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JOURNAL OF L I Q U I D  CHROMATOGRAPHY, 4 ( S u p p l .  l ) ,  1-42 (1981) 

POLYMER ANALYSIS BY S IZE EXCLUSION CHROMATOGRAPHY 

J o s e f  JanEa 
I n s t i t u t e  of A n a l y t i c a l  C h e m i s t r y ,  

Czechos lovak  Academy o f  S c i e n c e s ,  
611 42 Brno,  C z e c h o s l o v a k i a  

ABSTRACT 

T h i s  p a p e r  i s  t h e  r e v i e w  d e a l i n g  w i t h  t h e  a p p l i -  
c a t i o n s  of s i z e  e x c l u s i o n  ch romatography  t o  complex 
c h a r a c t e r i z a t i o n  of s y n t h e t i c  po lymers .  I t  t r e a t s ,  i n  
t h e  f i r s t  p l a c e ,  t h e  problems a s s o c i a t e d  w i t h  t h e  se- 
l e c t i o n  of t h e  optimum c o n d i t i o n s  f o r  t h e  f r a c t i o n a -  
t i o n  of v a r i o u s  g r o u p s  o f  po lymprs ,  f u r t h e r  t h e  ques -  
t i o n s  o f  t h e  c a l i b r a t i o n  o f  s e p a r a t i o n  s y s t e m s ,  p o s s i -  
b i l i t i e s  of d e t e r m i n i n g  s t r u c t u r e  of po lymers  by 
u s i n g  s i z e  e x c l u s i o n  ch romatography ,  a n d ,  f i n a l l y ,  t h e  
most i m p o r t a n t  a p p l i c a t i o n s  o f  t h i s  s e p a r a t i o n  method 
t o  t h e  s t u d y  o f  p o l y m e r i z a t i o n  and d e g r a d a t i o n  o f  
polymers .  

INTRODUCTI ON 

T h e  p r e s e n t  p a p e r  is aimed a t  showing p o s s i b i l -  
i t i e s  o f  u s i n g  s i z e  e x c l u s i o n  ch romatography  ( S E C )  

f o r  t he  a n a l y s i s  of s y n t h e t i c  po lymers  and a t  re -  
v i ewing  t h e  most t y p i c a l  a p p l i c a t i o n s  d e s c r i b e d  i n  
l i t e r a t u r e .  I t  will be l i m i t e d  t o  po lymers  p r e p a r e d  
by p o l y m e r i z a t i o n  o r  p o l y c o n d e n s a t i o n  o f  low-mole- 
c u l a r  we igh t  o r g a n i c  compounds,  m o s t l y  s o l u b l e  i n  
o r g a n i c  s o l v e n t s  o n l y .  F o r  i n s t a n c e ,  c e l l u l o s e  and i t s  
d e r i v a t i v e s ,  s y n t h e t i c  p o l y p e p t i d e s ,  o l i g o m e r s  and 
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2 JANCA 

t h e r m o r e a c t i v e  r e s ins  w i l l  n o t  be t r e a t e d .  O l igomers  
w i l l  l ikewise  n o t  be d i s c u s s e d  i n  p a r t i c u l a r  unless 
t h e  d e m o n s t r a t i o n  of t h e  a p p l i c a t i o n s  o f  SEC t o  t h e  
a n a l y s i s  of po lymers  i s  c o n c e r n e d .  ;Jot even SEC a n a l y -  
sis of low-molecu la r  we igh t  compounds wh ich ,  s e r v i n g  
as a d d i t i v e s  w i t h  v a r i o u s  f u n c t i o n s ,  a r e  components  of 
p o l y m e r i c  s y s t e m s  w i l l  n o t  be a s u b j e c t  of t h e  p r e s e n t  
r e v i e w ,  These  r e s t r i c t i o n s  a r e  o n l y  i n t r o d u c e d  f o r  t h e  
p r e s e n t  p u r p o s e  s i n c e  s u c h  s e p a r a t i o n  systems may e x i s t  
i n  which t h e  s e p a r a t i o n s  may be per formed over  t h e  
r ange  o f  t h e  m o l e c u l a r  w e i g h t s  from monomers up t o  
h i g h - m o l e c u l a r  w e i g h t  po lymers .  In p r a c t i c e  however ,  
a n a l y s i s  of l ow-molecu la r  w e i g h t  components  and o l i g o -  
mers i s  per formed s e p a r a t e l y ,  o f t e n  even  by l i q u i d  
ch romatos raphy  of a d i f f e r e n t  t y p e .  The r e v i e w  will 
n e i t h e r  i n c l u d e  i n o r g a n i c  p o l y m e r s ,  such  a s  polyphos-  
p h a t e s ,  however ,  i t  w i l l  d e a l  w i t h  p o l y s i l o x a n e s .  T h e  
o u t l i n e d  s c o p e  is undoub ted ly  r a t h e r  c a s u a l  b e c a u s e  a 
s t r i c t  d i s t i n c t i o n  between o r g a n i c  and i n o r g a n i c ,  syn-  
t h e t i c  and n a t u r a l  p o l y m e r s ,  o l i g o m e r s  and po lymers  
d o e s  n o t  o b j e c t i v e l y  e x i s t ,  I n  t h e  c a s e s  b e l o n g i n g  t o  
t r a n s i e n t  a r e a s  between v a r i o u s  above  men t ioned  c a t e -  
g o r i e s ,  t h e  d e c i s i v e  c r i t e r i o n  w i l l  be  r e p r e s e n t e d  by 
the  e x p e d i e n c y  o f  t h e  c l a s s i f i c a t i o n  i n t o  t h e  r e s p e c -  
t i v e  c a t e g o r y  from t h e  v i e w p o i n t  o f  t h e  main t o p i c  of 
t h e  p r e s e n t  p a p e r .  From t h e  p o i n t  of view o f  S E C ,  t h e  
p a p e r s  w i l l  be  i n c l u d e d  in which SEC a p p l i c a t i o n  is 
of fundamen ta l  i m p o r t a n c e ,  The p a p e r s  w i l l  m o s t l y  n o t  

be c i t e d  i n  which t h e  r e s u l t s  o f  SEC a r e  o f  minor  s i g -  
n i f i c a n c e .  Some of t h e  p a p e r s  p r e s e n t  more o r  less 
l i m i t e d  s u r v e y  of a p p l i c a t i o n s  (1-4) .  A book by a 
c o l l e c t i v e  o f  a u t h o r s  ( 5 )  b e l o n g s  t o  g r e a t e r  r e c e n t  
worlcs. 
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S I Z E  EXCLUSION CHROMATOGRAPHY 3 

T h e  p r e s e n t  r ev iew w i l l  t r e a t  i n d i v i d u a l  po lymers  
a c c o r d i n g  t o  t h e  c l a s s i r i c a t i o n  common i n  macromoiecu- 
l a r  c h e m i s t r y  ( 6 ) .  

SEC is  used  i n  t h e  f i r s t  p l a c e  t o  d e t e r m i n e  t h e  
m o l e c u l a r  we igh t  d i s t r i b u t i o n  (MWD) o f  po lymers .  How- 
e v e r ,  a l s o  some o t h e r  p o t e n t i a l i t i e s  w i l l  be p o i n t e d  
o u t  which a r e  p r o v i d e d  by SEC i n  complex a n a l y s i s  of 
po lymers ,  In o r d e r  t h a t  t h e  above  f a c t s  might  a i d  t h e  
users of SEC t o  o r i e n t a t e  t h e m s e l v e s  r a p i d l y  i n  s o l -  
v i n g  some c o n c r e t e  p rob lems ,  g e n e r a l  e x p e r i m e n t a l  con- 
d i t i o n s  of SEC f o r  t h e  d e t e r m i n a t i o n  of g i v e n  p o l y m e r s ,  
c a l i b r a t i o n  me thods ,  i n v e s t i g a t e d  f o r  and a p p l i e d  t o  
r e s p e c t i v e  p o l y m e r s ,  s t u d y  of t h e  p o s s i b i l i t i e s  of  
d e t e r m i n i n g  b r a n c h i n g  o r ,  more g e n e r a l l y ,  s t r u c t u r e  
of p o l y m e r s ,  i n v e s t i g a t i o n  of t h e  r e l a t i o n s h i p  be tween 
t h e  MWD o r  s t r u c t u r e  o f  t h e  po lymer  and i t s  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 ,  s t u d y  of t h e  c o u r s e ,  i . e . ,  me- 
chanism and k i n e t i c s ,  of p o l y m e r i z a t i o n  o f  t h e  s t u d i e d  
sys t em by u s i n g  S E C ,  s t u d y  o f  t h e  d e g r a d a t i o n  of po ly -  
meric systems u s i n g  SEC, compar i son  of S E C  w i t h  o t h e r  
methods  f o r  f r a c t i o n a t i n g  and d e t e r m i n i n g  m o l e c u l a r  
p a r a m e t e r s  o f  po lymers ,  a p p l i c a t i o n s  o f  SEC t o  p repa -  
r a t i v e  f r a c t i o n a t i o n  o f  po lymers  and  some o t h e r  pos- 
s i b i l i t i e s  o f  u s i n g  SEC f o r  t h e  a n a l y s i s  of po lymers  
manufac tu red  i n d u s t r i a l l y  w i l l  be  d i s c u s s e d .  

can  be found i n  o t h e r  p a p e r s  ( 7 - l o ) ,  w i l l  n o t  b e  d i s -  

c u s s e d  here.  T h e r e  a r e  some o t h e r  p a p e r s  d e a l i n g  w i t h  
c e r t p i n  g e n e r a l  p o s s i b i l i t i e s  and p r i n c i p l e s  o f  t h e  
a p p l i c a t i o n s  of  SEC t o  t h e  s t u d y  of p o l y m e r i z a t i o n  
( 1 1 , 1 2 ) ,  d e g r a d a t i o n  (13-15) and morphology o f  

po lymers  ( 1 6 )  o r  p o r e  s i ze  d i s t r i b u t i o n  i n  p o r o u s  ma- 
t e r i a l s  ( 1 7 )  and p a r t i c l e  s i z e  d i s t r i b u t i o n  (18). 

