
 

 

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

Specific Refractive Index Increment Measurements on Macromolecules
Using a Waters R401 Differential Refractometer
Steven A. Berkowitza

a Celanese Research Company, Summit, New Jersey

To cite this Article Berkowitz, Steven A.(1983) 'Specific Refractive Index Increment Measurements on Macromolecules
Using a Waters R401 Differential Refractometer', Journal of Liquid Chromatography & Related Technologies, 6: 8, 1359
— 1373
To link to this Article: DOI: 10.1080/01483918308064857
URL: http://dx.doi.org/10.1080/01483918308064857

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/10.1080/01483918308064857
http://www.informaworld.com/terms-and-conditions-of-access.pdf


JOURNAL OF LIQUID CHROMATOGRAPHY, 6 ( 8 ) ,  1359-1373 (1983) 

SPECIFIC REFRACTIVE I N D E X  INCREMENT MEASUREMENTS ON 

MACROMOLECULES U S I N G  A WATERS R401 DIFFERENTIAL 

REFRACTOMETER 

S t e v e n  A. Berkowitz  
C e l a n e s e  Research  Company 

86 Morris Avenue 
Summit, N e w  J e r s e y  07901 

ABSTRACT 

An a c c u r a t e  and s i m p l e  method f o r  d e t e r m i n i n g  t h e  s p e c i f i c  
r e f r a c t i v e  index  i n c r e m e n t ,  dn/dc,  of s y n t h e t i c  polymers  d u r i n g  
s i z e - e x c l u s i o n  chromatography h a s  been developed  u s i n g  a modi- 
f i e d  Waters R401 d i f f e r e n t i a l  r e f r a c t i v e  index ( D R I )  d e t e c t o r .  
The o n l y  m o d i f i c a t i o n  r e q u i r e d  on t h e  R401 involved  t h e  replace- 
ment of t h e  s t a n d a r d  w h i t e  l i g h t  s o u r c e  w i t h  a monochromatic  
source. The use  of t h i s  i n s t r u m e n t  o f f e r s  a number of  advan- 
t a g e s  o v e r  more c l a s s i ca l  i n s t r u m e n t s  and p r o c e d u r e s  n o r m a l l y  
employed i n  e v a l u a t i n g  t h i s  parameter .  The o n l y  r e q u i r e m e n t  
which must be m e t  i n  o r d e r  to  s u c c e s s f u l l y  measure t h i s  param- 
eter is t h e  c o n s e r v a t i o n  of  mass ( i n  terms of t h e  amount of 
polymer i n j e c t e d  on t o  t h e  columm and which p a s s e s  t h r o u g h  t h e  
D R I  d e t e c t o r ) .  However, i n  some cases, even t h i s  r e q u i r e m e n t  
may be r e l a x e d .  The a p p l i c a t i o n  of t h i s  p r o c e d u r e  w i l l  be dem- 
o n s t r a t e d  f o r  s e v e r a l  s y n t h e t i c  polymers  i n  mixed and s i n g l e  
s o l v e n t  sys tems.  

INTRODUCTION 

I n t e n s i t y  l i g h t  s c a t t e r i n g  measurements  r e p r e s e n t  a 

c l a s s i c a l  t e c h n i q u e  f o r  o b t a i n i n g  molecular weight  and shape  

i n f o r m a t i o n  on macromolecules  ( 1 ) .  Due t o  s e v e r a l  experimen-  

t a l  d i f f i c u l t i e s  a s s o c i a t e d  w i t h  t h i s  t e c h n i q u e ,  it h a s  i n  

g e n e r a l  n o t  been s u i t a b l e  f o r  r o u t i n e  a n a l y t i c a l  work. Hence 

i t s  u s e  h a s  been l i m i t e d .  However, w i t h  t h e  development  by 
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1360 BERKOWITZ 

