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OPTIMIZATION OF PEAK SEPARATION AND BROADENING 
IN AQUEOUS GEL PERMEATION CHROMATOGRAPHY ( G P C )  

- POLY (SODIUM STYRENE SULFONATES) 

S.N.E. Cknorodion, A.E.  Hamielec and J . L .  B rash  
Depar tment  o f  Chemical E n g i n e e r i n g  

McMaster U n i v e r s i t y  
Hami l ton ,  O n t a r i o ,  CANADA 

ABSTRACT 

An e x p e r i m e n t a l  s t u d y  o f  t h e  g e l  pe rmea t ion  ch romatography  o f  
a series o f  p o l y  ( sodium s t y r e n e  s u l f o n a t e s )  i n  aqueous  media  h a s  
been u n d e r t a k e n .  The o b j e c t i v e  of t h i s  s t u d y  was t o  d e v e l o p  a s e t  
o f  o p e r a t i n g  c o n d i t i o n s  t h a t  would maximize  peak s e p a r a t i o n  and 
min imize  peak b roaden ing .  Using CPG-10 p o r o u s  g l a s s  p a c k i n g ,  i t  
h a s  been found o p t i m a l  t o  work a t  pH n e a r  6 and i o n i c  s t r e n g t h  
n e a r  0.05. Under t h o s e  c o n d i t i o n s ,  i o n  e x c l u s i o n  is e l i m i n a t e d  
and t h e  optimum b a l a n c e  between r e s o l u t i o n  and r e p r o d u c i b i l i t y  i s  
o b t a i n e d .  A d d i t i o n  o f  a few ppm n e u t r a l  s u r f a c t a n t  t o  t h e  m o b i l e  
phase  p r e v e n t s  a d s o r p t i o n  t o  t h e  pack ing  s u r f a c e ,  and improves  
r e s o l u t i o n .  

INTRODUCTION 

The o b j e c t i v e  of t h e  p r e s e n t  p a p e r ,  a s  f o r  p r e v i o u s  p a p e r s  i n  

t h e  series ( 1 , 2 ) ,  was t o  d e v e l o p  an e x p e r i m e n t a l l y  o p t i m a l  sys t em 

f o r  aqueous  GPC a n a l y s i s  o f  a p a r t i c u l a r  c l a s s  of  polymer  - i n  

t h i s  c a s e ,  a ser ies  o f  a n i o n i c  po ly ( sod ium s t y r e n e  s u l f o n a t e s )  . 
Phenomena t h a t  would in te r fe re  w i t h  a p u r e l y  s i z e  e x c l u s i o n  

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

pack ing  m a t e r i a l ,  and i o n  e x c l u s i o n  due  t o  c h a r g e  r e p u l s i o n .  The 

l a t t e r  is  e x p e c t e d  t o  b e  a p a r t i c u l a r  problem w i t h  p o l y e l e c t r o -  

l y t e s .  In o r d e r  t o  approach  a sys tem i n  which peak s e p a r a t i o n  and 
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1904 OMORODION, HAMIELEC, AND BRASH 

broadening a r e  o p t i m a l ,  such phenomena must f i r s t  o f  a l l  be elimi- 

nated o r  minimized. A t  t h a t  p o i n t ,  i t  is p o s s i b l e  t o  choose a 
column system with a combination o f  pore sizes t h a t  g i v e s  adequate  

peak  s e p a r a t i o n  w i t h o u t  e x c e s s i v e  peak  b r o a d e n i n g .  A s  f o r  

previous work, we have chosen CPC-10 porous g l a s s  as a s u i t a b l e  

packing m a t e r i a l  s i n c e  it is a v a i l a b l e  i n  a w i d e  range  of narrowly 

d i s t r i b u t e d  pore dimensions and p a r t i c l e  s i z e .  I t  is  t h u s  

p o s s i b l e  t o  choose a pore s i z e  combination t o  match t h e  s i z e  range  

of  t h e  polymers o f  i n t e r e s t .  