T h e o r e t i c a l  p r i n c i p l e s  of t h e s e  me thods ,  which 
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POLY ALKEN E S 

J M C A  

S o l u b i l i t y  of p o l y a l k e n e s  - p o l y e t h y l e n e  ( P E ) ,  po- 
l y p r o p y l e n e  (PP), p o l y i s o b u t y l e n e  (PIB) and o t h e r s  - f o r  
t h e  most p a r t  a t  i n c r e a s e d  t e m p e r a t u r e s  o n l y ,  d i c t a t e s  
t h e  e x p e r i m e n t a l  a r r angemen t  and t h e  c o n d i t i o n s  o f  S E C ,  

i n c l u d i n g  t h e  i n s t r u m e n t a t i o n  (19-25) .  2 , 4 , 6 - T r i c h l o r a -  
benzene  (TC8)  i s  m o s t l y  used  a s  a s o l v e n t  a t  125°-1500C, 

l e s s  u s u a l  i s  o - d i c h l o r o b s n z e n e  (DCB) and p e r c h l o r o -  
e t h y l e n e  ( 2 4 )  was a p p l i e d  a t  l l O ° C  q u i t e  e x c e p t i o n a l l y ,  
p -xylene  a t  1 1 5 O C  ( 2 6 )  , t e t r a c h l o r o m e t h a n e  (TCM) f o r  

P I B  (27) and t e t r a h y d r o f u r a n  (THF)  f o r  l ow-molecu la r  
w e i g h t  PIB ( 2 8 , 2 9 ) .  

co lumns ,  problems a s s o c i a t e d  w i t h  t h e r m a l  s t a b i l i t y  of  
c r o s s - l i n k e d  p o l y m e r i c  g e l s  a t  t h e  a n a l y s i s  o f  PE (30)  

and some p rob lems  of a d s o r p t i o n  of PI5 and PE ( 2 6 , 2 7 )  
on i n o r g a n i c  s u p p o r t s  were s o l v e d  and t h e  p o s s i b i l i -  
t i e s  of d e a c t i v a t i n g  s u r f a c e s  of t h e s e  s u p p o r t s  were  
s e a r c h e d .  Narrow f r a c t i o m o r  u n f r a c t i o n a t e d  s a m p l e s  
of PE ( 2 4 , 3 1 - 3 7 ) ,  PP (38 -40)  o r  P I B  ( 4 1 , 4 2 )  a r e  u s u a l l y  
used  t o  c a l i b r a t e  s e p a r a t i o n  SEC systems-.  A p r i n c i p l e  
of u n i v e r s a l  c a l i b r a t i o n  was t e s t e d  and conf i rmed  f o r  
s amples  of b o t h  l i n e a r  and  b ranched  PE ( 3 4 , 4 3 - 5 9 ) ,  PP 
( 4 5 , 4 6 , 6 0 - 6 2 )  and P I B  (47,63) ( i n  t h e  l a s t  i n s t a n c e  
a t  t e m p e r a t u r e s  o f  25  a n d  150°C). T h e  c o n s t a n t s  o f  
Mark-Houwink e q u a t i o n ,  r e q u i r e d  f o r  t h e  i n t e r p r e t a t i o n  
of e x p e r i m e n t a l  d a t a  by u s i n g  t h e  u n i v e r s a l  c a l i b r a -  
t i o n  c u r v e ,  were  d e t e r m i n e d  f o r  PE i n  TCB a t  135OC i n  
a c o m p a r a t i v e  work ( 6 4 ) .  Q f a c t o r  (21,65) was used  
i n  a d d i t i o n  t o  t h e  above  p r ' ocedures  f o r  t h e  c a l i b r a -  
t i o n  and t h e  i n t e r p r e t a t i o n  o f  SEC d a t a .  

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

0 

T h e  u n i v e r s a l  c a l i b r a t i o n  combined w i t h  o t h e r  
methods f o r  d e t e r m i n i n g  m o l e c u l a r  p a r a m e t e r s ,  s u c h  a s  
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S I Z E  EXCLUSION CHROMATOGRAPHY 5 

v i s c o m e t r y ,  l i g h t - s c a t t e r l n g  and osmometry was a p p l l e d  

t o  s t u d y  t h e  b r a n c h i n g  o f  PE (35 ,44 ,49 ,52 -57 ,66 -80 ) .  

The measurement o f  t h e  r a t e  o f  s e d i m e n t a t i o n  (81) 
was s i m i l a r l y  u t i l i z e d  f o r  t h e  c o r r e l a t i o n ,  I n  a d d i t i o n  

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

m i c  vo lume o f  m a c r o m o l e c u l e s  i n  s o l u t i o n ,  t h e  c o n t e n t  

o f  s h o r t  c h a i n s  o f  f r a c t i o n a t e d  PE ( 5 3 )  was d e t e r m i n e d  

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

i n g  SEC w i t h  i n f r a r e d  s p e c t r o m e t r y  ( I R ) .  V a r i a b l e  

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

f r a c t i o n s  o f  PE c a n  o b v i o u s l y  l e a d  t o  e r r o n e o u s  SEC 

r e s u l t s  ( 8 2 )  i f  t h e y  a r e  n e g l e c t e d  u n j u s t i f i a b l y .  

SEC method was u s e d  t o  s t u d y  t h e  r e l a t i o n s h i p s  

be tween  MWD and  some p h y s i c a l  p r o p e r t i e s  o f  PE ( 3 2 , 8 3 )  

and PP ( 8 4 ) ,  t o  i n v e s t i g a t e  PE f r a c t i o n a t i o n  i n  t h e  

c o u r s e  0-; i t s  c r y s t a l l i z a t i o n  f r o m  s o l u t i o n s  ( 8 5 )  and 

t o  o b s e r v e  s t a t i s t i c a l  c r o s s - l i n k i n g  o f  PE (66). MWD 
was c o r r e l a t e d  w i t h  t he rmodynamic  p r o p e r t i e s  o f  PE ( 8 7 ) ,  

s h e a r  s t a b i l i t y  of  P I B  used a s  a n  o i l  a d d i t i v e  ( 8 8 , 8 9 )  

and  w i t h  r h e o l o g i c a l  p r o p e r t i e s  o f  PE m e l t s  (90)  a n d  

P I B  s o l u t i o n s  (91) .  SEC was f u r t h e r  u s e d  t o  s t u d y  po- 

l y m e r i z a t i o n  O C  PE i n i t i a t e d  b y  y - i r r a d i a t i o n  ( 9 2 ) .  

I n t e r e s t i n g  r e s u l t s  were o b t a i n e d  b y  s t u d y i n g  t h e  

c o u r s e  o f  t h e  d e g r a d a t i o n  b y  n i t r i c  a c i d  i n  :he c a s e  

o f  b o t h  PE (36,93-100)  and PP (94 ) .  

I n  t h i s  r e s p e c t  t h e  SEC r e s u l t s  a l s o  c o n t r i b u t e d  

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

( 9 6 )  a n d  i t s  m o r p h o l o g y  ( 9 8 ) .  The c o u r s e  o f  t h e  d e g r a -  

d a t i o n  o f  P I B  was a l s o  s t u d i e d  a t  l a m i n a r  f l o w  (101) 

and u n d e r  t h e  a c t i o n  o f  u l t r a s o u n d  (102).  The 

v a r i a t i o n s  i n  MWD were f u r t h e r  s t u d i e d  a t  r a p i d  o v e r -  

h e a t i n g  o f  PE (103), a t  t h e r m a l  d e g r a d a t i o n  of  PE i n  

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

O F  oxygen  ( 5 1 )  and  a t  r a d i o l y s i s  o f  PE a t  w h i c h  
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6 JANCA 

o c c u r s  i t s  c r o s s - l i n k i n g  (86,104). The a c c u r a c y  o f  

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

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

t i o n  u s i n g  e l u t i o n  g r a d i e n t  i n  t h e  case  o f  PE (33,49, 
57,75,82), PP (38-40) and P I B  (41,42,105), l i g h t -  

s c a t t e r i n g ,  osmometry  and a v e n t u a l l y  a l s o  v i s c o m e t r y  

f o r  PE (57,75,106,107) and  PP (40,65) and s e d i m e n t a -  

t i o n  f o r  PE (81) .  The a c c u r a c y  o r  t h e  r e p r o d u c i b i l i t y  

o f  SEC was d e t e r m i n e d  f o r  PE i n  t h e  r a n g e  o f  a p p r o x i -  

m a t e l y  f10-15 % r e l .  (108,109) w i t h  u s i n g  f o r  t h e  de- 

t e r m i n a t i o n  i n  some i n s t a n c e s  samp les  r e c o g n i z e d  a s  

i n t e r n a t i o n a l  s t a n d a r d s  (110-112). P r e p a r a t i v e  SEC 

was employed t o  f r a c t i o n a t e  samp les  o f  PP and  PE 

(113-115). I n  a number o f  o t h e r  c a s e s ,  SEC was used  

t o  s t u d y  MWD o f  samp les  o f ,  f o r  t h e  most  p a r t  com- 

m e r c i a l ,  PE (21,22,26,54,79,87,106,116-122), PP (21 ,  

84,123) and P I B  (124). The d e t e r m i n a t i o n  o f  MWD was 

a l s o  d e s c r i b e d  f o r  some o t h e r  p o l y a l k e n e s ,  s u c h  as 
p o l y - 1 - b u t e n e  (21), p o l y - 1 - p e n t e n e  (121) and p o l y - l -  

o c t a d e c e n e  ( 2 1 ) .  The c o m p o s i t i o n s  o f  m u l t i c o m p o n e n t  

m i x t u r e s  o f  p o l y m e r s  o f  w h i c h  one i s  P I E  (28,29) 

was d e t e r m i n e d  u s i n g  SEC a s  w e l l  a s  t h e  d i s t r i b u t i o n  

o f  d o u b l e  bonds  i n  P I B  by means o f  t h e  s p e c i f i c  de- 

t e c t i o n  (125). 