Kaye and co-workers  ( 2 , 3 , 4 )  of a low-angle  l aser  l i g h t  scat-  

t e r i n g  i n s t r u m e n t  w i t h  s e v e r a l  n o v e l  f e a t u r e s  which e l i m i n a t e  

or minimized most of t h e s e  d i f f i c u l t i e s  i n t e n s i t y  l i g h t  

s c a t t e r i n g  measurement h a s  become more p o p u l a r ,  e s p e c i a l l y  

i n  its a p p l i c a t i o n  t o  t h e  area of s i z e - e x c l u s i o n  chromotogra-  

phy (SEC) (5). With t h i s  renewed i n t e r e s t  i n  l i g h t  scatter-  

ing  ( L S )  h a s  come a need f o r  d e t e r m i n i n g  t h e  r e f r a c t i v e  index  

increment  ( d n / d c ) ,  a key  p a r a m e t e r  used i n  l i g h t  s c a t t e r i n g  

t h e o r y  and one which m u s t  be d e t e r m i n e d  when new c l a s s e s  of 

polymers  or o l d  polymers  i n  new s o l v e n t s  sys tems are i n v e s t i -  

g a t e d .  C l a s s i c a l l y  t h i s  p a r a m e t e r  h a s  been measured on a 

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  s u c h  as t h e  Br ice-Phoenix ,  and 

more r e c e n t l y ,  t h e  Chromatix KMX-16, which are d e d i c a t e d  i n -  

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

index  i n  a s t a t i c  mode. I n  c o n d u c t i n g  LS measurements  on a 

new c l a s s  of  whol ly  aromatic polymers ,  which are o n l y  s o l u b l e  

a t  room t e m p e r a t u r e  i n  a v e r y  s t r o n g  mixed s o l v e n t  and whose 

s o l u t i o n s  were s t a b l e  f o r  o n l y  a s h o r t  t i m e  ( =  1 d a y ) ,  a for- 

midable  problem i n  measur ing  t h e  s p e c i f i c  r e f r a c t i v e  index  

i n c r e m e n t  a t  c o n s t a n t  chemica l  p o t e n t i a l ,  ( a n / a c )  ,,, was 

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

ua ted  by employing a m o d i f i e d  Waters R 4 0 1  d i f f e r e n t i a l  

r e f r a c t i v e  index  ( D R I )  d e t e c t o r .  Although t h i s  i n s t r u m e n t  

f i n d s  wide u s e  as a u n i v e r s a l  c o n c e n t r a t i o n  d e t e c t o r  i n  SEC 

and l i q u i d  chromatography,  w e  have found no p u b l i s h e d  u s e  

of t h i s  i n s t r u m e n t  for d e t e r m i n i n g  accurate dn/dc v a l u e s  of 

macromolecules .  I n  u s i n g  t h i s  i n s t r u m e n t ,  it h a s  become 

a p p a r e n t  t h a t  it o f f e r e d  a number of a d v a n t a g e s  o v e r  o t h e r  

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 s .  Hence t h e  s u b j e c t  of  t h i s  

p a p e r  is concerned  w i t h  t h e  e v a l u a t i o n  of t h i s  i n s t r u m e n t  i n  

measur ing  dn/dc.  
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A narrow d i s t r i b u t i o n  sample  of p o l y t e t r a h y d r o f u r a n ,  

PTHF, having  a m o l e c u l a r  weight  of 31,700 was o b t a i n e d  from 

A l t e x  S c i e n t i f i c ,  I n c .  Narrow d i s t r i b u t i o n  samples  of poly-  

m e t h y l m e t h a c r y l a t e ,  PMMA, and p o l y s t y r e n e ,  PS, having  molecu- 

l a r  w e i g h t s  of  92,000 and 200,000 r e s p e c t i v e l y  were o b t a i n e d  

from P r e s s u r e  Chemical Company. Broad d i s t r i b u t i o n  (MWDm2) 

samples  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, having  weight  

a v e r a g e  molecular weight  of 42,000 and 65,000 were o b t a i n e d  

from C e l a n e s e  C o r p o r a t i o n .  T e t r a h y d r o f u r a n  (THF), methyl  

a l c o h o l  (MeOIi) and t o l u e n e  were o b t a i n e d  from Burdick  and 

Jackson L a b o r a t o r i e s ,  I n c ,  , and used as r e c e i v e d .  Hexaf l u o r o -  

i s o p r o p a n o l  (HFIP) was o b t a i n e d  from DuPont Company and d i s t i l -  

l e d  once b e f o r e  use .  

METHODS 

L i g h t  s c a t t e r i n g  measurements  were conducted  w i t h  a Chrom- 

a t i x  KMX-6 l i g h t  s c a t t e r i n g  photometer .  S t a t i c  measurements  of 

dn/dc and t h e  r e f r a c t i v e  index  increment  a t  c o n s t a n t  chemica l  

c o m p o s i t i o n ,  (an /ac) , ,  were made a t  room t e m p e r a t u r e  a t  wave- 

l e n g t h s  of 546nm and 633nm u s i n g  a Brice-Phoenix and/or  a 

Chromatix KMX-16 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 .  