EXPERIMENTAL 

The polymers i n v e s t i g a t e d  were a series o f  s i x  s u l f o n a t e d  

polys tyrenes  i n  the  MW range 31,000 t o  1.06 x lo6 obtained from 

Pressure Chemical Company ( P i t t s b u r g h ) .  These a r e  prepared from 

polys tyrenes  of l ow p o l y d i s p e r s i t y  by s u l f o n a t i o n  t o  a l e v e l  o f  

approximately one s u l f o n a t e  group per styrene r e s i d u e .  S ince  

s u l f o n i c  a c i d s  a r e  s t r o n g  a c i d s ,  t h e s e  m a t e r i a l s  would be  expected 

t o  show polyanion behaviour  over a wide range o f  pH. Molecular 

weight d a t a  suppl ied  b y  Pressure  Chemical Company a r e  shown i n  

Table I .  

TABLE 1 

( P r e s s u r e  Chemical Co ,) 
Poly ( s o d i m  s t y r e n e  s u l f o n a t e )  S tandards  - M . W .  Data of S u p p l i e r  

Designat ion 
RW 

Rw/Fln 

Na PSS 31 
Na PSS 88 
Na PSS 195 
Na PSS 354 
Na PSS 690 
Na PSS 1060 

31,000 
88.000 

195,000 
354.000 
690,000 

1,060.000 

z 

1.10 - 1.10 - 1.10 - 1.10 
1.10 - 1.10 

z 
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AQUEOUS GEL PERMEATION CHROMOTOGRAPHY 1905 

Chromatography was c a r r i e d  o u t  u s i n g  a Wate r s  A s s o c i a t e s  

Model ALC/CPC 300, w i t h  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 .  Polymer  

c o n c e n t r a t i o n s  were i n  t h e  r a n g e  0.01 t o  0.1 w t  % and m o b i l e  p h a s e  

f l o w r a t e s  v a r i e d  between 4 and 8 m l  min- l .  C o l m n s  were d r y -  

packed w i t h  CPC-10 g l a s s  p a c k i n g  ( E l e c t r o n u c l e o n i c s ,  F a i r f i e l d .  

NJ) .  E x p e r i m e n t a l  c o n d i t i o n s  s u c h  a s  f l o w r a t e .  a d d i t i v e  

c o n c e n t r a t i o n s  and pH a r e  s p e c i f i e d  be low where t h e  r e s u l t s  a r e  

p r e s e n t e d .  The n e u t r a l  s u r f a c t a n t  T e r g i t o l  NPX (Union C a r b i d e ) ,  

an a l k y l p h e n o x y p o l y o x y e t h y l e n e ,  was used i n  sane e x p e r i m e n t s  i n  an  

a t t e m p t  t o  min imize  a d s o r p t i o n .  

I n t r i n s i c  v i s c o s i t i e s  were measured a t  room t e m p e r a t u r e  i n  

v a r i o u s  aqueous  media  ove r  a r a n g e  o f  pH and i o n i c  s t r e n g t h  u s i n g  

Cannon U b b e l o h d e  d i l u t i o n  v i s c o m e t e r s .  V i s c o s i t y  d a t a  were 

o b t a i n e d  t o  g i v e  i n f o r m a t i o n  on t h e  d i m e n s i o n s  o f  po lymer  mole- 
c u l e s  i n  s o l u t i o n  u n d e r  d i f f e r i n g  c o n d i t i o n s  o f  pH, i o n i c  

s t r e n g t h ,  and c o n c e n t r a t i o n  of v a r i o u s  a d d i t i v e s .  Such in fonna -  

t i o n ,  is o f  a s s i s t a n c e  i n  t h e  i n t e r p r e t a t i o n  o f  GPC b e h a v i o u r .  

RESULTS AND DISCUSSION 

E f f e c t  of pH and I o n i c  S t r e n g t h  on Polymer 
Dimens ions  i n  Aqueous S o l u t i o n  

A summary o f  i n t r i n s i c  v i s c o s i t y  d a t a  i n  t h e  pH r a n g e  above  