P OLY 0 I ENES 

P o l y b u t a d i e n e  (PBD), p o l y i s o p r e n e  ( P I )  and t h e i r  

c o p o l y m e r s  have  m o s t l y  been  d e t e r m i n e d  b y  means o f  

SEC. THF o r  t r i c h l o r o m e t h a n e  i s  used  a s  a s o l v e n t  f o r  

SEC a n a l y s e s  most  f r e q u e n t l y ,  DCB (126) is l e s s  u s u a l ,  

a l w a y s  a t  room t e m p e r a t u r e ,  The f o r m a t i o n  o f  g e l - l i k e  

m i c r o p a r t i c l e s  i n  t h e  s o l u t i o n  means a n  e x p e r i m e n t a l  

c o m p l i c a t i o n  and t h a t  i s  why t h e  s o l u t i o n s  a r e ,  p r i o r  
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SIZE EXCLUSION CHROMATOGRAPHY 7 

t o  t h e  i n j e c t i o n ,  f i l t e r e d  t h r o u g h  m e t a l l i c  membrane 
f i l t e r s  (127). Narrow f r a c t i o n s  o b t a i n e d ,  f o r  i n s t a n c e ,  
by p r e p a r a t i v e  SEC f r a c t i o n a t i o n  a r e  used f o r  c a l i b r a -  
t i o n  i n  t h e  c a s e  o f  PBD (128). A u n i v e r s a l  c a l i b r a t i o n  
c u r v e  was used  t o  e v a l u a t e  MWD od s a m p l e s  o f  P I  (129- 
131) and PBD (28,29,131-136). 

C o r r e l a t e d  w i t h  t h e  r e s u l t s  of o t h e r  a b s o l u t e  
methods f o r  d e t e r m i n i n g  m o l e c u l a r  p a r a m e t e r s ,  SEC re-  
sults were  used t o  s t u d y  b r a n c h i n g  of PBD (131,137). 

T h e  d e t e r m i n a t i o n s  of MWD and of t h e  d i s t r i b u t i o n  of 
terminal  c a r b o x y l  and hydroxy lend-g roups  of PBD (128, 
138-146) a r e  e x c e p t i o n a l  a p p l i c a t i o n s  of SEC. Here  
t h e  SEC s e p a r a t i o n  i s ,  however ,  c o m p l i c a t e d  by ad-  
s o r p t i o n  of PBO c o n t a i n i n g  carboxy!.or hydroxy lend-  
g r o u p s  or1 t he  column p a c k i n g  (143,144). T h i s  a d s o r p -  
t i o n  u s u a l l y  i s  r a the r  i r r e p r o d u c i b l e  (146) .  As 

l o n g  a s  t h e  c a r b o x y l  g roups  a r e  e s t e r i f i e d ,  t h e  ad- 
s o r p t i o n  i s  s u p p r e s s e d  (138,139,146). I n  any c a s e ,  
t h e  e f f e c t i v e  hydrodynamic volume of t h e  c h a i n s  con- 
t a i n i n g  f u n c t i o n a l  g roups  d i f f e r ,  however ,  from t h a t  
of t h e  c h a i n s  w i t h o u t  f u n c t i o n a l  g r o u p s  and t h i s  
f a c t  m u s t  be  t a k e n  i n t o  c o n s i d e r a t i o n  on i n t e r p r e t -  
i n g  e x p e r i m e n t a l  d a t a  (143). 

o n a l  g r o u p s ,  d u a l  d e t e c t i o n  (142) may be u s e d ,  e . g . ,  
by combining  SEC w i t h  I R  s p e c t r o m e t r y  (128)  o r  UV 

( u l t r a v i o l e t )  d e t e c t i o n  (138,139). PBD w i t h  f u n c t i o n a l  
g r o u p s  u s u a l l y  a r e  p r e p o l y m e r s  w i t h  v e r y  l o w  m o l e c u l a r  
w e i g h t s  i n  t h e  r ange  o f  o l i g o m e r s  (140-142,145,147-149). 
A s p e c i f i c  d e t e c t o r  was d e s c r i b e d ,  making i t  p o s s i b l e  
t o  d e t e r m i n e  t h e  d i s t r i b u t i o n  of u n s a t u r a t i o n  o f  PBD 
(125). Valuev  e t  a l .  (150) d e s c r i b e d  t h e  d e t e r m i n a t i o n  
of MWD of s t e r e o r e g u l a r  P I .  SEC was used  t o  s t u d y  
c y c l i z a t i o n  of P I  (151), t o  i n v e s t i g a t e  changes  i n  

I n  o r d e r  t o  d e t e r m i n e  t h e  d i s t r i b u t i o n  of f u n c t i -  
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8 JANCA 

MWD f o r  PBD t h a t  a r e  induced  by a l k y l l i t h i u m  comple- 
x e s  w i t h  a l k y l  h a l i d e s  ( 1 5 2 ) .  

o t h e r  f r a c t i o n a t i o n  methods ( 1 2 6 , 1 2 8 , 1 4 3 , 1 4 4 , 1 4 6 ,  
153-155) o r  t h o s e  of t h e  methods f o r  d e t e r m i n i n g  abso- 

l u t e  m o l e c u l a r  p a r a m e t e r s ,  s u c h  a s  osmometry ( 1 2 8 , 1 3 2 ,  
153) and l i g h t - s c a t t e r i n g  ( 1 5 3 ) .  Some o t h e r  papers  were 
devo ted  t o  o p t i m a l i z a t i o n  of e x p e r i m e n t a l  c o n d i t i o n s  
of SEC a n a l y s i s  of PBD ( 1 9 , 1 5 6 - 1 5 9 ) ,  i n c l u d i n g  e f f e c t s  
of v a r i o u s  s o l v e n t s  and t e m p e r a t u r e  (20), t o  t h e  s t u d y  
o f  p r o c e s s  p o l y m e r i z a t i o n  of PBD ( 1 6 0 )  o r  PI ( 1 6 0 , 1 6 1 )  
and t o  t h e  d e t e r m i n a t i o n  of MYM) o f  PBD i n  a m i x t u r e  
w i t h  P I B  (28,29) o r  MWD of PBD e l a s t o m e r  i n  a m i x t u r e  
w i t h  o i l  ( 1 6 2 , 1 6 3 ) .  One pape r  conce rned  t h e  t e s t i n g  
of r e l i a b i l i t y  of SEC f o r  t h e  d e t e r m i n a t i o n  of MWD i n  
s a m p l e s  of PBD (164) and  one p r e p a r a t i v e  f r a c t i o n a t i o n  
of PBD (114) .  

t h e  v i e w p o i n t  of u t i l i z a t i o n  of u n i v e r s a l  c a l i b r a t i o n  
and d e t e r m i n a t i o n  o f  b r a n c h i n g  ( 1 6 5 ) ,  i n  p r o c e s s  con- 
t r o l  ( 1 6 6 )  and  i n  t h e  i n v e s t i g a t i o n  of t h e  c o n c e n t r a -  
t i o n  e f f e c t  d e p e n d i n g  on t h e  q u a l i t y  o f  t h e  s o l v e n t  
used  ( 1 6 7 ) .  

SEC r e s u l t s  were c o r r e l a t e d  w i t h  t h e  r e s u l t s  o f  

P o l y c h l o r o p r o p e n e  h a s  been s t u d i e d  up t o  now from 

POLYACRYLIC ACID, SUBSTITUTED P O L Y A C R Y L I C  A C I D  
AND THEIR D E R I V A T I V E S  

P o l y a c r y l i c  a c i d  ( P A A ) ,  s u b s t i t u t e d  p o l y a c r y l i c  
a c i d  and t h e i r  d e r i v a t i v e s  have  b e e n ,  d e s p i t e  t h e i r  
c o n s i d e r a b l e  i n d u s t r i a l  and commerc ia l  i m p o r t a n c e  
s t u d i e d  by u s i n g  S E C  by o n l y  a few a u t h o r s .  S e v e r a l  
works were per formed t o  d e f i n e  g e n e r a l  e x p e r i m e n t a l  
c o n d i t i o n s  of SEC f o r  p o l y a c r y l o n i t r i l e  (PAN) ( 1 6 8 ,  
1 6 9 ) ,  po lymethy l  m e t h a c r y l a t e  (PMMA) (170) and o t h e r  
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SIZE EXCLUSION CHROMATOCRAPW 9 

a c r y l a t e s  (171). THF o r  c h l o r o f o r m  ( 1 2 9 )  i s  used  a s  

a s o l v e n t  f o r  PMMA most  f r e q u e n t l y ,  d i m e t h y l f o r m a m i d e  

(DMF) f o r  PAN o r  l e s s  f r e q u e n t l y  d i m e t h y l  s u l p h o x i d e  

( 1 6 9 ) .  E x p e r i m e n t a l  c o m p l i c a t i o n s  have  been  met i n  

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

l a t e s  ( 1 7 2 )  s i n c e  a r e a c t i o n  p r o b a b l y  o c c u r r e d  be- 

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

and t h e  p o l y m e r  a l s o  a d s o r b e d  on t h e  h y d r o p h i l i z e d  

s u r f a c e  o f  t h e  r e f r a c t o m e t e r  c e l l ,  w h i c h  made t h e  u s e  

o f  SEC v e r y  d i f f i c u l t .  V a l i d i t y  o f  u n i v e r s a l  c a l i b r a -  

t i o n  was c o n f i r m e d  f o r  PMMA (129,173-175)  and  p o l y ( 2 -  

m e t h o x y e t h y l  m e t k a c r y l a t e ) ( P M E M A )  ( 1 7 3 , 1 7 6 ) .  

