
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 24 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Journal of Liquid Chromatography & Related Technologies
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713597273

Gel Permeation Chromatography: Problems Caused by Polydispersity in
the Application of the Benoit's Universal Parameter
Didier Lecacheuxa; James Leseca; Claude Quivorona

a Laboratoire de Physico-Chimie des polymères, Paris, Cedex 05, FRANCE

To cite this Article Lecacheux, Didier , Lesec, James and Quivoron, Claude(1982) 'Gel Permeation Chromatography:
Problems Caused by Polydispersity in the Application of the Benoit's Universal Parameter', Journal of Liquid
Chromatography & Related Technologies, 5: 2, 217 — 228
To link to this Article: DOI: 10.1080/01483918208069067
URL: http://dx.doi.org/10.1080/01483918208069067

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713597273
http://dx.doi.org/10.1080/01483918208069067
http://www.informaworld.com/terms-and-conditions-of-access.pdf


JOURNAL OF LIQUID CHROMATOGRAPHY, 5(2) ,  217-228 (1982) 

GEL PERMEATION CHROMATOGRAPHY : PROBLEMS CAUSED BY POLYDISPERSITY 
I N  THE APPLICATION OF THE B E N O I T ' S  LINIVERSAL PAFAMETER. 

D i d i e r  Lecacheux ,  James L e s e c  and Claude  Q u i v o r o n ,  

L a b o r a t o i r e  d e  Phys ico-Chimie  d e s  p o l y m e r e s ,  (CNRS-LA 2 7 8 ) ,  
E.S.P.C.I . ,  10,  Rue V a u q u e l i n  - 75231 P a r i s  Cedex 05 (FRANCE). 

ABSTRACT 
T h e  a p p l i c a t i o n  o f  the B e n o i t ' s  u n i v e r s a l  c a l i b r a t i o n  

Ln(rl1.M = f ( V e )  i n  GPC i s  examined t h r o u g h  the g e n e r a l  p r o b l e m  of 
p o l y d i s p e r s i t y ,  when a n  a t t e m p t  i s  made t o  r e p r e s e n t  a m i x t u r e  o f  
d i f f e r e n t  m a c r o m o l e c u l e s  b y  a s i n g l e  p a r a m e t e r  [sl .M. The  r e c e n t l y  
p r o p o s e d  [n) .Mn p a r a m e t e r  l e a d s  t o  a n  ambiguous  i n t e r p r e t a t i o n  o f  
u n i v e r s a l  c a l i b r a t i o n  i we t r y  t o  c l a s s i f y  the  p r o b l e m s  i n t o  three 
f a m i l i e s .  F o r  the comparison  of l i n e a r  homopolymers  o f  d i f f e r e n t  
p o l y d i s p e r s i t i e s  o n l y  b y  t h e i r  p e a k  a p e x ,  there i s  no g e n e r a l  f o r m  
of u n i v e r s a l  p a r a m e t e r .  In  the c h a r a c t e r i z a t i o n  o f  h e t e r o g e n e o u s  
p o l y m e r s ,  s u c h  a s  branched  p o l y m e r s  or c o p o l y m e r s ,  (111, .%. i s  the 
f o r m  t o  be used  i n  the GPC c a l c u l a t i o n s ,  I t  l e a d s  t o  ( r l f a n d ' K  when 
u s i n g  the GPC-viscometer  c o u p l i n g  b u t  Mw c a n  o n l y  be s t r i c t l y  o b t a i n e d  
b y  the l i g h t  s c a t t e r i n g  c o u p l i n g .  F i n a l l y ,  the a p p a r e n t  p o l y d i s p e r s i t y  
c a u s e d  b y i n s t r u m e n t a l  s p r e a d i n g  c a n n o t  g e n e r a l l y  be r e p r e s e n t e d  b y  
the  ( n 1  Mn. p a r a m e t e r .  i' 1 

INTRODUCTION 
In  the e a r l y  d a y s  o f  G e l  P e r m e a t i o n  Chromatography (GPC) ( l ) ,  

i t  a l r e a d y  appeared  t h a t  macromolecule  s e p a r a t i o n  was not d i r e c t l y  

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

l a r  s i z e .  To t a k e  th is  e f f e c t  i n t o  a c c o u n t ,  some p a r a m e t e r s  were 

s u c c e s s i v e 1  y p r o p o s e d  : 

- 

- the e x t e n d e d  c h a i n  l e n g t h  and the s u b s e q u e n t  Q f a c t o r  ( 2 ) .  