3.0 i s  shown i n  F i g .  1 .  For a g i v e n  po lymer ,  it i s  seen t h a t  [ r13  

d e c r e a s e s  s h a r p l y  w i t h  i n c r e a s i n g  i o n i c  s t r e n g t h .  T h i s  would b e  

e x p e c t e d  on t h e  b a s i s  o f  c h a r g e  s c r e e n i n g  by  t h e  added  electro- 

l y t e .  For t h e  lower MW po lymers ,  t h e  c o i l  d i m e n s i o n s  a p p e a r  

r e a s o n a b l y  c o n s t a n t  a t  i o n i c  s t r e n g t h  above  0.1. whereas  1111 d o e s  

n o t  l e v e l  o f f  for h i g h e r  MW po lymers .  These  d a t a  s u g g e s t  t h a t  SEC 

b e h a v i o u r ,  r e g a r d l e s s  o f  any o t h e r  e f f e c t s ,  would b e  e x p e c t e d  t o  

depend on i o n i c  s t r e n g t h  a t  v a l u e s  less t h a n  a b o u t  0 .3 .  V i s c o s i t y  

d a t a  showing t h e  e f f e c t  o f  i o n i c  s t r e n g t h  and p r e s e n t e d  i n  t h e  

form of t h e  Mark-Houwink e q u a t i o n  a r e  shown i n  F i g .  2 .  The e f f e c t  

of c h a r g e  i s  a g a i n  c l e a r  from t h e s e  d a t a .  Thus,  w h i l e  t h e  s l o p e s  
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1906 OMORODION, HAMIELEC, AND BRASH 
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F i g u r e  1 E f f e c t  o f  i o n i c  s t r e n g t h  on i n t r i n s i c  v i s c o s i t y  
(sodium s t y r e n e  s u l f o n a t e s )  (pH > 3 ,  2 5 O C ) .  

of p o l y  

of t h e  p l o t s  are  s i m i l a r ,  t h e  i n t e r c e p t s  v a r y ,  i n c r e a s i n g  w i t h  

d e c r e a s i n g  i o n i c  s t r e n g t h  and i n c r e a s i n g  pH. These d a t a  a g a i n  

s u g g e s t  t h a t  t h e  polymer c o i l  d imens ions  depend on s o l u t i o n  

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

o f  t h e  c h a i n s .  The d a t a  a l s o  s u g g e s t  t h a t  GPC shou ld  be  conducted 

a t  moderate  i o n i c  s t r e n g t h  f o r  t h e s e  polymers .  Thus i t  i s  c lear  
t h a t  a t  i o n i c  s t r e n g t h  g r e a t e r  t han  0.1 t h e  c o i l s  o f  t h e  lower  MW 

polymers  a r e  e s s e n t i a l l y  l t c o l l a p s e d t ' ,  a s i t u a t i o n  t h a t  would 

r e s u l t  i n  poor G P C  r e s o l u t i o n .  A t  i o n i c  s t r e n g t h  l ess  than  0.1 

t h e  c o i l  s i z e  is l a r g e r  b u t  v a r i a b l e  so t h a t  peak p o s i t i o n s  would 
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F i g u r e  2 I n t r i n s i c  v i s c o s i t y  v e r s u s  MW f o r  p o l y  ( sod ium s t y r e n e  
s u l f o n a t e s ) ,  2 5 O C .  

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

s u f f e r .  C l e a r l y  a b a l a n c e  between t h e s e  two e f fec ts  mus t  b e  

s o u g h t .  

E f f e c t  o f  I o n i c  S t r e n g t h  on E l u t i o n  Volumes 

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

( s u c h  a s  i o n i c  s t r e n g t h  and pH and p r e s e n c e  or a b s e n c e  o f  

s u r f a c t a n t s )  on c h r o m a t o g r a p h i c  pe r fo rmance ,  m o l e c u l a r  w e i g h t  

c a l i b r a t i o n  c u r v e s  were o b t a i n e d  under  d i f f e r e n t  c o n d i t i o n s ,  u s i n g  

a s i n g l e  column. T h i s  column had d i m e n s i o n s  o f  4 '  x 3/8" and 

c o n t a i n e d  CPG-10 pack ing  of  2000 p o r e  s i z e .  
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1908 OMORODION, HAMIELEC, AN11 BRASH 