SEC was conducted  u s i n g  a Waters  M-45 pump to  d e l i v e r  

s o l v e n t ,  a Waters U6K i n j e c t o r  t o  a p p l y  samples  on t o  t h e  

SEC-columns, and a Waters  R401 D R I  d e t e c t o r  t o  monitor 

e l u t a n t .  The l i g h t  s o u r c e  on t h e  R401 was r e p l a c e d  w i t h  a 

Hg-Vapor or q u a r t z  i o d i n e  lamp which was coupled  t o  t h e  

d e t e c t o r  u s i n g  f i b e r  o p t i c s .  The e m i s s i o n  l i n e  a t  546nm and 

r a d i a t i o n  c e n t e r e d  a t  633nm were i s o l a t e d  w i t h  bandpass  
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1362 BE RKOWITZ 

i n t e r f e r e n c e  f i l t e r s .  Columns used i n  t h i s  work were e i t h e r  

Waters  60 A p - P o r a s i l  or 100A P-Styrage l  columns (which  s e p a r a t e  

l o w  m o l e c u l a r  w e i g h t  compounds).  On some o c c a s i o n s ,  a Waters 

E - l i n e a r  v-Bondgel column was used w i t h  a 60A v - P o r a s i l  col- 

umn. SEC traces were r e c o r d e d  on a Waters 730 d a t a  module.  

The u s e  of low m o l e c u l a r  w e i g h t  SEC-columns, e i t h e r  by 

t h e m s e l v e s  or i n  c o n j u n c t i o n  w i t h  o t h e r  SEC-columns, c a u s e s  t h e  

bulk  s o l v e n t  b a t h i n g  t h e  polymer sample and t h e  l o w  m o l e c u l a r  

w e i g h t  a d d i t i v e s  and c o n t a m i n a t e s  p r e s e n t  i n  t h e  sample t o  be 

well  s e p a r a t e d  from t h e  polymer peak  (see F i g u r e  1 ) .  T h i s  

o c c u r s  as a result of t h e  p a r t i t i o n i n g  e f f e c t  between t h e  small 

m o l e c u l e s  and t h e  much l a r g e r  p o l y m e r i c  material d u r i n g  t h e  pas-  

s a g e  of t h e  i n j e c t e d  mater ia l  t h r o u g h  t h e  p o r o u s  p a c k i n g  

material .  Hence t h e  area of t h e  polymer peak i n  F i g u r e  1 is 

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  polymer mass i n j e c t e d  on t o  t h e  

columns. Areas computed from D R I  d e t e c t o r  traces r e c o r d e d  

d u r i n g  SEC e x p e r i m e n t s  are r e l a t e d  t o  t h e  f o l l o w i n g  parameters: 

Area = ( B ) ( D R F ) ( d n / d c )  Eq. 1 

where 8 is a c o n s t a n t  e q u a l  t o  t h e  f o l l o w i n g  c o l l e c t i o n  of 

e x p e r i m e n t a l  known parameters: 

8 = p a r j k : ; n  speed  d e t e c t o r  ] [olume i n j e c t e d  ] -1 

c o n c e n t r a t i o n  s o l v e n t  
i f  sample  ] F l o w  rat] 

Eq. 2 

If t h e  d e t e c t o r  r e s p o n s e  f a c t o r ,  DRF, is known, one can  c a l c u -  

la te  the  dn/dc v a l u e  for t h e  polymer i n  t h e  mobile s o l v e n t  d u r i n g  
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FIGURE 1 .  H y p o t h e t i c a l  SEC-chromatograms of a polymer sample 
upon ( a )  i n j e c t i o n  and ( b )  e l u t i o n .  