- the p r o d u c t  ( ~ I ) ~ / ~ . M ~ / ~  ( 3 )  where  ( r l l  i s  the  l i m i t i n g  v i s c o s i t y  

number and M the m o l e c u l a r  w e i g h t .  B e s i d e s  their lack of t h e o r e t i c a l  
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218 LECACHEUX, LESEC, AND QUIVORON 

b a s i s ,  those p a r a m e t e r s  d o  not  e x h i b i t  the u n i v e r s a l  c h a r a c t e r  

r e q u i r e d  f o r  the i n t e r p r e t a t i o n  o f  GPC d a t a .  In 1966,  B e n o i t  e t  a 1  

( 4 ,  5 )  d e m o n s t r a t e d  the u n i v e r s a l i t y  of the p r o d u c t  ( n 1 . M  a s  

a c a l i b r a t i o n  c o n c e p t .  B e s i d e s  i t s  s i m p l i c i t y ,  t h i s  p a r a m e t e r  is 

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

theory ( 6 )  f o r  l i n e a r  p o l y m e r s  : 

[ n )  = 8' RG3 3- 
where  RG i s  the p o l y m e r  r a d i u s  of g y r a t i o n  i n  so lu t ion ,  and Eins te in ' s  

e q u a t i o n  ( 7 )  g i v i n g  the v i s c o s i t y  o f  s p h e r i c a l  p a r t i c l e s  i n  s u s p e n s i o n  : 

V 
M 

( r l )  = K.- 

where  v i s  the p a r t i c l e  v o l u m e ,  A n a l o g o u s l y ,  S a d r o n  ( 8 )  y a v e  a 

d e f i n i t i o n  o f  the m a c r o m o l e c u l e  h y d r o d y n a m i c  v o l u m e  V : 
H 

f T l 1 . M  = K.V H 

The  p a r a m e t e r  ( r l1  .M i s  t h e r e f o r e  p r o p o r t i o n a l  t o  the e q u i v a l e n t  

volume o f  a m a c r o m o l e c u l e  i n  a s t r e a m  and a s s u m i n g  t h a t  the CPC s e p a -  

r a t i o n  i s  o n l y  b a s e d  upon s i z e  e x c l u s i o n ,  i t  can be d i r e c t l y  l i n k e d  t o  

the e l u t i o n  volume b y  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 " .  E x c e p t  f o r  some 

J i i g h l y  b r a n c h e d  p o l y m e r s  ( 9 ,  l o ) ,  t h i s  c o n c e p t  h a s  been w i d e l y  v e r i f i e d  

and i s  now u n a n i m o u s l y  a c c e p t e d .  

U s i n g  this  s i n g l e  a s s u m p t i o n ,  we h a v e  examined  the i n f l u e n c e  o f  

p o l y d i s p e r s i t y  i n  the a p p l i c a t i o n  of u n i v e r s a l  c a l i h r a t i o n .  T h i s  

p a r a m e t e r  i s  not  t a k e n  i n t o  a c c o u n t  i n  the t h e o r y  b u t  o f t e n  c o n f u s e s  

the i n t e r p r e t a t i o n  of GPC d a t a .  P r o b l e m s  r e l a t e d  t o  p o l y d i s p e r s i t y  were  

e n c o u n t e r e d  i n  three d i f f e r e n t  ways we h a v e  s u c c e s s i v e l y  examined  : 

- c o m p a r i s o n  of p o l y m e r s  o f  d i f f e r e n t  p o l  y d i s p e r s i t i e s  

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

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

COMPARISON OF POLYA4ERS OF DIFFtFtNT POLYP7SPERSlsg 
Genera l  c a s e .  ------------ 