The e f f e c t  o f  n e u t r a l  s a l t s  is demons t r a t ed  i n  F i g .  3. In  

t h e s e  e x p e r i m e n t s ,  t h e  pH v a r i e d  between 7.5 and 5 .3 ,  a r a n g e  

w i t h i n  which t h e  i o n i z a t i o n  o f  s u l f o n i c  a c i d  g r o u p s  would b e  

expec ted  t o  be  comple t e .  Such pH v a r i a t i o n  shou ld  t h u s  n o t  a f f e c t  

t h e  c h a r g e  c h a r a c t e r i s t i c s  of' t h e  polymers .  As can be s e e n  from 

F i g .  3. a l l  t h e  polymers  a r e  e s s e n t i a l l y  exc luded  from t h e  p o r e s  

i n  d i s t i l l e d  water .  Such e x c l u s i o n  cou ld  c o n c e i v a b l y  b e  a resu l t  

of s i z e  in t h e  c a s e  o f  t h e  h i g h  MW po lymers ,  b u t  s i n c e  even t h e  

I 0' 

I 0 6  

3 
IH 

10' 

I o4 -1 - ' 1  - - I  I I I 
5 30 35 40 45 50 55 

PEAK RETENTION VOLUME (ml) 

F i g u r e  3 E f f e c t  of i o n i c  s t r e n g t h  on MW c a l i b r a t i o n  c u r v e s  of 
p o l y  ( s o d i u m  s t y r e n e  s u l f o n a t e s )  on CPG-10. c o l y y  
l e n g t h  4 f t .  p o r e  s i z e  2000 k ,  f l o w r a t e  4 .2  m l  min . 
I o n i c  s t r e n g t h :  0 , z e r o :  A ,  0.01; m ,  0.025; V ,  0.05;  
0 , 0.10: 0 ,  0 . 3 0 ;  0 ,  0.5: - , NaCll peak p o s i t i o n .  
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AQUEOUS GEL PERMEATION CHROMOTOGRAPHY 1909 

l o w e s t  MW po lymers  a r e  e x c l u d e d ,  i t  i s  more l i k e l y  t h a t  t h e  e f f e c t  

d e r i v e s  from c h a r g e  r e p u l s i o n .  The a d d i t i o n  o f  s m a l l  amounts  of 

n e u t r a l  s a l t s  ( e . g .  0.01 M NaC1) a l l o w s  p o r e  pe rmea t ion  even  f o r  

t h e  h i g h  MW polymers  and w h i l e  s u c h  a d d i t i o n  h a s  been  shown t o  

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

t h e  s a l t s  a r e  a c t i n g  by  a c h a r g e  s c r e e n i n g  mechanism. A t  h i g h  

i o n i c  s t r e n g t h  (0 .5  M NaCl) ,  a l l  t h e  po lymers  show t o t a l  perme- 

a t i o n  of t h e  column. Such b e h a v i o u r  c a n n o t  b e  e x p l a i n e d  by  a s i z e  

e f f ec t  a l o n e  s i n c e ,  a s  t h e  v i s c o s i t y  d a t a  show, t h e  s i z e  o f  t h e  
po lymers  d o e s  n o t  change  s i g n i f i c a n t l y .  I t  seems l i k e l y  t h a t  

t h e s e  e f f e c t s  can  b e  e x p l a i n e d  by  t h e  o n s e t  of a d s o r p t i o n  a t  

h i g h e r  i o n i c  s t r e n g t h .  I t  can  a l s o  b e  seen from F i g .  3 t h a t  t h e  

a p p a r e n t  t o t a l  permeated  volume s u g g e s t e d  by  t h e  e l u t i o n  volumes  

o f  t h e  polymers  i s  less  t h a n  t h a t  o b s e r v e d  f o r  NaC1. T h i s  e f f e c t  

was a l s o  no ted  f o r  p o l y a c r y l a m i d e s  and d e x t r a n s  (1,2) and may 

r e f l e c t  t h e  e x i s t e n c e  o f  a b imodal  p o r e  s i z e  d i s t r i b u t i o n  i n  t h e  

c o l  m n  pack ing  . 