A l o w - a n g l e  l a s e r  l i g h t - s c a t t e r i n g  has  r e c e n t l y  

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

o f  PMMA i n  t h e  e l u a t e  l e a v i n g  t h e  SEC s e p a r a t i o n  

sys tem (177). PAN samples ( 1 7 8 )  were used  t o  c a r r y  

o u t  a c o m p a r a t i v e  s t u d y  on d i f f e r e n t  c a l i b r a t i o n  me- 

t h o d s ,  t h e  i n f l u e n c e  was s t u d i e d  o f  d i f f e r e n t  sol- 
v e n t s  on t h e  c a l i b r a t i o n  c u r v e  f o r  PAN ( 1 7 9 ) ,  and  

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

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

caused by t h e  change i n  t h e  e x p a n s i q n  o f  i o n o g e n i c  

PAN o w i n g  t o  i n t e r n a l  e l e c t r o s t a t i c  f o r c e s  (180) .  The 

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

o n a l  g r o u p s  b y  means o f  t h e  I R  d e t e c t o r  was demon- 

s t r a t e d  f o r  PMMA ( 1 8 1 ) .  

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

l a r i t y  on t h e  s e p a r a t i o n  o f  PAA i n  DMF (182) a n d  t h e  

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

d u r i n g  t h e  s e p a r a t i o n  o f  PMMA (183,184) a r e  o f  f u n d a -  

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

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

b e t w e e n  MWD and s h e a r  s t a b i l i t y  o f  p o l y a l k y l  m e t h a c r y -  

l a t e  u s e d  a s  a n  o i l  a d d i t i v e  (88,89) and t e m p e r a t u r e  
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10 JANCA 

r e s i s t a n c e  o f  PMMA a s  a component o f  l a c k e r s  ( 1 8 5 )  and  

f i l m s  ( 1 8 6 )  were s t u d i e d .  The p o s s i b i l i t i e s  were  de- 

s c r i b e d  o f  s t u d y i n g  mechanism and k i n e t i c s  o f  p o l y m e r -  

i z a t i o n  o f  PMMA b y  means o f  SEC ( 1 8 7 - 1 8 9 ) .  U s i n g  SEC, 

t h e  v a r i a t i o n s  i n  t h e  MWD caused  by d e g r a d a t i o n  e f f e c t s  

o f  UV l i g h t  on p o l y a l k y 3 . a c r y l a t e s  a n d  p o l y a l k \ b  m e t h a c r y -  

l a t e s  ( 1 9 0 )  and  t h e r m a l  d e g r a d a t i o n  o f  PMMA were  s t u -  

d i e d .  The r e s u l t s  o f  SEC were compared w i t h  t h o s e  o f  

o t h e r  f r a c t i o n a t i o n  me thods  f o r  PAN ( 1 6 9 ) .  Samples o f  

p o l y b u t y l m e t h a c r y l a t e  ( 1 9 3 )  a n d  PMMA (114) were f r a c -  

t i o n a t e d  w i t h  t h e  a i d  o f  p r e p a r a t i v e  SEC. The f e a s i -  

b i l i t y  o f  SEC a p p l i c a t i o n  t o  t h e  d e t e r m i n a t i o n  o f  t h e  

p a r t i c l e  s i z e  d i s t r i b u t i o n  i n  aqueous d i s p e r s i o n s  o f  
PMMA ( 1 9 4 )  i s  u n d o u b t e d l y  v e r y  i n t e r e s t i n g .  

POLYVINYL HALIDES, POLYVINYL ESTERS, POLYVINYL ALCOHOL 

SEC was e x p l o i t e d  i n  some i n s t a n c e s  f o r  t h e  d e t e r -  

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

v i n y l  c h l o r i d e  (PVC), p o l y v i n y l  a c e t a t e  (PVAc)  and po- 

l y v i n y l  a l c o h o l  (PVA). F r a c t i o n a t e d  samp les  o f  PVC 

were t a k e n  f o r  t h e  c a l i b r a t i o n  o f  SEC s e p a r a t i o n  s y s -  

tems and, on t h e  b a s i s  o f  t h e  c a l i b r a t i o n  c u r v e s  t h u s  

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

p o l y m e r s  (195,196)  were t h e n  c a l c u l a t e d .  On  i n t e r p r e -  

t i n g  SEC d a t a  o f  PVC samp les ,  t h e  p r i n c i p l e  o f  u n i -  

v e r s a l  c a l i b r a t i o n  (133,174,175,170,197-208) was also 
a p p l i e d ,  i n  some i n s t a n c e s  b y  c o m b i n i n g  SEC w i t h  a n  

a u t o m a t i c  t h r o u g h - f l o w  v i s c o m e t e r  ( 2 0 9 , 2 1 0 ) .  M i s c e l -  

l a n e o u s  c a l i b r a t i o n  me thods  have  r e c e n t l y  been  com- 

p a r e d  (178 ,211) .  U n i v e r s a l  c a l i b r a t i o n  was emp loyed  

t o  d e t e r m i n e  t h e  d e g r e e  o f  PVC b r a n c h i n g  (202,204,  

2 0 5 ) .  U s i n g  t h i s  p r o c e d u r e ,  t h e  number o f  l o n g  c h a i n s  

c o u l d  b e  e s t i m a t e d .  The t o t a l  d e g r e e  o f  b r a n c h i n g  was 
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SIZE EXCLUSION CHROMATOGRAPHY 11 

d e t e r m i n e d  by r e d u c i n g  PVC t o  p o l y e t h y l e n e  and meas- 
u r i n g  a b s o r p t i o n  i n  I R  spec t rum ( 2 0 2 , 2 0 4 )  a t  1378 cm". 
S e v e r a l  a u t h o r s  ( 1 9 7 , 2 0 2 , 2 0 4 , 2 0 5 , 2 0 8 , 2 1 2 , 2 1 3 )  s t u d i e d  
some a n o m a l i e s  i n  p r o p e r t i e s  o f  PVC i n  s o l u t i o n .  The 
p r e s e n c e  o f  a g g r e g a t e s  i n  THF was o b s e r v e d  i n  s u c h  a 
d e g r e e  t h a t  t h e y  a p p e a r e d  i n  SSChromatogram a s  b i -  
modal d i s t r i b u t i o n  ( a  small  s e p a r a t e  peak  i n  t h e  h igh -  
m o l e c u l a r  we igh t  r a n g e  ( 2 0 4 ) .  O n  h e a t i n g  t h e  s o l u t i o n s  
p r i o r  t o  t h e  s e p a r a t i o n  by SEC, t h e  a g g r e g a t e s  were 
d i s t u r b e d  and b i m o d a l i t y  d i s a p p e a r e d ,  These  e x p e r i m e n t s  
were l a t e r  supp lemen ted  by measurements  of l i g h t -  
s c a t t e r i n g  and an  a t t e m p t  a t  q u a n t i t a t i v e  i n t e r p r e t a -  
t i o n  ( 2 0 5 )  o f  which t h e  c o n c l u s i o n  was drawn t h a t  t h e  
a g g r e g a t e s  i n  THF s o l u t i o n s  unde r  s t u d y  can  be c h a r a c -  
t e r i z e d  a s  c o n g l o m e r a t e s  i n  which one c r y s t a l l i n i c  
c e n t r e  c o n t a i n s  10-14 d i f f e r e n t  macromolecu le s .  I t  

was f u r t h e r  found ( 2 0 2 )  t h a t  a t  l ower  c o n c e n t r a t i o n s  
of i n j e c t e d  s a m p l e s  and on h e a t i n g  a t  l o w e r  tempera-  
t u r e s ,  t h e  above  a n o m a l i e s  d i d  n o t  o c c u r .  Ander s son  
e t  a l .  (197) r e p o r t e d  t h a t  t h e  d e v i a t i o n s  from t h e  
l i n e a r  dependence  o f  t he  i n t r i n s i c  v i s c o s i t y  on t h e  
m o l e c u l a r  w e i g h t  were c a u s e d ,  i n  t h e i r  case,  by 
a g g r e g a t i o n  and n o t  by b r a n c h i n g ,  T h e  p r e s e n c e  o f  
a g g r e g a t e s  need n o t  a l w a y s  a p p e a r  a s  chromatogram b i -  
m o d a l i t y ,  t h e  v a l u e s  o f  m o l e c u l a r  w e i g h t s  c a l c u l a t e d  
from SEC d a t a  ( 2 0 8 )  can  only be i n c r e a s e d .  The a g g r e -  
g a t e s  can a l s o  be e l i m i n a t e d  by u l t r a s o u n d  a c t i o n  
combined w i t h  s u r f a c e  a c t i v e  s u b s t a n c e s  ( 2 0 8 ) .  

