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IDepto. Quimica Fhica 
2Depto. Bioquimica 
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ABSTRACT 

A model q u a n t i t a t i v e l y  d e s c r i b i n g  t h e  experimental  s h i f t s  i n  
e l u t i o n  volumes of polymeric s o l u t e  A i n  t h e  presence of ano the r  
polymer B i s  developed. The concentration-dependent sh r inkage  of A 
c o i l s  has  been eva lua ted  from t h e  i n t r i n s i c  v i s c o s i t y  d i sp l ayed  by 
polymer A i n  the  t e r n a r y  s o l u t i o n  formed by i t s e l f  a t  CA 

concen t r a t ion  + polymer B a t  CB concen t r a t ion  -t s o l v e n t .  R e s u l t i n g  
concen t r a t ion  e f f e c t s  depend on both polymer concen t r a t ions  (CA and 
c ~ )  
(IqlA and I r l l ~ ) ,  on the  Buggins '  c o e f f i c i e n t s  kA and kg, and on t h e  
quadra t i c  concen t r a t ion  c o e f f i c i e n t s  i n  t h e  polynomial expansion of 
rlsp/c, namely k i  and kh. P r e d i c t e d  e l u t i o n  volumes a r e  rompared 
with experimental  ones f o r  two d i f f e r e n t  types of l i t e r a t u r e  
systems: those s tudying polymer A e l u t i o n  a t  d i v e r s e  cA 
concen t r a t ions  i n  e l u e n t s  c o n s i s t i n g  of mixtures  of polymer B + 
s o l v e n t  and those i n  which polymer A + polymer B mixtures  a r e  
i n j e c t e d  a t  once i n  the  pure s o l v e n t  used as e l u e n t .  I n  o r d e r  t o  
e l i m i n a t e  experimental  u n c e r t a i n t i e s  about  k i  and kf (i=A,B) va lues ,  
app l i ed  k i  va lues  were those obtained from the  e m p i r i c a l  c o r r e l a t i o n  
k i  + 0.122 = k: whereas ki one8 were obtained from Imai 's  equa t ion .  

on the  i n t r i n s i c  v i s c o s i t i e s  of both polymers i n  the  s o l v e n t  
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1106 

INTRODUCTION 

SORIA ET AL. 

To t h i s  d a t e ,  the so -ca l l ed  "concen t r a t ion  e f f e c t s "  i n  s t e r i c  
exc lus ion  l i q u i d  chromatography (SEC) of  polymers i s  expe r imen ta l ly  

w e l l  e s t a b l i s h e d  (1-5) and s e v e r a l  t h e o r e t i c a l  models (6-11) have 
been proposed f o r  i t s  p r e d i c t i o n .  A new model accoun t ing  f o r  

concen t r a t ion  e f f e c t s  i n  SEC was r e c e n t l y  developed (12), and a 
good ageement between experimental  peak e l u t i o n  volumes i)nd 

p red ic t ed  ones was evidenced f o r  several t e s t e d  po lymer l e luen t /ge l  

systems. However, s e v e r a l  comments on a l l  t h e  proposed models 

should be unde r l ined .  The c o n c e n t r a t i o n  r ange  of models (6-12) 
a p p l i c a b i l i t y  i s  n o t  c l e a r l y  d e f i n e d ;  so, f o r  v e r y  l o w  

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

volumes shown by a l l  models i s  q u a n t i t a t i v e l y  c o r r e c t ;  b u t  a t  

moderately d i l u t e d  c o n c e n t r a t i o n  of s o l u t e  i n j e c t i o n ,  d e v i a t i o n s  

a r i s e  between experimental  and p r e d i c t e d  e l u t i o n  volumes. The 

l i m i t  between bo th  regimes of c o n c e n t r a t i o n  i s  n o t  w e l l  

e s t a b l i s h e d .  On t h e  o t h e r  hand, s e v e r a l  works (13-16) d e s c r i b i n g  

t h e  experimental  s h i f t s  i n  t h e  peak e l u t i o n  volumes of a polymeric 

s o l u t e  e l u t e d  i n  presence of ano the r  polymer have been cons ide red  

t o  be man i fe s t a t ions  of c o n c e n t r a t i o n  e f f e c t s ,  and an  a t t e m p t  of  

t h e o r e t i c a l  p r e d i c t i o n  has  on ly  been r e p o r t e d  (15) by t h e  Rud ln ' s  

model. 