Effect o f  pH on S E C  E l u t i o n  Volumes 
The pH o f  t h e  mob i l e  phase  would b e  expec ted  t o  have  an  

e f fec t  on GPC b e h a v i o u r  t h r o u g h  i t s  i n f l u e n c e  on polymer and /o r  

s u r f a c e  c h a r g e .  G l a s s  is g e n e r a l l y  b e l i e v e d  t o  a c q u i r e  a n e g a t i v e  

c h a r g e  a t  i n t e r m e d i a t e  and h i g h e r  pH v i a  d i s s o c i a t i o n  of s i l a n o l  

g r o u p s .  Ha i r  and Hertl ( 3 )  have  r e p o r t e d  a pK v a l u e  of t h e  o r d e r  

o f  a b o u t  7 .  The s u l f o n i c  a c i d  b e a r i n g  po lymers  would b e  e x p e c t e d  

t o  b e  cha rged  a t  pH above  a b o u t  3. Thus ,  i o n  e x c l u s i o n  e f f e c t s  

would b e  e x p e c t e d  o n l y  a t  h i g h  pH. whereas  a t  low pH, c h a r g e  

e f f e c t s  shou ld  be a b s e n t .  The c u r v e s  i n  F i g .  4 a r e  i n  acco rd  w i t h  

t h e s e  g e n e r a l  p r e c e p t s .  A t  a pH o f  1 .6 ,  t h e r e  i s  a l m o s t  t o t a l  

pe rmea t ion  of  t h e  pack ing  b y  polymers  of' MW less t h a n  200,000. 

Sane a d s o r p t i o n  i s  p r o b a b l y  o c c u r r i n g  unde r  t h e s e  c o n d i t i o n s .  

Aga in ,  t h e r e  a p p e a r s  t o  b e  a gap  between t h e  t o t a l  volume a v a i l a -  

b l e  t o  polymers  compared t o  s m a l l  s p e c i e s  s u c h  a s  NaCl. The p a r t -  

i c u l a r  p o r e  s i z e  r e p r e s e n t e d  by  t h i s  pack ing  is c l e a r l y  p r o v i d i n g  

t h e  b e s t  r e s o l u t i o n  for po lymers  i n  t h e  MW r a n g e  l o 5  t o  10 . 6 
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1910 OMORODION, HAMIELEC, AND B U S H  

"'25 L-2- 30 35 40 45 50 55 

PEAK RETENTION VOLUME (ml) 

F i g u r e  4 E f f e c t  of pH on MW c a l i b r a t i o n  c u r v e s  of  p o l y  ( sod ium 
s t y r e n e  s u l f o n a t e s )  on CPG-10. C o l y n  l e n g t h  4 f t ,  p o r e  
s i z e ,  2000 A ,  f l o w r a t e  4 .2  m l  min- . pH v a l u e s :  0 , 
7 . 0 ;  0 ,  5 . 1 9 ; m .  2 .28 ;  X ,  1 . 9 8 . 0 ,  1 .62 ;  - , NaCk peak  
p o s i t i o n .  

E f f e c t  o f  Neutral  S u r f a c t a n t  on SEC E l u t i o n  Volumes 

Use o f  n e u t r a l  s u r f a c t a n t s  i n  SEC h a s  f r e q u e n t l y  b e e n  

advoca ted  a s  a means o f  min imiz ing  a d s o r p t i o n  ( 4 ) .  p re sumab ly  by a 

pre-empt ive  a d s o r p t i o n  of t h e  s u r f a c t a n t  i t s e l f .  I t  was found i n  
t h e  p r e s e n t  work t h a t  a d s o r p t i o n  o c c u r r e d  a t  h i g h  i o n i c  s t r e n g t h ,  

e s p e c i a l l y  on t h e  smaller p o r e  s i z e  p a c k i n g .  I n  l i n e  w i t h  

p r e v i o u s  i n v e s t i g a t i o n s  i n  t h i s  series it was a l s o  found t h a t  s u c h  
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10' 

I o6 

lo5 
lZ 

I o4 

I o3 

0 

I I I I I I I 
, 20 25 30 35 40 45 50  

PEAK RETENTION VOLUME (ml) 

F i g u r e  5 M W  c a l i b r a t i o n  c u r v e s  o f  p o l y  ( s o d i u m  s t y r e n e  
s u l f o n a t e s )  f o r  s i n g l e  columns o f  v a r i o u s  p o r e  g i z e s ,  pH 
6.6,  i o n i c  s t r e n g t h  0.053,  f l o w r a t e  4.2 m l  min- , column 
l e n g t h s ,  4 f t .  

a d s o r p t i o n  could be  e l i m i n a t e d  by a d d i t i o n  of a few ppm of t h e  

n o n i o n i c  s u r f a c t a n t  T e r g i t o l  t o  t h e  mob i l e  phase  ( d a t a  n o t  shown).  