t o  t h e  s t u d y  of  PVC p r o p e r t i e s  was made i n  t h e  p a p e r  
( 2 1 2 )  s u g g e s t i n g  d e t e r m i n a t i o n  o f  t a c t i c i t y  o f  PVC 
by SEC method. Fo rma t ion  of  m o l e c u l a r  a g g r e g a t e s  of 
PVC i s  caused  by s t e r e o r e g u l a r  s e q u e n c e s  t h e  d i s t r i -  
b u t i o n  o f  w h i c h  even  a f f e c t s  t h e  d e g r e e  of t h e  de-  

A v a l u a b l e  c o n t r i b u t i o n  t o  a p p l i c a t i o n s  of SEC 
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12 JAVCA 

g r a d a t i o n .  When s e l e c t i n g  optimum e x p e r i m e n t a l  c o n d i -  
t i o n s ,  t h e  r a t i o  of a g g r e g a t e s  ( 2 0 4 , 2 0 5 )  and t h e  
p e r c e n t a g e  of s y n d i o t a c t i c i t y  can  be e v a l u a t e d  q u a n t i -  
t a t i v e l y .  Abdel-Alim and Hamie lec  ( 2 1 2 )  and S 'drv ik  
( 2 1 4 )  found a v e r y  good q u a n t i t a t i v e  ag reemen t  be- 
t w e e n  t h e  r e s u l t s  o f  t h e  d e t e r m i n a t i o n  of t h e  c o n t e n t  
of s y n d i o t a c t i c  s t r u c t u r e s  by n u c l e a r  m a g n e t i c  re- 
s o n a n c e  (NMR) method and by SEC. SEC was u t i l i z e d  t o  
s t u d y  PVC a d s o r p t i o n  on CaC03 (215-217)  and k i n e t i c s  
of mechanico-chemica l  d e g r a d a t i o n  o f  PVC and t h e  va- 
r i a t i o n s  i n  M W D  o c c u r r i n g  a t  t h i s  d e g r a d a t i o n  ( 2 1 8 ) .  

Comparison of m i s c e l l a n e o u s  methods f o r  t h e  d e -  
t e r m i n a t i o n  of m o l e c u l a r  w e i g h t s  and MWD w i t h  SEC 
p r o v i d e d  a s a t i s f a c t o r y  ag reemen t  o f  t h e  e x p e r i m e n t a l  
r e s u l t s  (197,199,204-206,208,217-221). SEC method was 
compared w i t h  l i g h t - s c a t t e r i n g  ( 2 0 4 - 2 0 8 , 2 1 1 , 2 2 0 , 2 2 1 ) ,  
osmometry ( 2 0 6 - 2 0 8 , 2 1 1 , 2 2 0 , 2 2 1 ) ,  v i s c o m e t r y  ( 1 9 9 , 2 1 1 )  
and f r a c t i o n a l  p r e c i p i t a t i o n  ( 1 9 7 , 2 1 9 ) .  S E C  method 
f i n a l l y  found the  a p p l i c a t i o n  a t  d e t e r m i n i n g  MWO of 
commerc ia l  PVC samples  ( 2 0 8 , 2 2 1 - 2 2 3 ) ,  d i f f e r e n t  a d d i -  
t i v e s  ( 2 2 1 ) ,  and on p r e p a r a t i v e  s c a l e  a t  f r a c t i o n a -  
t i o n  (114). 

a i d  of SEC i n  s e v e r a l  i n s t a n c e s ;  a p p l i c a b i l i t y  of u n i -  
v e r s a l  c a l i b r a t i o n  was t e s t e d  and t h e  d e g r e e  of b ran -  
c h i n g  d e t e r m i n e d  ( 1 3 7 , 2 2 4 , 2 2 5 ) ,  v a r i o u s  c a l i b r a t i o n  
methods were c o r r e l a t e d  ( 1 7 8 )  and low-molecu la r  
we igh t  s amples  ( 2 2 6 )  and p a r t i c l e s  ( 2 2 7 )  were c h a r -  
a c t e r i z e d .  

MWD o f  PVAc samples  h a s  been i n v e s t i g a t e d  w i t h  t h e  

T h e  o n l y  i m p o r t a n t  p a p e r  has  been  p u b l i s h e d  t h e t  
conce rned  SEC f r a c t i o n a t i o n  of PVA samples s o l u b l e  i n  
w a t e r  ( 2 2 8 ) .  In c o n s i d e r a t i o n  o f  a p p r e c i a b l e  PVA ad-  
s o r p t i o n  on unmodi f i ed  s i l i c a  gel used  a s  column pack- 
i n g ,  d e a c t i v a t e d  s i l i c a  g e l  had t o  be used.  
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S I Z E  EXCLUSION CHROMATOGRAPHY 13 

POLYSTYRENE AND DERIVATIVES 

The m a j o r i t y  o f  Gapers d e a l i n g  w i t h  SEC o f  p o l y -  

mers on b o t h  t h e o r e t i c a l  and  a p p l i e d  l i n e s  a r e  based  

on p o l y s t y r e n e  ( P S )  s t a n d a r d s  t h a t  a r e  c o m m e r c i a l l y  

a v a i l a b l e .  On  u s i n g  n o n - p o l a r  s o l v e n t s ,  s u c h  a s  TCM, 

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

o r g a n i c  g e l s .  T h i s  i s  a l s o  t h e  r e a s o n  why t h e  p r o -  

p e r t i e s  o f  d i f f e r e n t  co lumn p a c k i n g s  and e v e n t u a l l y  

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

s i o n  o f  PS a d s o r p t i o n  (26,27,120,229-232)  were  i n v e s -  

t i g a t e d .  C o u p l i n g  o f  a n  a u t o m a t i c  t h r o u g h - f l o w  v i s c o -  

m e t e r  (137,209,210,233)  means a c o n t r i b u t i o n  i n  v i e w  

o f  t h e  c a l i b r a t i o n  o f  t h e  s e p a r a t i o n  sys tems .  B r a n -  

c h i n g  o f  d i f f e r e n t  t y p e  was s t u d i e d  w i t h  PS (137 ,  

233-237)  samples a l o n g  w i t h  m o r p h o l o g y  o f  PS samp les  

(238 ,239)  and  I k i n e t i c s  and mechanism o f  s t y r e n e  po- 

l y m e r i z a t i o n ,  i n i t i a t e d  b y  v a r i o u s  s y s t e m s  (187-189 ,  

234,235,240-246) .  

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

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

( 2 4 7 ) .  F u r t h e r  p a p e r s  c o n c e r n  t h e  s t u d y  of PS d e g r a -  

d a t i o n  o w i n g  t o  u l t r a s o u n d  a c t i o n  (248,249)  and 

b e n z o y l  p e r o x i d e  ( 2 4 9 ) .  P a r t i c u l a r  v i e w  is h e r e  adop- 

t e d  by t h e  p a p e r  ( 2 5 0 )  d e s c r i b i n g  s h e a r  d e g r a d a t i o n  

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

u n d e r  t h e  c o n d i t i o n s  o f  t h e  s e p a r a t i o n  b y  SEC. Compa- 

r i s o n s  o f  SEC i n  co lumn w i t h  t h i n - l a y e r  c h r o m a t o g r a -  

p h y  ( 2 5 1 )  and w i t h  co lumn f r a c t i o n a t i o n  ( 1 4 4 )  s h o u l d  

be c i t e d .  I n t e r e s t i n g  c o n c l u s i o n s  were  d rawn  i n  t h e  

p a p e r s  (252,253)  d e a l i n g  w i t h  e x a c t  e v a l u a t i o n  o f  MWD 

o f  PS s t a n d a r d s  NBS 705 and 706.  F u r t h e r  p a p e r s  s t u -  

d i e d  MWD and p a r t i c l e  s i z e  d i s t r i b u t i o n  i n  PS emul-  

s i o n s  (194,254)  , s e p a r a t i o n  o f  r a d i o a c t i v e  and i n a c t i v e  
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14 JANCA 

PS s a m p l e s  by SEC method ( 2 5 5 , 2 5 6 )  and SEC a p p l i c a -  
t i o n s  t o  t h e  samples  from i n d u s t r i a l  p r o d u c t i o n  ( 2 5 7 ) ,  

P o l y - a - m e t h y l s t y r e n e  (PMS) s a m p l e s  were i n v e s t i -  
g a t e d  by SEC method i n  v iew of t h e  a p p l i c a b i l i t y  of 
u n i v e r s a l  c a l i b r a t i o n  (61,62), d e t e r m i n a t i o n  of b ran -  
c h i n g  ( 2 5 8 ) ,  i n v e s t i g a t i o n  of t h e  c o u r s e  of t h e  po ly -  
m e r i z a t i o n  (259-262) ,  compar i son  o f  m i s c e l l a n e o u s  
methods f o r  t h e  d e t e r m i n a t i o n  o f  MWD ( 2 6 3 ) ,  and spe -  
c i f i c a t i o n  of t h e  optimum e x p e r i m e n t a l  c o n d i t i o n s '  f o r  
h igh  r e s o l u t i o n  SEC ( 2 6 4 ) .  