SEC u s i n g  Equat ion  1.  U n f o r t u n a t e l y ,  f o r  a w h i t e  l i g h t  s o u r c e ,  

which is used i n  t h e  s t a n d a r d  Waters R401 DRI d e t e c t o r ,  D R F  as 

w e l l  as dn/dc are both  f u n c t i o n s  of  wavelength ,  A ,  ( t h e  former  

b e i n g  a c o n v o l u t i o n  problem of t h e  i n t e n s i t y - w a v e l e n g t h  s p e c t r u m  

of  t h e  l i g h t  s o u r c e  and t h e  response-wavelength  spec t rum of t h e  

d e t e c t o r ) .  However, by u s i n g  monochromatic l i g h t  bo th  DRF and 
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1364 BERKOWITZ 

dn/dc become s i n g l e  v a l u e  p a r a m e t e r s  p e r m i t t i n g  t h e  use  of Equa- 

t i o n  1 t o  e v a l u a t e  dn/dc by c a l i b r a t i n g  t h e  D R I  d e t e c t o r  w i t h  a 

polymer having  a known ( k )  dn/dc.  C a l i b r a t i o n  is done by i n j e c t -  

i n g  an a c c u r a t e  volume and c o n c e n t r a t i o n  of t h e  polymer s t a n d a r d  

on a SEC-column bank. From s e v e r a l  such  i n j e c t i o n s ,  t h e  a v e r a g e  

area is d e t e r m i n e d  and combined wi th  t h e  known dn/dc and e x p e r i -  

menta l  terms c o n t a i n e d  w i t h i n  6 .  S i m i l a r l y ,  a second e q u a t i o n  

can a l s o  be set  up f o r  t h e  polymer sample having  t h e  unknown 

( u n k )  dn/dc. S i n c e  DRF is a c o n s t a n t  f o r  any g i v e n  d e t e c t o r -  

l i g h t  source combina t ion  and o p t i c a l  a l i g n m e n t ,  t h e  combining of 

b o t h  e q u a t i o n s  e l i m i n a t e s  t h e  DRF term and on r e a r r a n g e m e n t  

y i e l d s  t h e  f o l l o w i n g  e q u a t i o n  f o r  c a l c u l a t i n g  t h e  unknown dn/dc: 

Eq. 3 

S i n c e  a l l  t h e  terms on t h e  r i g h t  s i d e  of Equat ion  3 are e i t h e r  

measurable  from d a t a  g a t h e r e d  or known, t h e  unknown dn/dc can be 

e v a l u a t e d .  I n  p e r f o r m i n g  t h e  c a l i b r a t i o n ,  we have assumed 

c o n s e r v a t i o n  of mass ( i n  terms of t h e  amount of polymer i n j e c t e d  

on to  t h e  columns and which p a s s e s  through t h e  DRI d e t e c t o r ) ,  see 

Equat ion  2.  It  s h o u l d  be p o i n t e d  o u t  t h a t  t h e  c a l i b r a t i o n  

p r o c e d u r e  can  be conducted  i n  one s o l v e n t  and dn/dc measurements  

conducted  i n  a n o t h e r  s o l v e n t  ( p a r t i c u l a r  a t t e n t i o n  should  be made 

i n  t h i s  s i t u a t i o n  to  d i f f e r e n c e  i n  f l o w  ra te  between c a l i b r a t i n g  

and e x p e r i m e n t a l  s o l v e n t s ) .  

RESULTS 

The a b i l i t y  to  a c c u r a t e l y  d e t e r m i n e  dn/dc v a l u e s  f o r  macro- 

molecules w i t h  t h e  R401 d e t e c t o r  d u r i n g  SEC w a s  e v a l u a t e d  by com- 
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1365 REFRACTIVE INDEX INCREMENT MEASUREMENTS 

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

l i t e r a t u r e  v a l u e s .  The polymers  which we have chosen f o r  t h i s  

comparison work were PMMA and PTHF. The dn/dc v a l u e  f o r  b o t h  

t h e s e  polymers  i n  THF a t  546nm and 633nm were o b t a i n e d  from d a t a  

l i s t e d  by B u g l i n  ( 6 )  and Chromatix (7). A c t u a l  e x p e r i m e n t a l  v a l -  

u e s  d e t e r m i n e d  w i t h  t h e  R401 d e t e c t o r ,  u s i n g  PS as o u r  c a l i b r a -  

t i n g  s t a n d a r d  ( t h e  dn/dc v a l u e s  used f o r  PS a t  546nm and 633nm i n  

THF were 0.194 ( 6 )  and 0.1845 ( 7 )  ml/g r e s p e c t i v e l y ) ,  were found 

t o  be i n  good agreement  w i t h  t h e  l i t e r a t u r e  v a l u e s  as shown i n  

T a b l e  1 .  A comparison of dn/dc v a l u e s  o b t a i n e d  f o r  PET i n  HPIF 

u s i n g  a Br ice-Phoenix ,  KMX-16, and a R401 d i f f e r e n t i a l  r e f r a c -  

tometers was a l so  made. Date f o r  t h i s  work is shown i n  Table  2. 