T h i s  i s  the m o s t  f r e q u e n t  p r o b l e m .  I t  i s  e n c o u n t e r e d  e v e r y  t i m e  

a t t e m p t s  a r e  made t o  c h a r a c t e r i z e  the b e h a v i o u r  of a m a c r o m o l e c u l a r  

sample  b y  a s i n g l e  p o i n t  Of  the C u r v e  Ln(rl1.M = f ( V e ) .  I t  concerns 

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

b u t  m a i n l y  the c o m p a r i s o n  of p o l y m e r s  w i t h  d i f f e r e n t  p o l y d i s p e r -  

s i t ies  u s i n g  the u n i v e r s a l  c a l i b r a t i o n  c o n c e p t .  W e  w i l l  a s sume  here 

t h a t  a x i a l  d i s p e r s i o n  c a u s e d  b y  i n s t r m e n t a l  s p r e a d i n g  i s  n e g l i g i b l e .  
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GEL PERMEATION CHROMATOGRAPHY 219 

Whereas a s i n g l e  m o l e c u l a r  w e i g h t  M i s  e x p e c t e d ,  a set  o f  m o l e c u l a r  

w e i g h t s  M ., h a v i n g  a l i m i t i n g  v i s c o s i t y  number ( n )  i s  p r a c t i c a l l y  

c o n s i d e r e d ,  the chromatogram s p r e a d i n g  o u t  a cer ta in  r a n g e  i n  e l u t i o n  

v o l u m e s .  As i t  i s  i m p o s s i b l e  t o  d e t e r m i n e  a n y  set o f  v a l u e s  (M ( n )  ., 
V e  , )  c o r r e s p o n d i n g  to  the m o n o d i s p e r s e  f r a c t i o n  j f o r  the a p p l i c a t i o n  

o f  the u n i v e r s a l  c a l i b r a t i o n  c o n c e p t ,  we h a v e  t o  u s e  a set of mean 

v a l u e s .  Some are d i r e c t l y  measured ,  s u c h  a s  : 

1 j 

1' 1 

J 

- -  - the  number 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  Mn, Mw 

- the p e a k  e l u t i o n  volume Ve a n d ,  v e r y  r a r e l y ,  the w e i g h t - a v e r a g e  
P 

e l u t i o n  volume Ve ( 1 1 )  
C[n) . c .  
u2 

W 

- the l i m i t i n g  v i s c o s i t y  number ( n l  = I: c j  
J 

T h e  a v e r a g e  ( n )  b e i n g  t h u s  s t a t e d ,  the o n l y  coherent set o f  

v a l u e s  i s ,  a c c o r d i n g l y  ( 1 2 )  : ( n l ,  the  v i s c o m e t r i c  a v e r a g e  m o l e c u l a r  

w e i g h t  % and Ve 

U n f o r t u n a t e l y ,  t h i s  o n l y  v a l i d  s o l u t i o n  : 

e l u t i o n  volume o f  the m o l e c u l e s  j s u c h  a s  M .= %. 
.l 

ln (n) .MJ = f ( V e v )  

i s  i n a c c e s s i b l e  b y  e x p e r i m e n t .  I t  i s ,  then,  n e c e s s a r y  t o  f i n d  the best 

approach .  Some a s  : 

I n ( r 7 1 . G  = f ( v e p )  

I ~ ( Q I  V K ' Z  = f ( v e  or 
P 

a r e  the m o s t  w i d e l y  u s e d .  R e c e n t l y ,  (nl.Mn was p r o p o s e d  ( 1 3 )  a s  the 

g e n e r a l  p a r a m e t e r  of u n i v e r s a l  c a l i b r a t i o n  ; t h a t  l e a d s  t o  the c o n f u s i o n  

of c o n s i d e r i n g  (n1 .Mf; t o  r e p r e s e n t  

T h i s  f o r m ,  a s  a n y  form s u c h  a s  l n ( n 1 . z  = f ( V e  ) has no theoretical 

b a s i s  b e c a u s e  no a v e r a g e  m o l e c u l a r  w e i g h t  a s s o c i a t e d  w i t h  the in t r ins i c  

v i s c o s i t y  and the p e a k  e l u t i o n  volume can r e p r e s e n t  the u n i  v e r s a 1  

c a l i b r a t i o n  c o n c e p t .  However,  we s h a l l  d e m o n s t r a t e  t h a t  s i m p l e  forms 

c a n  be u s e d  f o r  some m o d e l s  o f  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  : the 

W e s s l a u  d i s t r i b u t i o n ,  and the S c h u l z  d i s t r i b u t i o n .  

the b e h a v i o u r  of a broad d i s t r i b u t i o n .  