It shou ld  be p o i n t e d  o u t  t h a t  even i n  t h e  p r e s e n c e  of  T e r g i t o l  a t  

h i g h  i o n i c  s t r e n g t h  ( >  0 .2 )  t h e  p o l y s t y r e n e  s u l f o n a t e s  were 

s t r o n g l y  adso rbed .  I t  seems p o s s i b l e  i n  t h i s  c o n n e c t i o n  t h a t  t h e  

s o l u b i l i t y  o f  t h e  polymers  msy be reduced i n  t h e s e  med ia ,  pe rhaps  

due t o  a s a l t i n g - o u t  t endency .  

In  terms o f  t h e  mob i l e  p h a s e ,  t h e  o p t i m a l  c o n d i t i o n s  appea r  

t o  b e  a t  m o d e r a t e  i o n i c  s t r e n g t h  ( -  0 . 1 )  and pH i n  t h e  
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1912 OMORODION, HAMIELEC, AND BRASH 

neighbourhood of 6 i n  p r e s e n c e  of - 40 ppm T e r g i t o l .  Under t h e s e  

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

Choice o f  Range of Pore S i z e  (Column Combinat ion)  

The above d i s c u s s i o n  r e l a t i n g  t o  m o b i l e  phase  o p t i m i z a t i o n  

was based on expe r imen t s  w i t h  a s i n g l e  column pack ing  wi th  a p o r e  

s i z e  o f  2000 k .  As was p o i n t e d  o u t ,  good r e s o l u t i o n  o f  po lymers  

above 10 MW is o b t a i n e d  b u t  t h e  lower FlW m a t e r i a l s  a r e  n o t  well 

r e s o l v e d .  C l e a r l y ,  i f  good r e s o l u t i o n  i s  t o  b e  o b t a i n e d  o v e r  a 

wider  r ange  o f  MW, it is  n e c e s s a r y  t o  use a m u l t i - c o l m n  system 

c o n t a i n i n g  a p p r o p r i a t e  po re  s i z e s .  

5 

F i g .  5 shows c a l i b r a t i o n  curves u s i n g  a number o f  s i n g l e  

co lunn  sys t ems  c o v e r i n g  a w i d e  r a n g e  of  p o r e  s i z e s .  The m o b i l e  

phase  was s e l e c t e d  based on t h e  r e s u l t s  p r e s e n t e d  above and had 

t h e  f o l l o w i n g  c o m p o s i t i o n :  i o n i c  s t r e n g t h  0 . 0 5 5 ,  0 . 0 4  g / l  

T e r g i t o l ,  pH 6.6.  T h i s  mob i l e  p h a s e ,  i n  a d d i t i o n  t o  e l i m i n a t i n g  

c h a r g e  and a d s o r p t i o n ,  was a l s o  found t o  r e s o l v e  t h e  l o w e s t  MW 

polymer (31,000) well from t h e  added s a l t ,  Na2S0,, (which i s  a l s o  

p r e s e n t  i n  t h e  a s - r ece ived  polymers)  . 
Based on t h e s e  d a t a ,  s e v e r a l  column c o m b i n a t i o n s  were s t u d i e d  

i n  o r d e r  t o  p r o v i d e  an o p t i m a l  S E C  system for t h e s e  polymers .  The 

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

e x p e r i m e n t a l  chromatograms u s i n g  t h e  a p p r o p r i a t e  c a l i b r a t i o n  c u r v e  
were used a s  t h e  c r i t e r i a  o f  o p t i m a l  c o n d i t i o n s .  T a b l e  2 shows a 

s e l e c t i o n  o f  d a t a  f o r  s e v e r a l  c o l m n  c o m b i n a t i o n s .  In terms of  
m i n i m u m  p o l y d i s p e r s i t y  o v e r  t h e  whole r a n g e  of MW's, t h e  sys t em 

employing a 28 .7  f o o t  column c o n t a i n i n g  p o r e  s i z e s  2000,  1000. 