I n  t h i s  case, PMMA was used as t h e  c a l i b r a t i n g  s t a n d a r d .  The 

dn/dc v a l u e  f o r  PET i n  HFIP o b t a i n e d  w i t h  t h e  R401 d e t e c t o r  is i n  

good agreement  w i t h  t h e  v a l u e s  d e t e r m i n e d  u s i n g  t h e  o t h e r  t w o  in -  

s t r u m e n t s .  

I n  s i t u a t i o n s  where macromolecules are d i s s o l v e d  i n  a mixed 

s o l v e n t ,  p r e f e r e n t i a l  s o l u t i o n  e f f e c t s  can  s e r i o u s l y  complicate 

dn/dc measurements  ( 6 , 8 , 9 ) .  I n  t h i s  case, t w o  i m p o r t a n t  and d i f -  

f e r e n t  t y p e s  of  r e f r a c t i v e  i n d e x  i n c r e m e n t s  c a n  be d e f i n e d  and 

measured.  The f i r s t  is measured a t  c o n s t a n t  chemica l  c o m p o s i t i o n ,  

(an/ac) , .  T h i s  s imply  i n v o l v e s  measur ing  t h e  r e f r a c t i v e  i n d e x  

d i f f e r e n c e  between t h e  mixed s o l v e n t  and a s o l u t i o n  made by t h e  

d i r e c t  a d d i t i o n  of t h e  polymer sample t o  t h e  mixed s o l v e n t .  The 

second is measured a t  c o n s t a n t  chemica l  p o t e n t i a l ,  ( a n / a c ) , .  

T h i s  requires t h e  e x h a u s t i v e  d i a l y s i s  of a polymer s o l u t i o n  

a g a i n s t  t h e  mixed s o l v e n t  u n t i l  thermodynamic e q u i l i b r i u m  is at-  

t a i n e d .  The r e f r a c t i v e  index  d i f f e r e n c e  between t h e  d i a l y z e d  

polymer s o l u t i o n  and d i a l y z a t e  is t h e n  d e t e r m i n e d .  The d i f f e r e n c e  
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Wavelength 
(nm) 

633 

546 

TABLE 1 

dn/dc (ml/g)  

PMMA PTHF 

Measured L i t e r a t u r e  Measured L i t e r a t u r e  

* ** 
0.084*0. 002 0.083 

I t t 
0.087*0.005(4) 0.0871*0.0001(2) 0.063*0.004(4) 0.063*0.001(2) 

BERKOWITZ 

D R I  D e t e c t o r s  

Comparison of dn/dc Values Determined f o r  PMMA and PTHF i n  THF wi th  
L i t e r a t u r e  Values .  

dn/dc (ml/g) 

PMMA 

TABLE 2 

PET 

Comparison of dn/dc Determined on S e v e r a l  DRL Refrac tometers  at 633nm f o r  
PMMA and PET i n  HFIP. 

R401 

Averages 

- 0.259 

* 
0.191*0.001 0.257*0.004 

I I I 

I Brice-Phoenix 1 0.191 1 0.255 I 
I I KMX-16 I 0.190 I 0.257 

* E r r o r s  l i s t e d  i n  t h i s  t a b l e  a r e  s t a n d a r d  d e v i a t i o n  of t h e  average v a l u e  
determined f o r  each d e t e c t o r .  
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REFRACTIVE INDEX INCREMENT MEASUREMENTS 1367 

between t h e s e  two r e f r a c t i v e  index  i n c r e m e n t s  f o r  a b i n a r y  s o l v e n t  

is g i v e n  by t h e  f o l l o w i n g  r e l a t i o n :  

Eq.  4 

Where a is t h e  p r e f e r e n t i a l  a b s o r p t i o n  c o e f f i c i e n t  of s o l v e n t  

component 1 o v e r  t h e  o t h e r  s o l v e n t  component,  ( t h i s  term is 