P 

c a z  _ o _ f _ t h e _ _ W e s _ s _ l _ a _ ~ - ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ o _ ~ .  
T h i s  s i m p l e  model  c a n  be c o n s i d e r e d  a s  a good a p p r o x i m a t i o n  of the 

d i s t r i b u t i o n  c u r v e  o f  some m a c r o m o l e c u l a r  s a m p l e s .  I t  i s  e x p r e s s e d  b y  : 

1 1 W(LnM) = c . e x p ( -  7 . I n z K )  
B MP B f i  

where  W(LnM) i s  the w e i g h t  f r a c t i o n ,  M , the  p e a k  m o l e c u l a r  w e i g h t  
P 
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220 LECACHEUX, LESEC, AND QUIVORON 

and 6, a f u n c t i o n  o f  the  d i s t r i b u t i o n  w i d t h .  A v e r a g e  m o l e c u l a r  w e i g h t s  

a r e  e a s i l y  o b t a i n e d  b y  : 
82 
7) 

0 2  
P 4 

R2 

- 
Mn = M . e x p ( -  

F 
Mv = M .exp(a-) 

Mw = Mp.exp(T)  

- 

- 

where  a i s  the e x p o n e n t  o f  the Mark-Houwink r e l a t i o n s h i p  : 

( r l 1  = K S  

C o n s e q u e n t l y ,  we o b t a i n  : Mp =- 

By u s i n g  t h i s  p e a k  m o l e c u l a r  w e i g h t ,  M and the c o r r e s p o n d i n g  

P’ P P ’  

P’ 
p e a k  e l u t i o n  vo lume  V e  the v i scos i ty  t o  be u s e d  i s  : ( n )  = KM a 

w h i c h  i s  d i f f e r e n t  f r o m  the l i m i t i n g  v i s c o s i t y  number  : 

A c c o r d i n g l y ,  t h e  s i m u l t a n e o u s  u s e  of [ n l ,  M and V e  i s  not  s u i t a b l e .  

In o r d e r  t o  a p p l y  [ n ) ,  which  i s  the o n l y  v a l u e  a v a i l a b l e ,  we c a n  w r i t e  : 
P P 

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

be u s e d  : 

01 

T h i s  e x p r e s s i o n  can be s i m p l i f i e d  b y  i n t r o d u c i n g  the p o l y d i s p e r s i t y  

i n d e x  r = M” : I-,2 -1 -a2 - - -  -L 
Aii 

M = Mn.I 2 = MW.I 2 

C o n s e q u e n t l y ,  i n  the c a s e  of the W e s s l a u  d i s t r i b u t i o n ,  the correct 

f o r m  o f  the u n i v e r s a l  c a l i b r a t i o n  i s  : 

As t h i s  e q u a t i o n  i s  d i f f i c u l t  t o  a p p l y ,  we h a v e  examined  the 

errors i n t r o d u c e d  when u s i n g  the c l a s s i c a l  a p p r o x i m a t i o n s  [ 1 1 ) . M n ,  

( 0 1  .G and (17) .-plotted i n  F i g u r e  1 .  The  errors a r e  : 

- 
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GEL PERMEATION CHROMATOGWHY 221 

~ i ~ u f e - ~  : Errors i n t r o d u c e d  by the c l a s s i c a l  a p p r o x i m a t i o n s  

i n  the c a s e  o f  the W e s s l a u  d i s t r i b u t i o n .  

1 
1 2 

: A = - - l n r . ( 1 - a 2 )  for (711 .Mn 

A = - - 1 n I . a 2  1 
2 2  

f o r  [~II.GZZ : 

The p a r a m e t e r  In).& o b v i o u s l y  a p p e a r s  t o  be the w o r s t  one. 

