  t h e  s p e c t r o m e t e r  and 

m easu re  t h e  c o r r e l a t i o n  f u n c t i o n  i n  s i t u .  However ,  m e e t in g  t h e  j o i n t  

r e q u i r e m e n t s  o f  c e n t r i f u g a t i o n  and t h e  o p t i c a l  a c c e s s  n e c e s s a r y  t o  do 

pho ton  c o r r e l a t i o n  s p e c t r o s c o p y  a t  d i f f e r e n t  s c a t t e r i n g  a n g l e s  i s  a 

f o r m i d a b l e  t a s k .  T h e r e f o r e ,  t h e  samples  o b t a i n e d  by o u r  t e c h n i q u e  

we re  t r o p o c o l l a g e n  s o l u t i o n s  as  c l e a n  and m o n o d i s p e r s e  as  can be o b ­

t a i n e d  from a v a i l a b l e  t e c h n o l o g y .
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‘ CHAPTER 7 

CONCLUSIONS

In t h e  p r e s e n t  s t u d y ,  we employed  t h e  t e c h n i q u e  o f  i n t e n s i t y  

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

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

and gel s y s t e m .  V a r io u s  hydrodynam ic  p r o p e r t i e s  were  t h e n  d e r i v e d  

from t h e s e  c o r r e l a t i o n  d a t a .  We have  s u c c e s s f u l l y  c h a r a c t e r i z e d  t h e  

z - a v e r a g e  d i f f u s i o n  c o e f f i c i e n t s ,  p o l y d i s p e r s i t i e s , hydrodynamic  

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

f e r e n t  c o n c e n t r a t i o n  r e g i o n s .  The m o l e c u l e s  were  f o u n d  t o  e x e c u t e  

f r e e  d i f f u s i o n  m o t ion  a t  low c o n c e n t r a t i o n s  and  form po lym er  n e tw o rk s  

a t  h ig h  c o n c e n t r a t i o n s .  The a g g r e g a t e s  o f  t h e  m o l e c u l e s  were  m a i n ly  

due  t o  c o v a l e n t  c r o s s l i n k s  w i t h  p o l y m e r i z a t i o n  i n d e x  N « C5 . For  

g e l a t i n  g e l s ,  s i n g l e  e x p o n e n t i a l  c o r r e l a t i o n  f u n c t i o n s  were  o b t a i n e d  

and t h e  e l a s t i c  c o n t in u u m  model was found  t o  d e s c r i b e  a l l  t h e  o b s e r v e d  

p r o p e r t i e s  b e t t e r  t h a n  t h e  bounded d i f f u s i o n  model .

The p u r i f i c a t i o n  o f  c o l l a g e n  s o l u t i o n  by t h e  d e n s i t y  g r a d i e n t  

t e c h n i q u e  gave  v e r y  good m o n o d i s p e r s e  s a m p l e s .  The c a l c u l a t i o n s  o f  

Dy and from t h e  d i r e c t l y  m ea s u red  c o r r e l a t i o n  f u n c t i o n s  o f  n o n - z e r o  

d e g r e e  s c a t t e r i n g  were  f i r s t  c a r r i e d  o u t  i n  t h e  p r e s e n t  s t u d y .  A new 

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

d i f f u s i o n  c o e f f i c i e n t s  was used  t o  e s t i m a t e  t h e  l e n g t h  o f  m a c r o m o le c u le s  

w i t h o u t  knowing t h e  v i s c o s i t y  o f  t h e  s o l u t i o n s .  In  f a c t  t h i s  p r o c e d u r e  

may p r o v i d e  a new way o f  d e t e r m i n i n g  t h e  s h e a r  v i s c o s i t y  o f  t h e  s o l v e n t s  

and t h e  i n t r i n s i c  v i s c o s i t y  o f  t h e  p o l y m e r s .  In  o u r  s t u d y  o f  t r o p o -  

c o l l a g e n  s o l u t i o n s  we o b t a i n e d  a r e a s o n a b l e  v a l u e  f o r  t h e  m o l e c u l a r
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l e n g t h  and a 1 . 1 8  cp f o r  t h e  v i s c o s i t y  o f  t h e  c o l l a g e n  s o l u t i o n s  com­

p a r e d  t o  1 .0 5  cp f o r  t h e  p u r e  s o l v e n t .  We a t t r i b u t e d  t h e  h ig h  v i s c o s i t y  

t o  t h e  p r e s e n c e  o f  s u c r o s e  r e s i d u e s  which were  n o t  removed i n  t h e  

d i a l y z i n g  p r o c e s s .  In  f a c t  t h e  h ig h  v a l u e  o f  t h e  v i s c o s i t y  may be due 

t o  t h e  i n t r i n s i c  v i s c o s i t y  o f  t h e  c o l l a g e n  m o l e c u l e s  whose h ig h  v i s ­

c o s i t y  has  been known f o r  a long  t i m e .  T h e r e f o r e  a f u r t h e r  s t u d y  

s u g g e s t e d  i s  t o  r e p e a t  t h e  p r e s e n t  m easu rem en t  d i a l y z i n g  t h e  sample  

more c o m p l e t e l y  a f t e r  i t  i s  p u r i f i e d  by t h e  s u c r o s e  g r a d i e n t  s e p a r a t i o n .

I n t e n s i t y  f l u c t u a t i o n  s p e c t r o s c o p y  has  been p roven  t o  be  a 

po w e r fu l  and s u c c e s s f u l  t e c h n i q u e  t o  s t u d y  t h e  hydrodynam ic  p r o p e r t i e s  

o f  t h e  c o l l a g e n - g e l a t i n  and ge l  s y s t e m .  We s u g g e s t  t h a t  a more com­

p l e t e  p i c t u r e  would  r e s u l t  f rom r e l a t i n g  o u r  m easu rem en ts  t o  m acro ­

s c o p i c  m ea su rem e n ts  n o t  a v a i l a b l e  i n  o u r  l a b o r a t o r y  such  a s  t h e  l o n g i ­

t u d i n a l  c o m p r e s s i o n a l  m odu lus ,  f r i c t i o n  c o n s t a n t  be tw een  t h e  po lymer  

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

p r e s s u r e ,  e t c .
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