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

macromolecule  w i t h  r e s p e c t  t o  t h e  b u l k  s o l v e n t )  and ( a n o / a + )  

is t h e  change i n  t h e  s o l v e n t  r e f r a c t i v e  index  w i t h  change  i n  

volume f r a c t i o n  of s o l v e n t  component 1 .  Only i n  t h e  case where 

e i t h e r  a is z e r o  OK a l l  t h e  s o l v e n t  components have t h e  same 

r e f r a c t i v e  i n d e x  are t h e s e  two r e f r a c t i v e  index  i n c r e m e n t s  t h e  

same. Hence, i f  t h e  k i n e t i c s  of exchange of t h e  p r e f e r e n t i a l l y  

bound material  on a polymer i n  a mixed s o l v e n t  sys tem is v e r y  

r a p i d ,  i n  compar ison  to  t h e  l e n g t h  of time r e q u i r e d  f o r  t h e  

polymer mater ia l  t o  pass t h r o u g h  t h e  SEC column, t h e  polymer 

sample which e l u t e s  from t h e  column bank w i l l  be p r e s e n t  i n  a 

s o l v e n t  envi ronment  a n a l o g o u s  t o  t h a t  which would be o b t a i n e d  

by an e x h a u s t i v e  d i a l y s i s  e x p e r i m e n t .  Hence t h e  a n / a c  measured 

i n  t h i s  s i t u a t i o n  a t  any i n s t a n t  of t i m e  by t h e  R401 d e t e c t o r  

would be e q u i v a l e n t  t o  ( a n / a c ) ,  (assuming t h e  p r e s s u r e  

d i f f e r e n t i a l s  between t h e  column i n l e t  and o u t l e t  are small or 

have  l i t t l e  e f f e c t  on a n / a c ) .  T h i s  w a s  e x p e r i m e n t a l l y  v e r i f i e d  

by measur ing  both  t y p e s  of r e f r a c t i v e  i n d e x  i n c r e m e n t s  f o r  a PS 

sample ( N B S  705)  of known m o l e c u l a r  w e i g h t  i n  a mixed s o l v e n t  

of 80% t o l u e n e  and 20% methyl  a l c o h o l .  The KMX-16 was used t o  

d e t e r m i n e  ( a n / a c ) c l  and i n t e n s i t y  l i g h t  s c a t t e r i n g  measure-  

ments  made d u r i n g  SEC e x p e r i m e n t s  (see F i g u r e  2 )  were used t o  

d e t e r m i n e  ( a n / a c ) u  by u s i n g  t h e  f o l l o w i n g  e q u a t i o n :  
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1368 BERKOWITZ 

TIME lmin.) 
5.5 . 6.0 6.5 7.0 7.5 

I I I I I 

I I 1 I I 
5.5 6.0 6.5 7.0 7.5 

TIME lmin.) 

FIGURE 2. SEC-chromatograms of  t h e  NBS 705 p o l y s t y r e n e  sample 
o b t a i n e d  from t h e  m o d i f i e d  R401 D R I  d e t e c t o r  ( b o t t o m )  
and t h e  KMX-6 LS photometer  ( t o p )  i n  to luene /methyl  
a l c o h o l  ( 80 : 2 0 ) .  

- - 
where Re is t h e  e x c e s s  R a y l e i g h  r a t io ,  Mw i s  t h e  weight  

a v e r a g e  m o l e c u l a r  w e i g h t ,  K' is an op t ica l  c o n s t a n t ,  and c is 

c o n c e n t r a t i o n .  The second and h i g h e r  v i r i a l  terms i n  e q u a t i o n  5 
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INSTRUMENT 

Types of (an/ac) 

Experimental  Value (ml/g) 

1369 

LYX- 16 LS R40 1 

( a  n/a c ) ,  (an/ac),* (a  n/a c ),, 

t §  
0.150'0.006(3) 0.209'0.009(7) 0.207'0.007(3) 

TABLE 3 

* The xw determined at t h e  N a t i o n a l  Bureau of S tandards  by LS was 179,300, 
and by s e d i m e n t a t i o n  e q u i l i b r i u m  was 189,800. Hence t h e  average  of 184,600 
was used in Equat ion  4 .  

t E r r o r s  l i s t e d  in t h i s  t a b l e  are s t a n d a r d  d e v i a t i o n s .  