T h e  best  approach  d e p e n d s  upon the Mark Houwink e x p o n e n t  v a l u e  a. 

when a < 

when a > 0.7 it i s  (TI).= 

0.7 it i s  (?l)m 

In a d d i t i o n ,  1nI.Kis o n l y  s t r i c t l y  e x a c t  when a = 1 ,  which  

is a l i m i t i n g  form r a r e l y  e n c o u n t e r e d .  F i n a l l y ,  we notice t h a t ,  for 
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222 LECACHEUX, LESEC, AND QUIVORON 

the c l a s s i c a l  v a l u e  a = 0.7 ( i . e . p o l y s t y r e n e  i n  THF). the u n i v e r s a l  

c a l i b r a t i o n  p a r a m e t e r  i s  : 

-0 ,75 (n1.K.I ' g Z 5  or  [~I.MW.I 

A s  an example ,  l e t  u s  c o n s i d e r  the  s i t u a t i o n  when t w o  p o l y m e r s  

o f  d i f f e r e n t  p o l y d i s p e r s i t i e s ,  I % f and I % 2 ,  h a v i n g  the same p e a k  

e l u t i o n  vo lume,  a r e  compared.  In u s i n g  the (ql .Mn p a r a m e t e r ,  the 

v a l u e  i s  found t o  be a p p r o x i m a t l y  20% too h i g h .  C o n v e r s e l y ,  when 

a p p l y i n g  the [ q 1  .Mw p a r a m e t e r ,  an incorrect v a l u e  of a b o u t  40% 

too s m a l l  i s  o b t a i n e d .  

- 

- 

Case of the S c h u l z  d i s t r i b u t i o n .  ____________________-___------- 
The S c h u l z  d i s t r i b u t i o n  (15) i s  t h e o r e t i c a l l y  c a l c u l a t e d  i n  

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

can  r e p r e s e n t  the d i s t r i b u t i o n  c u r v e  o f  an i m p o r t a n t  p o r t i o n  o f  

macromolecular  s a m p l e s .  

I t s  e x p r e s s i o n  i s  : 
1 

W ( M )  = - yv+'Mv. e x p  (-yM) r ( i + v )  

w h e r e : -  r i s  the  c l a s s i c a l  gamma f u n c t i o n  : 

- -x n-1 F ( n )  = J e x d x  
0 

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

w e i g h t s  as f o l l o w s  : 
- 
Mn = v / r  
- 
Mw = ( V + l ) / y  

Mw/--= 1 + 1 / v  
- 

- M;: 
The v i s c o s i t y - a v e r a g e  m o l e c u l a r  w e i g h t  M v  c a n  be e a s i l y  c a l c u -  

l a t e d  ( a  i s  the Mark-Houwink e x p o n e n t )  : 

In  GPC,  the l o g a r i t h m i c  s h a p e  o f  e l u t i o n  chromatograms l e a d s  

t o  the peak  r e p r e s e n t a t i o n  : 
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GEL PERMEATION CHROMATOGRAPHY 223 

- 
In  t h i s  c a s e ,  the 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  Mw i s  

l o c a t e d  a t  the peak  a p e x ,  w h a t e v e r  the v a l u e s  o f  the  two 

p a r a m e t e r s  v and y may be. 

As we h a v e  the p e a k  e l u t i o n  volume Ve and the p e a k  m o l e c u l a r  
P - 

w e i g h t  M p  = Mw, the i n t r i n s i c  v i s c o s i t y  a t  the  p e a k  a p e x  i s  : 
---a (n) = K.MW 

P 

When u s i n g  the l i m i t i n g  v i s c o s i t y  number [TI), the a v e r a g e  

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

W i t h  the a b o v e  m e n t i o n e d  v a l u e ,  it comes : 

S u c h  a r e s u l t  i s  not p r a c t i c a l l y  e a s y  t o  u s e ,  b u t  c a l c u l a t i o n  

shows t h a t  the ( v + l )  a.F:::V\J,at -__ f a c t o r  r e m a i n s ,  i n  the c u r r e n t  c a s e s ,  

n e a r  u n i t y .  F o r  example  : 

- when v = 1 ,  the S c h u l z  d i s t r i b u t i o n  i s  c a l l e d  the m o s t  p r o b a b l e  

d i s t r i b u t i o n .  The mean t o  be u s e d  i s  : 

2a - -  
M = Mw.- I'(24a) 

where the za/r(2+a) p a r a m e t e r  v a r y i n g  f r o m  1 ( f o r  a = 1 )  t o  1.06 

( f o r  a = 0 . 5 ) .  