OTHER V I N Y L  POLYMERS 

Of o t h e r  po lymers  o f  v i n y l  t y p e  i t  i s  p o l y v i n y l -  
p y r i d i n e  ( P V P )  (265-267)  t h a t  was p a r t i c u l a r l y  s t u d i e d  
by SEC method.  When DMF was used  a s  a s o f v e n r ,  PVP 

a d s o r p t i o n  o c c u r r e d  on  s i l i c a  g e l  column p a c k i n g s  and 
PVP d e D o s i t i o n  from t h e  s o l u t i o n  o c c u r r e d  on s t y r e n e -  
d i v i n y l b e n z e n e  g e l s ,  p r o b a b l y  owing t o  PVP i n c o m p a t i -  
b i l i t y  w i t h  t h e  column p a c k i n g  ( 2 6 5 , 2 6 6 ) .  SEC was 

a p p l i e d  t o  s t u d y  t h e  c o u r s e  of PVP p o l y m e r i z a t i o n  ( 2 6 7 ) .  
It  was f u r t h e r  u t i l i z e d  i n  o r d e r  t o  c h a r a c t e r i z e  MWD 

of some v i n y l a r o m a t i c  po lymers  (poly-1-vinylnaphthalene, 
p o l y - 2 - v i n y l n a p h t h a l e n e  and  p o l y - 4 - v i n y l b i p h e n y l )  ( 2 6 8 ) ,  
t o  s t u d y  a f o r m a t i o n  of p o l y v i n y l c a r b o r a n e  i n d u c e d  by 
y - i r r a d i a t i o n  (269)  and p o l y m e r i z a t i o n  of v i n y l  k e -  
t o n e s  ( 2 7 0 ) .  

COPOLYMERS 

T h e  d e t e r m i n a t i o n  o f  MWD of copo lymers  by SEC i s  com- 
p l i c a t e d  by t h e  f a c t  t h a t  b e s i d e s  p o l y d i s p e r s i t y  o f  

m o l e c u l a r  w e i g h t s  o c c u r s  t h e  p o s s i b i l i t y  of t h e  d i s t r i -  
b u t i o n  o f  t h e  copolymer c o m p o s i t i o n .  In many c a s e s  
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SIZE EXCLUSION CHROMATOGRAPHY 15 

c o n c l u s i o n s  o f  t h e  e x p e r i m e n t a l  s t u d i e s  a r e  o n l y  qua- 
l i t a t i v e ,  l i m i t e d  t o  p u b l i c a t i o n  and b r i e f  d e s c r i p -  
t i o n  o f  t h e  chromatograms o b t a i n e d ,  w i t h o u t  any  quan- 
t i t a t i v e  e v a l u a t i o n  (158 ,271-276) .  Major  p a r t  of expe- 
r i m e n t a l  works d e a l  w i t h  b l o c k  copolymers  s t y r e n e - b u -  
t a d i e n e  o r  s t y r e n e - i s o p r e n e  (89 ,127 ,130 ,131 ,145 ,149 ,  
155 ,162 ,163 ,271,274 ,276-293)  , s t y r e n e - m e t h y l  methacry-  
l a t e  ( 1 8 1 , 2 9 4 ) ,  a - m e t h y l - s t y r e n e - b u t a d i e n e  ( 2 9 5 - 2 9 8 ) ,  
s t y r e n e - m a l e i c  a n h y d r i d e  ( 2 9 9 ) ,  s t y r e n e - v i n y l  s t e a r a t e  
( 3 0 0 ) ,  s t y r e n e - v i n y l  c h l o r i d e  ( 3 0 1 ) ,  a - m e t h y l s t y r e n e -  
m e t h a c r y l o n i t r i l e  ( 1 5 8 )  and t e r p o l y m e r s  b u t a d i e n e -  
a c r y l i c  a c i d - a c r y l o n i t r i l e  ( 3 0 2 , 3 0 3 ) ,  a c r y l o n i t r i l e -  
b u t a d i e n e - s t y r e n e  ( 1 7 8 )  and v i n y l  a c e t a t e - s t y r e n e -  
a c r y l o n i t r i l e  ( 1 7 8 ) .  I n  a l l  t h e  c a s e s  ment ioned a b o v e ,  
a d i f f e r e n t i a l  r e f r ac tomete r -UV d e t e c t o r  d u a l  d e t e c t i o n  
can be a p p l i e d  t o  bo th  e v a l u a t i o n  o f  MWD and d i s t r i -  
b u t i o n  o f  t h e  c o m p o s i t i o n .  SEC method was f u r t h e r  u s e d  

t o  a n a l y z e  e t h y l e n e - p r o p y l e n e  ( 4 5 , 4 6 , 9 4 , 1 2 5 , 3 0 4 , 3 0 5 ) ,  
e t h y l e n e - b u t e n e  ( 5 9 , 9 4 ) ,  v i n y l  c h l o r i d e - v i n y l i d e n e  ch lo -  
r i d e  ( 3 0 6 ) ,  v i n y l  c h l o r i d e - v i n y l  a c e t a t e  (307-313), g ly-  
c o l  m e t h a c r y l a t e - g l y c o l  d i m e t h a c r y l a t e  ( 3 1 4 ) ,  PMMA 

g r a f t e d  t o  c e l l u l o s e  ( 3 1 5 ) ,  s t y r e n e - d i v i n y l b e n z e n e  
( 3 1 6 , 3 1 7 ) ,  e t h y l e n e - v i n y l  a c e t a t e  (67,318,319), e t h y l e n e -  
i s o b u t y l  a c r y l a t e  ( 3 1 8 , 3 1 9 ) ,  b u t y l  m e t h a c r y l a t e - m e t h y l  
m e t h a c r y l a t e  ( 3 0 7 ) ,  THF-propylene o x i d e  ( 2 7 2 ) ,  THF-epo- 
x i d e s  ( 2 7 5 ) ,  s t y r e n e - a c r y l o n i t r i l e  (320-322)  and some 
o t h e r s  (136 ,180 ,323-328) .  I n  s e v e r a l  c a s e s  t h e  I R  d e t e c -  
t o r  (181 ,271 ,273 ,313 ,320)  was used  f o r  t h e  s p e c i f i c  de- 
t e c t i o n .  Gene ra l  scheme of t h e  p r o c e d u r e  f o r  t h e  d e t e r -  
m i n a t i o n  of MWD and d i s t r i b u t i o n  o f  t h e  c o m p o s i t i o n  o f  

copolymers  was proposed  by Owens and C o b l e r  ( 3 2 9 ) .  Two 
works (330 ,331)  summarize fundamen ta l  t h e o r e t i c a l  p r i n -  
c i p l e s  o f  t h e  d e t e r m i n a t i o n  o f  MWD o f  copolymers  u s i n g  
d i f f e r e n t  methods ,  i n c l u d i n g  S E C .  A few p a p e r s  (278-281)  
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16 JANCA 

p r e s e n t e d  t h e o r e t i c a l  a n a l y s i s  o f  t h e  i n t e r p r e t a t i o n  o f  
SEC d a t a  of b l o c k  copo lymers .  Accord ing  t o  t h e s e  p a p e r s  
i t  i s  p o s s i b l e  t o  e v a l u a t e  by means of a l i n e a r  i n t e r -  
p o l a t i o n  between p a r a l l e l  and n o n - p a r a l l e l  c a l i b r a t i o n  
c u r v e s  o f  t h e  c o r r e s p o n d i n g  homopolymers MWD of d i - ,  
a t  t h e  maximum t r i b l o c k  copo lymers .  Runyon e t  a l .  (288) 
employed t h i s  method e x p e r i m e n t a l l y  and  e v a l u a t e d  p o i n t -  
by -po in t  t h e  s i m u l t a n e o u s  chromatogram of  t h e  d i f f e r e n -  
t i a l  r e f r a c t o m e t e r  and  t h e  UV d e t e c t o r  f o r  s t y r e n e - b u -  
t a d i e n e  copolymer .  Even i n  t he  c a s e  of c o p o l y m e r s ,  a 
number of p a p e r s  have been  d e v o t e d  Y O  t h e  p rob lems  
a s s o c i a t e d  w i t h  t h e  u n i v e r s a l  c a l i b r a t i o n  (45,46,59,130, 

317,325,326). I n f l u e n c e  of t h e  a d d i t i o n  o f  a n  e l e c t r o -  
l y t e  on t h e  u n i v e r s a l  c a l i b r a t i o n  c u r v e  of copo lymers  
t h a t  r e p r e s e n t  p o l y e l e c t r o l y t e s  was s t u d i e d  i n  s e v e r a l  
works  ( 1 8 0 , 3 2 3 , 3 2 6 ) .  E v a l u a t i o n  o f  MWD of copo lymers  was 
made p o s s i b l e  by u s i n g  an a u t o m a t i c  t h rough- f low v i s c o -  
me te r  coup led  w i t h  a ch romatograph  (130,291). U n i v e r s a l  
c a l i b r a t i o n  was p r e f e r r e d  e x p e r i m e n t a l l y  t o  t h e  l i n e a r  
i n t e r p o l a t i o n  between c a l i b r a t i o n  c u r v e s  of p a r t i c u l a r  
homopolymers ( 1 5 5 , 2 8 6 ) .  A d i s c o n t i n u o u s  p r o c e d u r e  f o r  
t h e  e v a l u a t i o n  o f  SEC d a t a  (181,276,294,300,332) h.as 
a l s o  been a p p l i e d .  Compos i t ion  of copo lymers  was de-  
t e rmined  by I R  s p e c t r o m e t r y  i n  s e p a r a t e d  f r a c t i o n s ,  
S e v e r a l  p a p e r s  were conce rned  w i t h  t h e  s t u d y  of b ran -  
c h i n g  o f  v a r i o u s  copo lymers  (67,130,131,283,294,301, 
316,317). Even i n  t h e  c a s e  o f  copo lymers  s e v e r a l  works 
were d e v o t e d  t o  t h e  d e t e r m i n a t i o n  of t h e  d i s t r i b u t i o n  
o f  d i f f e r e n t  f u n c t i o n a l  and t e r m i n a l  g r o u p s  (145 ,181)  
by u s i n g  an  I R  d e t e c t o r  and a s p e c i f i c  d e t e c t o r  based  
on t h e  r e a c t i o n  o f  ozone  w i t h  d o u b l e  bonds (125) .  T h e  
c o u r s e  o f  c o p o l y m e r i z a t i o n  o f  d i f f e r e n t  comonomeric 
p a i r s  was s t u d i e d  u n d e r  v a r i o u s  c o n d i t i o n s  ( 2 7 5 , 2 9 4 ,  