This  paper i s  ded ica t ed  t o  t h e  development of a model f o r  t h e  

p r e d i c t i o n  of e l u t i o n  volumes a t  f i n f t e  c o n c e n t r a t i o n  f o r  a 

polymeric s o l u t e  A i n  t h e  p re sence  of a n o t h e r  polymer B s i m i l a r  or 

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

concen t r a t ion  r ange  i n  which t h e  model i s  v a l i d ,  

I n  SEC .the commonly used magnitude f o r  d e f i n i n g  t h e  s i z e  of  a 
polymer molecule,  as de f ined  by i t s  e q u i v a l e n t  hydrodynamic sphe re ,  

i s  the  hydrodynamic volume (.Mlrllj, b u t  i t  i s  wel l  known t h a t  t h e  s i z e  

of a macromolecular c o i l  i n  s o l u t i o n  depends upon i t s  c o n c e n t r a t i o n  

( 1 7 1 . h  t h i s  model, i t  is assumed t h a t  c o i l  sh r inkage  i s  due  to  t h e  

j o i n t  c o n t r i b u t i o n  of thermodynamic and hydrodynamic b i n a r y  and 

t e r n a r y  i n t e r a c t i o n s  between A and B polymers i n  the p resence  of a 

good common s o l v e n t .  Both c o n t r i b u t i o n s  are in t roduced  i n  our  

model through the  c o e f f i c i e n t s  of t he  l i n e a r  (Huggins '  c o e f f i c i e n t s ,  
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POLY MER/POLY MERlSOLVENT SYSTEMS 1107 

kA and %) and q u a d r a t i c  (kA and ki) c o n c e n t r a t i o n s  terms i n  t h e  

polynomia l  expans ion  of r( / c  (18). 
SP 

As t e s t  sys tems,  t h e  fo l lowing  ones  w i t h  r e p o r t e d  d a t a  on 

e l u t i o n  volumes have been s t u d i e d :  d i v e r s e  s o l u t i o n s  of p o l y s t y r e n e  

(PSI o r  poly(methy1 m e t h a c r y l a t e )  (PMMA) i n  (THF + PS) a s  e l u e n t  

(13 ,14 ) ,  mix tu res  of two PSs i n  THF ( 1 5 ) ,  mix tu res  of PS + PMMA i n  

THF (15)  and mix tu res  of PS + po lybu tad iene  (PBD) i n  THF ( 1 6 ) .  

THEORY 

The developed formal i sm,  used t o  e s t i m a t e  t h e  hydrodynamic 

volumes a t  i n f i n i t e  d i l u t i o n  and f i n i t e  c o n c e n t r a t i o n  (12,191,  i s  

based on t h e  v i s c o m e t r i c  concep t s  on polymer A/polymer B / s o l v e n t  

t e r n a r y  sys tems.  There  are two ways t o  c o n s t r u c t  t h e  above  t e r n a r y  

system: a mix tu re  o f  polymer A and polymer B is d i s s o l v e d  i n  t h e  

s o l v e n t ,  o r  t h e  polymer A i s  dissolved i n  a d i l u t e  s o l u t i o n  of 

s o l v e n t  + polymer B .  The u n i v e r s a l  c a l i b r a t i o n  e q u a t i o n  f o r  t h e  

polymer A ,  a t  i n f i n i t e  d i l u t i o n ,  i n  t h e  p re sence  of B ,  i s  g iven  

by 
l o g  M l n l A , c B  = 9 - PVe(o) (1) 

where Q and P are c a l i b r a t i o n  c o n s t a n t s ,  Ve(0) i s  t h e  e l u t i o n  

volume a t  i n f i n i t e  d i l u t i o n  of A i n  p re sence  of polymer B a t  a 

f i n i t e  c o n c e n t r a t i o n ,  cB, and IqIA,cB i s  t h e  i n t r i n s i c  v i s c o s i t y  of 

polymer A i n  a s o l u t i o n  a t  cB of polymer B i n  t h e  s o l v e n t .  Ve(0) 

cannot  be  d i r e c t l y  e v a l u a t e d  and must b e  found by e x t r a p o l a t i o n .  