729,  700 ,  500, 370 and 327 A ,  o p e r a t i n g  a t  pH 6.6 and ion ic  
s t r e n g t h  0.053 gave  t h e  b e s t  resul ts  ( s y s t e m  t l ) .  The c a l i b r a t i o n  

c u r v e  f o r  t h i s  system is shown i n  F i g .  6 .  A t  h i g h e r  i o n i c  

s t r e n g t h  t h e  r e s o l u t i o n  ( d a t a  n o t  shown) was c o n s i d e r a b l y  r e d u c e d .  

The r e su l t s  o f  t h i s  s t u d y  may be compared t o  t h o s e  of 

S p a t o r i c o  and B e y e r  ( 5 )  who a l s o  i n v e s t i g a t e d  p o l y s t y r e n e  

s u l f o n a t e s  a s  s t a n d a r d s  f o r  aqueous SEC.  These worke r s  p repa red  

t h e i r  own s t a n d a r d s  by s u l f o n a t i o n  of na r row p o l y s t y r e n e  f r a c t i o n s  
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1914 OMORODION, HAMIELEC, AND BRASH 

175 200 225 250 275 300 325 
PEAK RETENTION VOLUME (ml 1 

Figure 6 M W  c a l i b r a t i o n  c u r v e  f o r  p o l y  ( s o d i u m  s t y r e n e  
s u l f o n a t e s )  f o r  op t imal ly  chosen mobile  phase and pore  
s i z e  c o m b i n a t i o n .  Column l e n g t h  28 .7  f t ;  p o r e  
d iameters :  2000. 1000, 729 ,  7 0 0 ,  5 0 0 ,  370 and 127 A ;  pH 
6 . 6 ;  i o n i c  s t r e n g t h  0.053; f l o w r a t e  4 . 2  m l  m i n -  . 

i n  the  MW range 8,000 t o  800,000. They obta ined  r e s o l u t i o n  

comparable t o  t h a t  repor ted  here  using CPG-10 packing ( p o r e  sizes 
1250 t o  75 A )  with a mobile phase of 0.2 M Na SO ( i o n i c  s t r e n g t h  

I 0 . 6 ) .  The pH, a l though not  s p e c i f i e d  was p r e s m a b l y  i n  t h e  

n e u t r a l  range.  A comparison of  t h e  two s t u d i e s  can be made i n  
terms of  t h e  most obvious d i f f e r e n c e s  between them, namely t h e  

l e v e l  of i o n i c  s t r e n g t h  and t h e  a n a l y s i s  t ime,  bo th  o f  which a r e  

g r e a t e r  i n  the  work of  Spator ico  and Beyer. 

2 4  
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AQUEOUS GEL PERMEATION CHROMATOGRAPHY 1915 

As i n d i c a t e d  p r e v i o u s l y  o u r  i n t r i n s i c  v i s c o s i t y  r e s u l t s  

s u g g e s t  t h a t  a compromise i s  r e q u i r e d  be tween l o s s  of r e s o l u t i o n  

a t  h i g h  i o n i c  s t r e n g t h  and poor  r e p r o d u c i b i l i t y  a t  l ower  i o n i c  

s t r e n g t h  ( b u t  s t i l l  h igh  enough t o  e l i m i n a t e  i o n  e x c l u s i o n ) .  More 

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

S p a t o r i c o  and Beye r ,  w i t h  an  i o n i c  s t r e n g t h  of 0 . 6 ,  would g i v e  

less than  o p t i m a l  r e s o l u t i o n  s i n c e  t h e  polymer c o i l s  a p p e a r  t o  b e  

e f f e c t i v e l y  c o l l a p s e d .  I t  is p o s s i b l e  t h a t  t h i s  h a s  been  compen- 

s a t e d  by i n c l u s i o n  o f  v e r y  s m a l l  p o r e  s i z e s  i n  t h e  s y s t e m  (5 ) .  I n  

t h i s  c o n n e c t i o n  it shou ld  b e  no ted  ( F i g .  6 )  t h a t  u s i n g  o u r  m o b i l e  

phase  c o n d i t i o n s  of  m o d e r a t e  i o n i c  s t r e n g t h  t h e  po lymers  were 
c o m p l e t e l y  exc luded  from 120/88 p o r e s  and were n o t  well r e s o l v e d  

a t  p o r e  s i z e s  l e s s  t h a n  30&. 