- v = 2 c o r r e s p o n d s  t o  the v i n y l  p o l y m e r i z a t i o n  when t e r m i n a t i o n  i s  

o n l y  d u e  t o  r a d i c a l  c o m b i n a t i o n .  

2.3a Here : M = MW.- 
- -  

r (3+a)  

(a=0.5) 
2.3a 6 1.04 

{ a = l )  .s T/3+a) w i t h  1 

As a r e s u l t ,  i n  the c a s e  o f  the S c h u l z  d i s t r i b u t i o n ,  the  u s e  

of the r e l a t i o n s h i p  : 

ln((n) .Elw) = f ( v e  ) 
P 

i s  c l e a r l y  the best one. I t  never i n t r o d u c e s  errors g r e a t e r  t h a n  a 

f e w  p e r c e n t ,  c o n t r a r y  t o  the W e s s l a u  d i s t r i b u t i o n .  
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224 LECACHEUX, LESEC, AND QUIVORON 

2 3 4 5 

Figure 2 : Comparison o f  three model chromatograms with the ____---- 
same peak molecular weight. 

As a conclusion of t h i s  f i r s t  p a r t ,  we have shown the importance 

o f  the molecular weight d i s t r ibu t ion  i n  the use o f  the Benoi t ' s  c a l i -  

bration concept. F i g u r e  2 i s  an example o f  the d is t r ibu t ions  w e  have 

developed here. 

P O L W I S P E R S I T Y  CAUSEU B Y  STRUCTURAL OR CHEhflCAL HETEROGENEITY. 
The principle  of macromolecule separation according t o  hydrodynamic 

volume leads t o  a separation of l inear  homopolymers by molecular weight. 

B u t  i n  the other cases (branched polymers, copolymers, ... ) many very 

d i f f e r e n t  molecules can exhibi t  the same hydrodynamic volume. 

Accordingly, each fract ion i n  the detector cell h a s  a po ly -  

dispers i ty  i n  molecular weight and one detector can only provide a 

mean value as a function of the  e lut ion volume Vei. To yet  more 

information on the molecular weight d i s t r ibu t ion ,  a second detector 

analyzing another polymer property must be coupled t o  the concentration 

detector. 

The GPC - viscometer coupling. ............................. 
This is the case when an on-line viscometer ( 1 4 )  i s  added t o  the 

GPC instrument t o  provide the eluant v i scos i ty  continuously. We herein 
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GEL PERMEATION CHROMATOGWHY 225 

m e n t i o n  

t o  branched  p o l y m e r  a n a l y s i s .  A t  the e l u t i o n  vo lume V e i ,  a m i x t u r e  

of d i f f e r e n t  m a c r o m o l e c u l e s  M i l ,  M i z . .  . M .  , w i t h  the same h y d r o d y n a m i c  

volume ( [ n l . M )  a r e  p r e s e n t  i n  the d e t e c t o r  cell (band b r o a d e n i n g  i s  

a g a i n  n e g l e c t e d )  : 

the p a p e r s  o f  C o n s t a n t i n  ( 1 6 )  and H a m i e l e c  (13) ’  r e l a t e d  

111 

i 

[ Q l i l . M i 1  = (Q). 1 2  .Mi2 = ... “ l l i j . M , .  1 J  = ( : n ] . M )  i 

AS the v i s c o m e t e r  m e a s u r e s  : 

t h a t  i s  : 

we o b t a i n  : 
- 

f L n l . M j i  = [nIi.Mni 

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

the  v i s c o s i t y  [ q )  the u n i v e r s a l  c a l i b r a t i o n  involves the number-  

a v e r a g e  m o l e c u l a r  w z i g h t  o f  each f r a c t i o n  Mn , . C o n s e q u e n t l y ,  b y  

i n t e g r a t i n g  across the whole  chromatogram, o n l y  the number-average  

m o l e c u l a r  w e i g h t  % c a n  be s t r i c t l y  o b t a i n e d .  B u t  p r a c t i c a l l y ,  the 

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

error compared t o  other e x p e r i m e n t a l  errors ( 1 6 ) .  