I The number g iven  w i t h i n  t h e  p a r e n t h e s e s  r e p r e s e n t s  t h e  number of d i f f e r e n t  
samples  used t o  c a l c u l a t e  t h e  mean. 

were n e g l e c t e d  due  t o  t h e  d i l u t e  c o n c e n t r a t i o n s  used and t h e i r  

l o w  v a l u e s .  The r e f r a c t i v e  i n d e x  i n c r e m e n t  d e t e r m i n e d  w i t h  t h e  

R401 d e t e c t o r ,  u s i n g  PS i n  THP as t h e  c a l i b r a t i n g  s t a n d a r d ,  is 

shown i n  T a b l e  3 t o  be i n  g o d  agreement  w i t h  t h e  e x p e r i m e n t a l l y  

measured v a l u e  f o r  ( a n / a c ) , .  

DISCUSSION 

I n  a rev iew g i v e n  by Hugl in  ( 6 )  on s p e c i f i c  r e f r a c t i v e  index  

i n c r e m e n t  measurements ,  t h e  Waters model R4 (which is now r e f e r -  

r e d  t o  as t h e  model R401) D R I  d e t e c t o r  was mentioned as one of  

many c o m e r c i a l l y  a v a i l a b l e  d i f f e r e n t i a l  r e f r a c t o i n e t e r s  c a p a b l e  

of b e i n g  used t o  e v a l u a t e  dn/dc. However, t h e  l a c k  of monochro- 

matic l i g h t  and t h e  mode i n  which t h e  sample is i n t r o d u c e d  i n t o  

t h e  i n s t r u m e n t  were l i s t e d  by t h i s  a u t h o r  as major drawbacks in 

u s i n g  it i n  measur ing  dn/dc. I n  t h i s  p a p e r ,  we have d e m o n s t r a t e d  

t h e  o v e r l o o k e d  c a p a b i l i t y  of t h i s  i n s t r u m e n t  t o  a c c u r a t e l y  d e t e r -  
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1370 BERKOWITZ 

mine dn/dc v a l u e s  of macromolecules  d u r i n g  SEC. I n  so d o i n g ,  we 

have r e a l i z e d  t h a t  i n  comparison t o  o t h e r  d i f f e r e n t i a l  r e f r a c t m -  

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

1 .  A v e r y  small amount of sample (microgram q u a n t i t i e s )  is 

r e q u i r e d  t o  c o n d u c t  measurements;  ( t h i s  is e s p e c i a l l y  

i m p o r t a n t  i n  d e a l i n g  w i t h  b i o p o l y m e r s ) .  

2 .  B a s e l i n e  (or  s o l v e n t )  measurements  are c o n t i n u o u s l y  mon- 

i t o r e d  both  b e f o r e  and a f t e r  polymer material  is e l u t e d  

from t h e  d e t e c t o r .  

3 .  The amount of time r e q u i r e d  t o  per form measurements  is 

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

r e a d i l y  automated u s i n g  any a u t o m a t i c  i n j e c t o r .  

4 .  I n  p e r f o r m i n g  LS measurements  d u r i n g  S E C ,  bo th  rw and 

dn/dc v a l u e s  can  be d e t e r m i n e d  from t h e  same experimen- 

t a l  run .  

5. The  R401 d e t e c t o r  is i n e x p e n s i v e  i n  comparison t o  o t h e r  

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 s .  I n  a d d i t i o n  it is n o t  ded- 

icated t o  s t a t i c  measurements ,  b u t  can  be used as a de- 

t ec tor  i n  l i q u i d  chromatography t e c h n i q u e s .  

6. T h i s  p r o c e d u r e  allows ( a n / a c ) ,  and p r e f e r e n t i a l  solu- 

t i o n  e f f e c t s  t o  be e v a l u a t e d  i n  mixed s o l v e n t  sys tems 

w i t h o u t  t h e  need t o  c o n d u c t  l e n g t h y  d i a l y s i s  e x p e r i -  

ments .  T h i s  is p a r t i c u l a r l y  i m p o r t a n t  i n  c a s e s  where 

c h e m i c a l l y  r e s i s t a n t  membranes a r e  n o t  a v a i l a b l e  and 

where polymer-so lvent  s y s t e m s  are s t a b l e  f o r  o n l y  a 
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REFRACTIVE INDEX INCREMENT MEASUREMENTS 1371 

s h o r t  p e r i o d  of t i m e .  Al though t h e  c o n c e p t  of s t u d y -  

i n g  p r e f e r e n t i a l  s o l v a t i o n  d u r i n g  SEC w i t h  a D R I  d e t e c -  