With  r e g a r d  t o  a n a l y s i s  t ime  t h i s  t o o  i s  p r e s u m a b l y  

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

t h e  two s t u d i e s  are  a b o u t  t h e  same w h i l e  t h e  c o l m n  d i a m e t e r s  a r e  

r e s p e c t i v e l y  0.375" ( t h i s  s t u d y )  and 0.17" ( 5 1 ,  l e a d i n g  t o  a 

sys t em volume r a t i o  of  a b o u t  5.  S i n c e  t h e  r e s p e c t i v e  f l o w r a t e s  

were 4.2 ( t h i s  s t u d y )  and 0.5 m l  min-' (5 )  t h e  a n a l y s i s  time i s  

l e s s  i n  t h e  p r e s e n t  s t u d y  by  a f a c t o r  o f  a b o u t  2.  

No a t t e m p t  h a s  been made i n  t h e  p r e s e n t  se r ies  of s tud ie s  
( 1 , 2 )  t o  t e s t  t h e  a p p l i c a b i l i t y  o f  t h e  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 .  Indeed  we have found t h a t  e a c h  wa te r  s o l u b l e  polymer  

sys t em r e q u i r e s  a somewhat d i f f e r e n t  m o b i l e  phase  for  o p t i m a l  

r e s o l u t i o n  so t h a t  t h e  u n i v e r s a l  c a l i b r a t i o n  approach  s i m p l y  i s  
n o t  a p p r o p r i a t e .  S t u d i e s  t o u c h i n g  on t h i s  p o i n t  a r e  t h o s e  of 

S p a t o r i c o  and Beyer (5) and R o l l i n g s  e t  a 1  ( 6 ) .  S p a t o r i c o  and 

Beyer found t h a t  f o r  f o u r  d i f f e r e n t  polymer t y p e s  ( i n c l u d i n g  

NaPSS) a common u n i v e r s a l - t y p e  c a l i b r a t i o n  c u r v e  was o b t a i n e d  i n  

0 . 2  M Na2S04. 

c o n c e n t r a t i o n  i n  t h e  r a n g e  0 . 2  t o  0.8 M .  The r e c e n t  work o f  

R o l l i n g s  e t  a1  ( 6 )  showed t h a t  a common u n i v e r s a l - t y p e  c a l i b r a t i o n  

c u r v e  cou ld  n o t  b e  o b t a i n e d  f o r  any o f  a v a r i e t y  o f  m o b i l e  p h a s e s .  

However when an exc luded  volume p a r a m e t e r  was i n c l u d e d  i n  t h e  

hydrodynamic v o l u n e  term a common c u r v e  was o b t a i n e d .  In  a g r e e -  

2 s04 F u r t h e r m o r e ,  t h e  c u r v e  was i n d e p e n d e n t  o f  Na 
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1916 OMORODION, HAMIELEC, AND BRASH 

ment with Spator ico  and Beyer these  a u t h o r s  obta ined  a common 

curve only a t  high i o n i c  s t r e n g t h  (0.1 M or g r e a t e r ,  NaC1). A s  

has  a l r e a d y  been pointed o u t ,  r e s o l u t i o n  can be improved f o r  each 

i n d i v i d u a l  polymer system by c a r e f u l  c h o i c e  of  c o n d i t i o n s .  Thus 

al though t h e  u n i v e r s a l  c a l i b r a t i o n  may or may n o t  be a p p l i c a b l e  

f o r  a given set of c o n d i t i o n s ,  it would seem p r e f e r a b l e  where 

p o s s i b l e  to  o p e r a t e  u n d e r  "customised" opt imal  c o n d i t i o n s  f o r  t h e  

polymer system u n d e r  c o n s i d e r a t i o n .  
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