- i’ 

C o n c l u s i v e l y ,  ( n )  ..%. and not  [ n l . z ,  a p p e a r s  t o  be the r e a l  
1 1  

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

T h _ e _ _ c I I E - _ _ l _ i ~ h h _ t - ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ - ~ ~ ~ ~ l _ ~ ~ ~ .  
The p r o b l e m  i s  d i f f e r e n t  here, the 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  %. b e i n g  c o n t i n u o u s l y  d e t e r m i n e d .  The a p p l i c a t i o n  o f  the  

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

v i s c o s i t y  number ( 1  7 )  . 
I;  M .  . . C . .  

1 J  1 J  - 
with Mwi = 

C cij 
3 

C C  

Z i j  

we see t h a t  : 

( [ 7 l l . M , J i  = .Mw 
- 

i 
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226 LECACHEUX, LESEC, AND QUIVORON 

T h a t  i s ,  d i v i d i n g  ( ( q 1 . M )  b y  Zi, we a r r i v e  a t  a n  a p p a r e n t  i 
v i s c o s i t y  : 

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

l i m i t i n g  v i s c o s i t y  number ( n I i .  In r e p l a c i n g  ( ( n )  . M l i  b y  i t s  p r e v i o u s l y  

d e m o n s t r a t e d  v a l u e  (111,.Mn, and u s i n g  the i n s t a n t a n e o u s  p o l y d i s p e r s i t y  
- 

1 1  - -  
Ii  = M W i / M I l i  : 

W e  h a v e  : (i); = ( n l i / I i  

T h i s  s i m p l e  r e s u l t  shows  t h a t  the GPC- l igh t  s c a t t e r i n g  c o u p l i n g  

l e a d s  t o  the r e a l  in tr insic  v i s c o s i t y  ( n l  f o r  l i n e a r  homopo lymers  

( I .  = I ) ,  b u t  t h a t  an  a p p a r e n t  v i s c o s i t y  t n l .  < ( n l .  i s  o b t a i n e d  f o r  

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

h i g h e r  the h e t e r o g e n e i t y ,  the  g r e a t e r  the d i f f e r e n c e  b e t w e e n  t h e  a p p a r e n t  

and the real v i s c o s i t y .  

i t  

Mu1 t i d e t e c t i o n .  -_______-_____ 
The a b o v e  r e s u l t s  l e a d  t o  the c o n c l u s i o n  ( 1 3 )  t h a t  t h e  d u a l  GPC- 

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

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

d e n s i t y  p o l y e t h y l e n e .  The v a r i a t i o n s  o f  [ n l i ,  r?, %. can then be 

measured  a s  a f u n c t i o n  of the  h y d r o d y n a m i c  vo lume  a l l o w i n g  the d e t e r -  

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

c a l c u l a t i o n  of [ q l ,  and b y  i n t e g r a t i n g  across the w h o l e  chroma- 

togram.  

P O L Y V l S P E R S l J Y  OCCURING FROM INSTRUMENTAL S P R E A D I N G .  
F i n a l l y ,  we e x a m i n e  the e f f e c t s  o f  i n s t r u m e n t a l  s p r e a d i n g ,  hitherto 

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

In  the s i m p l e  c a s e  o f  a l i n e a r  homopo lymer ,  a t  the e l u t i o n  vo lume  

Ve i ,  a l t h o u g h  we would e x p e c t  a s i n g l e  m o l e c u l a r  w e i g h t  M . ,  a m i x t u r e  o f  

v a r i o u s  m a c r o m o l e c u l e s  w i t h  close h y d r o d y n a m i c  v o l u m e s  is p r e s e n t .  