t o r  h a s  a l r e a d y  been d e m o n s t r a t e d  by Berek e t  a1 ( 1 0 )  

and Campos e t  a1 ( l l ) ,  t h e  p r o c e d u r e  o u t l i n e d  i n  t h i s  

p a p e r ,  which makes use  of t h e  polymer peak,  d i f f e r s  i n  

approach  t o  t h a t  used by Berek e t  a l l  and Campos e t  a l l  

which u s e s  t h e  s o l v e n t  peak (see F i g u r e  1 ) .  By u s i n g  

t h e  polymer peak,  we have e l i m i n a t e d  p o t e n t i a l  p roblems 

d i s c u s s e d  by Berek et  a l ,  and problems which might  ar ise  

from t h e  p r e s e n c e  of c o n t a m i n a n t s  i n  t h e  sample s o l u t i o n  

( s u c h  as a i r ,  water, e tc . )  which would e l u t e  i n  t h e  sol- 

v e n t  peak r e g i o n  and l e a d  to  e r r o n e o u s  resu l t s .  

Although t h e  p r o c e d u r e  i n  t h i s  p a p e r  o f f e r s  t h e  above a d v a n t a g e s  

i n  d e t e r m i n i n g  dn/dc v a l u e s ,  s e v e r a l  i m p o r t a n t  a s s u m p t i o n s  were 

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

1 .  C o n s e r v a t i o n  of  mass is v a l i d  for t h e  polymer-so lvent -  

column r e s i n  sys tem used .  

2. P r e s s u r e  e f f e c t s  on dn/dc are n e g l i g i b l e .  

3 .  Thermodynamic e q u i l i b r i u m  between polymer and s o l v e n t  

components is reached  b e f o r e  polymer is e l u t e d  from t h e  

column. 

I n  t h e  case where assumpt ion  " 1 "  is i n  q u e s t i o n  or is known n o t  

t o  be v a l i d  t h e  use  of a second d e t e c t o r ,  such as a UV-Vis or I R  

s p e c t r o p h o t o m e t e r  ( i f  t h e  macromolecule c o n t a i n s  a chromophore 

and i f  t h e  s o l v e n t  is t r a n s p a r e n t  a t  t h e  a p p r o p r i a t e  s p e c t r a l  
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1372 BERKOWITZ 

r e g i o n s ) ,  which is c a p a b l e  of g i v i n g  c o n c e n t r a t i o n  v a l u e s  from 

known e x t i n c t i o n  c o e f f i c i e n t s  s h o u l d  p e r m i t  t h e  correct concen- 

t r a t i o n  t o  be d e t e r m i n e d .  I n  f ac t ,  p o i n t  by p o i n t  dn/dc v a l u e s  

a c r o s s  t h e  chromatogram c a n  be c a l c u l a t e d .  I n  t h e  case where 

a s s  um p t i ons  " 2 " and "3"  are  s u s p e c t e d  , measurements  conducted  

o v e r  a wide r a n g e  of f low ra tes  s h o u l d  allow t h e  correct dn/dc 

v a l u e  t o  be d e t e r m i n e d  by e x t r a p o l a t i o n  to  c o n d i t i o n s  c o r r e s p o n -  

d i n g  t o  z e r o  f l o w  ra te .  The e x t r a p o l a t e d  v a l u e  would be equiva-  

l e n t  to  c o n d i t i o n s  of i n f i n i t e  t i m e  and z e r o  p r e s s u r e  d i f f e r e n -  

t i a l  between t h e  column i n l e t  and o u t l e t .  

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

Waters R401 d e t e c t o r  t o  c o r r e c t l y  d e t e r m i n e  dn/dc v a l u e s  for 

macromolecules .  Although t h e  a c c u r a c y  of t h i s  p r o c e d u r e  is 1-2% 

less t h a n  t h a t  c a p a b l e  from s t a t i c  measurements  u s i n g  s t a n d a r d  

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 s ,  which is due m a i n l y  to  t h e  g r e a t e r  

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

s t a t i c  t y p e  measurements  i n  comparison t o  t h e  c a l i b r a t i n g  poly-  

mer s o l u t i o n s  used i n  t h i s  p r o c e d u r e ,  t h e  a d v a n t a g e s  g a i n e d  more 

t h a n  o u t w e i g h t  t h i s  small loss i n  a c c u r a c y .  
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