131,136,155,178~180,203,282,286,291-294,299,308-313,316, 
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SIZE EXCLUSION CHROMATOGRAPHY 17 

2 9 5 , 3 0 1 , 3 1 4 , 3 2 5 , 3 3 3 ) .  D e g r a d a t i o n  of s t y r e n e - b u t a d i e n e  
copolymer  (285)  was s t u d i e d  a l o n g  w i t h  s t r u c t u r e  of 
o l e f i n  copolymers  w i t h  t h e  a i d  of d e g r a d a t i o n  by fumic  
n i t r i c  a c i d  and MWD of t h e  d e g r a d a t i o n  p r o d u c t s  was de- 
t e rmined  u s i n g  SEC method ( 9 4 ) .  T h e  r e s u l t s  of  SEC were 
compared w i t h  t h o s e  of t h i n - l a y e r  ch romatography  f o r  

s t y r e n e - b u t a d i e n e  copolymer  ( 1 5 5 )  and v i s c o m e t r y  f o r  
v i n y l  c h l o r i d e - v i n y l i d e n e  c h l o r i d e  copolymer  ( 3 0 6 ) .  
P r e p a r a t i v e  S E C  was a l s o  e x p l o i t e d  f o r  f r a c t i o n a t i o n  
o f  copo lymers  (289,300,309,310,326,334-336). A n e -  
c e s s i t y  of f i l t e r i n g  s t y r e n e - b u t a d i e n e  copolymers  
p r i o r  t o  SEC s e p a r a t i o n  i n  o r d e r  t o  p r e v e n t  column 
p l u g i n g  ( 1 2 7 )  and a n e c e s s i t y  of c o r r e c t i n g  chromato-  
grams of copo lymers  f o r  v a r i a t i o n s  i n  i n c r e m e n t s  of 
r e f r a c t i v e  i n d i c e s  caused  by v a r i a t i o n s  i n  c h e m i c a l  
c o m p o s i t i o n  ( 1 4 9 )  i s  an  i m p o r t a n t  knowledge from t h e  
v i e w p o i n t  of e x p e r i m e n t a l  work,  C o n t e n t  o f  g e l  was de- 
t e rmined  i n  i r r a d i a t e d  copo lymers  ( 3 1 8 , 3 1 9 ) .  P e c u l i a r  
a p p l i c a t i o n s  of S E C  were d e s c r i b e d  f o r  copolymers  

i m p o r t a n t  f o r  l a c q u e r ' s  p u r p o s e s  ( 3 0 7 , 3 3 7 , 3 3 8 ) ,  f o r  e- 
l a s t o m e r s  w i t h  o i l  a d d i t i v e s  ( 1 6 2 , 1 6 3 )  and f o r  l i q u i d  
r u b b e r s  ( 3 0 2 , 3 0 3 ) .  

POLYALKYLENE AND POLYARYLENE O X I D E S  

S e v e r a l  fundamen ta l  works d e s c r i b e d  p r i n c i p l e s  f o r  
t he  s e l e c t i o n  o f  t h e  e x p e r i m e n t a l  c o n d i t i o n s  s u i t e d  f o r  
SEC s e p a r a t i o n s  o f  p o l y a l k y l e n e  and p o l y p h e n y l e n e  o x i d e s  
(339-348)  of d i f f e r e n t  t y p e ,  c o v e r i n g  a wide r a n g e  of 
t h e  s a m p l e s  unde r  i n v e s t i g a t i o n  from h i g h  m o l e c u l a r  w e i g h t s  
down t o  o l i g o m e r s .  A p p l i c a b i l i t y  o f  u n i v e r s a l  c a l i b r a t i o n  
was t e s t e d  s u c c e s s f u l l y  i n  two works ( 3 4 9 , 3 5 0 ) .  

P r o p e r t i e s  of  p o l y a l k y l e n e  o x i d e s  ( 3 5 1 )  i n  s o l u t i o n  
were s t u d i e d  i n  d e t a i l  a l o n g  w i t h  t h e  i n f l u e n c e  of  t h e  
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i n t e r a c t i o n s  o f  p o l y a l k y l e n e  o x i d e s  b o t h  w i t h  s o l v e n t  and 
g e l  on SEC s e p a r a t i o n  ( 1 8 2 , 3 3 9 , 3 5 2 ) .  W i t h  t h e  a i d  o f  SEC 
t h e  c o u r s e  o f  p o l y m e r i z a t i o n  ( 3 5 3 )  and d e g r a d a t i o n  ( 3 4 2 )  
was s t u d i e d .  The compar i son  was d e s c r i b e d  o f  SEC and 
t h i n - l a y e r  ch romatography  ( 3 5 4 )  i n  o r d e r  t o  d e t e r m i n e  
a l s o  t h e  d i s t r i b u t i o n  o f  f u n c t i o n a l  g r o u p s  o f  p o l y a l k y -  
l e n e  o x i d e s .  A d d i t i o n a l l y  t h e  SEC r e s u l t s  were compared 
w i t h  t h e  r e s u l t s  of l i g h t - s c a t t e r i n g  and v i s c o m e t r y  
(348,350) and w i t h  t h o s e  o f  d i a l y s i s  ( 355) .  SEC was also 
used  f o r  p r e p a r a r i v e  f r a c t i o n a t i o n  o f  p o l y a l k y l e n e  
o x i d e s  ( 1 9 3 , 3 5 6 ) ,  

POLYESTERS, POLYCARBONATES 

T h i s  s e c t i o n  w i l l  t r e a t  SEC a p p l i c a t i o n s  t o  t h e  
a n a l y s i s  of p o l y e t h y l e n e  t e r e p h t h a l a t e  (PET) ( 1 7 4 ,  357- 

360), p o l y t e t r a m e t h y l e n e  t e r e p h t h a l a t e  (361), 
p o l y c a r b o n a t e s  (20 ,362-368)  and v a r i o u s  o t h e r  po ly -  
e s t e r s  ( 1 7 4 , 3 6 9 - 3 7 6 ) .  I n  v iew of t h e  s e l e c t i o n  of t h e  
optimum e x p e r i m e n t a l  c o n d i t i o n s  f o r  SEC, o f  p a r t i c u l a r  
i n t e r e s t  i s  t h e  w o r k  ( 3 5 9 )  d e a l i n g  w i t h  t h e  s e l e c t i o n  
of s u i t a b l e  s o l v e n t  f o r  t h e  s e p a r a t i o n  o f  PET s i n c e  
i t s  d e g r a d a t i o n  was o b s e r v e d  (359) i n  m - c r e s o l  used  
a t  h i g h e r  t e m p e r a t u r e s .  Mixed s o l v e n t s ,  e , g . ,  t e t r a -  
ch lo romethane  w i t h  0.5 % of n i t r o b e n z e n e  ( 3 5 9 ) ,  w h i c h  
a r e  u s a b l e  a t  room t e m p e r a t u r e ,  a p p e a r e d  a d v a n t a g e o u s  
s i n c e  PET d e g r a d a t i o n  d o e s  n o t  o c c u r .  

O f  d i f f e r e n t  me thods ,  c a l i b r a t i o n s  w i t h  v a r i o u s  
p o l y e s t e r  ( 3 7 6 )  and p o l y c a r b o n a t e  ( 3 6 6 )  f r a c t i o n s ,  ca-  
l i b r a t i o n s  u s i n g  Q f a c t o r  ( 3 7 0 )  and even u n i v e r s a l  ca- 
l i b r a t i o n  a p p l i e d  t o  PET and p o l y e s t e r s  ( 1 7 4 )  and po ly -  
c a r b o n a t e s  (362,364) were  d e s c r i b e d .  SEC was also used  
t o  i n v e s t i g a t e  p o l y m e r i z a t i o n  of p o l y e s t e r s  o r  po ly -  
c a r b o n a t e s  ( 3 6 8 , 3 7 1 ) .  PET p h o t o d e g r a d a t i o n  ( 3 5 7 )  was 
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SIZE EXCLUSION CHROMATOGRAPHY 19 

a l s o  s t u d i e d .  The r e s u l t s  of SEC were compared w i t h  
t h o s e  of l i g h t - s c a  t t e r i n g ,  v i s c o m e t r y  and osmomet ry  
(174,366,370). P r e p a r a t i v e  5 E C  f r a c t i o n a t i o n  of po ly -  
c a r b o n a t e s  and PET (357,365) was r e p o r t e d .  F u r t h e r m o r e ,  
some p o l y e s t e r s  (373)  o f  p r a c t i c a l  i m p o r t a n c e  were ana-  
l y z e d .  