F o r  e a c h  m a c r o m o l e c u l e  j ,  the h y d r o d y n a m i c  vo lume  e q u a t i o n  g i v e s  : 
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GEL PERMEATION CHROMATOGRAPHY 227 

[ n j i j . M i j  = K VHij 

The l i m i t i n g  v i s c o s i t y  number [ n I i  can  then be w r i t t e n  : 

K V  P H i j  

3 ' i j  

j '  .vij - C i j  

M i  = 

and u s i n g  the number n o f  m a c r o m o l e c u l e s  j : i j  

Z n . .  1 i j  Z VHi . n 
[ n I i  = K '  3 " i j  * 5 nijMij 

t h a t  can be e x p r e s s e d  b y  : 

- 
where  (VHn)i i s  the number-average hydrodynamic  vo lume.  T h i s  r e l a t i o ' 7 -  

s h i p ,  p r e v i o u s l y  d e m o n s t r a t e d  b y  Newman e t  a1 ( 1 8 )  c o u l d  l e a d  u s  t o  u s e  

the (nli.Mn. p a r a m e t e r  t o  t a k e  i n t o  a c c o u n t  the i n s t r u m e n t a l  

s p r e a d i n g .  U n f o r t u n a t e l y ,  e x c e p t  f o r  some p a r t i c u l a r  s h a p e  o f  

s p r e a d i n g  d i s t r i b u t i o n ,  the h y d r o d y n a m i c  vo lume V , i s  d i f f e r e n t  

from the number a v e r a g e  (c)i of the m i x t u r e .  C o n s e q u e n t l y ,  the 

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

not the number-average Mn, 

d e p e n d i n g  upon the s p r e a d i n g  f u n c t i o n  t h a t  d o e s  not p e n n i t  the correc- 

tion o f  band s p r e a d i n g .  

- 

Hi 

- 

b u t  a n o n - c l a s s i c a l  a v e r a g e  n e a r  M ,, 
I' 

CONCLUSION 

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

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

t ion .  U s i n g  the e x p e r i m e n t a l  v a l u e s  of the in t r in s i c  v i s c o s i t y  ( n )  
and the peak  e l u t i o n  V e  there i s  no g e n e r a l  r u l e  t h a t  l e a d s  t o  a 

s i n g l e  a v e r a g e  m o l e c u l a r  w e i g h t  % t o  p o i n t  o u t  a g e n e r a l  u n i v e r s a l  

p a r a m e t e r  r711.F . In  the W e s s l a u  d i s t r i b u t i o n  : R = %.I-2- 

d i f f e r e n t  f r o m  i n  p r a c t i c e ,  b u t  i n  the S c h u l z  d i s t r i b u t i o n  

C o n c l u s i v e l y ,  the knowledge  o f  the d i s t r i b u t i o n  s h a p e  and the Mark 

Houwink e x p o n e n t  a r e  r e q u i r e d  t o  select the m o s t  s u i t a b l e  u n i v e r s a l  

p a r a m e t e r .  

P' 

-1 -a2 
r a t h e r  

.̂ G. 

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

or c o p o l y m e r s ) ,  ( n l  ..K. i s  the r e a l  i n f o r m a t i o n  p r o v i d e d  b y  the 
1 1  
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228 LECACHEUX, L E S E C ,  AND QUIVORON 

u n i v e r s a l  ca l ibra t ion  a n d  m u s t  be u s e d  i n  the ca lcu la t ion  o f  m o l e c u l a r  

w e i g h t s .  V i s c o m e t r i c  c o u p l i n g  s p e c i f i c a l l y  g i v e s  ( r l l  and  Mn, w h e r e a s ,  

w i t h  l i g h t - s c a t t e r i n g  coupl ing  o n l y  i s  c o r r e c t l y  d e t e n n i n e d .  B o t h  

d e t e c t o r s  are r e q u i r e d  t o  achieve the c o m p l e t e  characterizat ion of 

c o m p l e x  p o l y m e r s ,  

F i n a l l y ,  

- 

[ r i ) ,  .%. cannot be u s e d  fo r  the correction o f  the 
1 1  

a p p a r e n t  p o l y d i s p e r s i t y  i n  the d e t e c t o r  cell c a u s e d  b y  i n s t r u m e n t a l  

s p r e a d i n  y. 
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