POLYAMIDES 

U t i l i z a t i o n  of SEC f o r  t h e  s t u d y  of po lyamides  i s  
c o m p l i c a t e d  by t h e  p roblems a s s o c i a t e d  w i t h  t h e i r  s o l u -  
b i l i t y .  The f o l l o w i n g  s o l v e n t s  were t e s t e d  f o r  SEC of 
p o l y a m i d e s :  o - c h l o r o p h e n o l  (377) a t  1 0 0 ° C ,  however ,  ad- 
s o r p t i o n  o f  l ow-molecu la r  w e i g h t  components  on s t y r e n e -  
d i v i n y l b e n z e n e  g e l s  d e s t o r t i n g  f i n a l  v a l u e s  of t h e  MWD 

was o b s e r v e d ;  hexamethylphosphorotriamide (378) ;  

m-creso l  (379,380) a t  120'-130 C, however ,  u n d e r  t h e s e  
c o n d i t i o n s  d e g r a d a t i o n  of po lyamides  d u r i n g  SEC (381, 

382) c a n  o c c u r ;  m - c r e s o l / c h l o r o b e n z e n e  (381,382),  a 
mixed s o l v e n t  f o r  which t h e  optimum c o n d i t i o n s  were  
found t o  be 1:1 r a t i o  and t e m p e r a t u r e  of 43OC; m-cre- 
s o l / c h l o r o f o r m  mixed s o l v e n t  a t  room t e m p e r a t u r e ;  96 % 
s u l p h u r i c  a c i d  ( co lumns  packed w i t h  s i l i c a  g e l )  f o r  
aroma t i c  po lyamides  (383) .  V a l i d i t y  of u n i v e r s a l  c a l i -  
b r a t i o n  was v e r i f i e d  e x p e r i m e n t a l l y  u n d e r  v a r i o u s  con- 
d i t i o n s  (379,381,382). I t  was even  c o n f i r m e d  f o r  t h e  
c i t e d  s y s t e m  of a r o m a t i c  po lyamides  i n  96 % s u l p h u r i c  
a c i d  and  PS i n  THF i n  t h e  same s e p a r a t i o n  sys t em (383) .  

T h e  p r i n c i p l e  of u n i v e r s a l  c a l i b r a t i o n  was a p p l i e d  i n  
o r d e r  t o  d e t e r m i n e  b r a n c h i n g  of po lyamide  Nylon66 (379) .  

I n  t h i s  p a p e r ,  good r e s u l t s  were a l s o  o b t a i n e d  even  
by c a l i b r a t i n g  by means of Q f a c t o r .  P o l y m e r i z a t i o n  
of po lyamide  (380-382) was i n v e s t i g a t e d  and commerci-  
a l l y  manufac tu red  po lyamides  (384-386) were a n a l y z e d  
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20 JANCA 

w i t h  t h e  a i d  of SEC. I n t e r e s t i n g  r e s u l t s  were o b t a i n e d  
on s t u d y i n g  po lyamides  which have c h a r a c t e r  of p o l y e l e -  
c t r o l y t e s  (387,388) a t  v a r i o u s  c o n c e n t r a t i o n s  and 
i o n i c  s t r e n g t h s .  

POLY URETHAhE S 

I n  one e x p e r i m e n t a l  work (389) t h e  p o s s i b i l i t i e s  
a r e  shown o f  a p p l y i n g  SEC t o  t h e  a n a l y s i s  of p o l y u r e -  
t h a n e s ,  U n i v e r s a l  c a l i b r a t i o n  was v e r i f i e d  f o r  po ly -  
u r e t h a n e s  by Vakh t ina  e t  a l .  ( 3 9 0 ) .  T h e  r e l a t i o n s h i p s  
between MWO and d i s t r i b u t i o n  of f u n c t i o n a l  g r o u p s  

of p o l y u r e t h a n e s  were s t u d i e d  u s i n g  SEC (391) .  O t h e r  
works were aimed a t  t h e  a p p l i c a t i o n s  of SEC a s  a 
c o n t r o l  a n a l y t i c a l  method f o r  p r e p a r i n g  p o l y u r e t h a n e s  
(392) and f o r  a n a l y z i n g  i n i t i a l  components  f o r  t he  
p r e p a r a t i o n  of p o l y u r e t h a n e s  (393) .  

POLY S I LOXANES 

P o l y d i m e t h y l s i l o x a n e s ,  p o l y d i p r o p y l s i l o x a n e s ,  
p o l y d i p h e n y l s i l o x a n e s  and  some o t h e r s  were s t u d i e d .  
I n  t h e s e  ca ses  a s c a l e  of s o l v e n t s  f o r  S E C  s c p a r a -  
t i o n s  i s  f a i r l y  wide ;  THF, t r i c h l o r o e t h y l e n e ,  t o l u -  
e n e ,  benzene  and c h l o r o f o r m  were a p p l i e d ,  E a r l y  pu- 
b l i s h e d  works were of q u a l i t a t i v e  c h a r a c t e r  o n l y ,  
d e f i n i n g  fundamen ta l  p o s s i b i l i t i e s  o f  u s i n g  SEC (394, 
395). V a l i d i t y  of u n i v e r s a l  c a l i b r a t i o n  was n o t  con- 
f i rmed  i n  one c a s e  u s i n g  THF a s  a s o l v e n t  (396) .  I n  
o t h e r  c a s e s ,  t h e  r e s u l t s  were p o s i t i v e  (129 ,397-401)  
even under  t h e  c o n d i t i o n s  a p p l y i n g  the rmodynamica l ly  
p o o r  s o l v e n t  (402-406). 

p r e p a r i n g  p o l y p h e n y l s i l o x a n e  ( 4 0 7 , 4 0 8 )  and a n i o n i c  
SEC was used t o  s t u d y  d i f f e r e n t  p r o c e d u r e s  f o r  
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SIZE EXCLUSION CHROMATOGRAPHY 21 

copo lymer i zaXion  of o r g a n i c  c y c l i c  s i l o x a n e s  ( 4 0 9 ) .  
Chemica l  c o m p o s i t i o n  of copolymer  f r a c t i o n  a f t e r  SEC 

s e p a r a t i o n  was s t u d i e d  u s i n g  NMR. V a r i a t i o n s  i n  MWD 

of p o l y s i l o x a n e  s o l u t i o n s  were s t u d i e d  u s i n g  d e g r a d a -  
t i o n  a c t i o n  o f  u l t r a s o u n d  ( 4 1 0 , 4 1 1 )  w i t h  an IR detec-  
t o r .  T h e  r e s u l t s  of SEC were c o r r e l a t e d  w i t h  t h o s e  of 
o t h e r  methods f o r  d e t e r m i n i n g  m o l e c u l a r  w e i g h t s  and 
MWD, s u c h  a s  p r e c i p i t a t i o n  f r a c t i o n a t i o n  and g a s  
chromatography ( 4 1 2 ) ,  r e v e r s e d  phase  ch romatography  
( 4 1 3 ) ,  u l t r a c e n t r i f u g a t i o n  ( 3 9 8 ) ,  v i s c o m e t r y  and l i g h t -  
s c a t t e r i n g  ( 3 9 6 ) .  Two p a p e r s  on p r e p a r a t i v e  SEC f r a c -  
t i o n a t i o n  ( 1 1 4 , 4 1 4 )  were p u b l i s h e d  and a n o t h e r  one on 
t h e  s t u d y  of po lymer -po lymer - so lven t  i n t e r a c t i o n s  ( 1 8 3 ) .  

POLYSU LPHONES 

S e v e r a l  works (144 ,172 ,364 ,415-417)  have s t u d i e d  
p o l y s u l p h o n e s  w i t h  t h e  a i d  of SEC method.  One  of t h e  
f i r s t  p a p e r s  ( 4 1 7 )  s p e c i f i e d  g e n e r a l  c o n d i t i o n s  f o r  t h e  

a p p l i c a t i o n  o f  THF ( a t  a t e m p e r a t u r e  o f  40 C )  a s  a s o l -  
v e n t ,  t h e  S E C  r e s u l t s  were compared w i t h  l i g h t - s c a t t e r -  
i n g  and osmometry.  U n i v e r s a l  c a l i b r a t i o n  was t e s t e d  
and i t s  v a l i d i t y  conf i rmed  ( 3 6 4 ) .  A compar ison  of co- 
l u m n  f r a c t i o n a t i o n  w i t h  SEC was a l s o  s t u d i e d  f o r  po ly -  
s u l p h o n e  samples  ( 1 4 4 ) .  E x p e r i m e n t a l  c o m p l i c a t i o n s  ( 1 7 2 )  
were met and e x p l a i n e d  by p o l y s u l p h o n e  r e a c t i o n  w i t h  

column p a c k i n g .  L a t e r  work by o t h e r  a u t h o r s  ( 4 1 5 , 4 1 6 )  
n e g a t e s  t h e s e  c o m p l i c a t i o n s  a s  w e l l  a s  t h e i r  e x p l a -  
n a t i o n .  

0 

OTHER POLYMERS 

Some works i n v e s t i g a t e d  c o u r s e  of p o l y m e r i z a t i o n  
and MW5 o f  p o l y p h e n y l a c e t y l e n e  (418-420)  and MWD o f  po- 
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l y f u r f u r y l  a l c o h o l  (421-424)  which i s  used  f o r  p r e p a r -  
i n g  d e f i n e d  g r a p h i t e ,  P a r t i c u l a r  p a p e r s  d e s c r i b e d  SEC 
a p p l i c a t i o n s  t o  t h e  s t u d i e s  o f  c o n f o r m a t i o n s  o f - p o l y -  
( a - p h e n y l e t h y l i s o c y a n i d e )  i n  s o l u t i o n  ( 4 2 5 ) ,  b r a n c h i n g  
o f  p o l y m e t h y l i n d e n e s  (426), p r e p a r a t i o n  o f  cyc locopo-  
l y m e r s  of m a l e i c  a n h y d r i d e  ( 4 2 7 ) ,  MWO of p o l y b r o m o t r i -  
f l u o r o e t h y l e n e  ( 4 2 8 )  and some f l u o r o a l k y l e n e  e t h e r  
po lymers  ( 4 2 9 ) .  
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