The u n i v e r s a l  c a l i b r a t i o n  f o r  polymer A a t  f i n i t e  c o n c e n t r a t i o n s  of 

b o t h  A and B polymers (13) i s  g iven  by 

l o g  M 1 n l A , c  +c = Q - PVe(cA) ( 2 )  
A B  

where now Ve(cA) i s  t h e  e l u t i o n  volume of polymer A i n j e c t e d  a t  t h e  

f i n i t e  c o n c e n t r a t i o n  cA and l r ( l A  +cB i s  t h e  i n t r i n s i c  v i s c o s i t y  
, A  

d i s p l a y e d  by polymer A i n  a t e r n a r y  sys tem c o n s i s t i n g  of s o l v e n t ,  

polymer A a t  cA and polymer B a t  cB .  The s u b t r a c t i o n  o f  eqs.(l) 

and ( 2 )  y i e l d s  f o r  Ve(cA): 

I 0 I A ,  CA+CB 

InIA,cB 

(3)  
1 

Ve(CA) a Ve(0) - p l o g  
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1108 SORIA ET AL. 

Since  In1 
magnitudes,  t h e  d i r e c t  a p p l i c a b i l i t y  o f  eq.(3) remains l i m i t e d  and 

i t  must be transformed i n t o  a new one given i n  terms of a v a i l a b l e  

experimental  magnitudes,  such as 1 ~ 1 ~  and lq lB.  That  t r a n s f o r m a t i o n  

can be  done r e c a l l i n g  l ~ l ~ , ~  +c and InlA,cg d e f i n i t i o n s :  

and IqlA,cB are n o t  u s u a l l y  a v a i l a b l e  expe r imen ta l  
A s  CA+CB 

A ,B 

where t i s  t h e  f low time through a c a p i l l a r y  of  a s o l u t i o n  

of polymer A a t  c i  c o n c e n t r a t i o n  i n  t h e  " so lven t "  w i th  f low time 

B 

CA+C A+cB 

formed by polymer A a t  c A  c o n c e n t r a t i o n  + polymer B a t  c t cA+c~  
s t a n d s  f o r  t h e  flow time tcA+cg c o n c e n t r a t i o n  i n  t h e  pure s o l v e n t .  

of  a s o l u t i o n  of  polymer A a t  c i  c o n c e n t r a t i o n  i n  t h e  " so lven t "  w i th  

f low time t 

s o l v e n t .  The e v a l u a t i o n  of  a l l  t h e  above f low t i m e s  can be done 

through the  Krigbaum and Wall (20) and Cragg and Bigelow ( 2 1 )  

formalisms f o r  multicomponent systems.  According t o  t h e s e  formalisms 

t h e  s p e c i f i c  v i s c o s i t y  of a s o l u t i o n  of a mix tu re  of  polymers a t  c 

c o n c e n t r a t i o n  i s  given by 

formed by polymer B a t  cB  c o n c e n t r a t i o n  i n  t h e  pu re  
C B  

m 

where s t a n d s  f o r  t h e  i n t r i n s i c  v i s c o s i t y  of t h e  mixed polymer, 

and bm, b:, ... f o r  t h e  v i s c o m e t r i c  i n t e r a c t i o n  parameters  of t h e  

mixed polymer. Taking as an  example t h e  s o l u t i o n  of polymer A a t  cb, 

c o n c e n t r a t i o n  and polymer B a t  cB c o n c e n t r a t i o n  (c  

r e c a l l i n g  d e f i n i t i o n ,  t h e  above eq. can be w r i t t e n  a s  

= c; + C B L  m 

SP 
( t c l + C  / t o ) - l  

C i + C B  

2 A B  n 
= Iql,+b c +b ' c  + . - *  - 

m m  m m  m 
which i s  t ransformed i n t o  (20,211 

This eq.  y i e l d s  tcl+c i n  terms of the  co r re spond ing  
A B  

(5) 

i n t r i n s i c  
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WLYMER/PoLYMER/SOLVP.NT SYSTEMS 1109 

v i s c o s i t i e s  and v i s c o m e t r i c  i n t e r a c t i o n  pa rame te r s  o f  t h e  i n d i v i d u a l  

polymers.  Changing from mass f r a c t i o n  t o  c o n c e n t r a t i o n ,  w .=c .Xr~+cB) ,  

eq. (5) y i e l d s  
1 1  

By expanding t h e  second and t h i r d  powers and r e c a l l i n g  (20 ,211  f o r  
s h o r t  t h a t  bAB=(bAbB)l l2 ;  b L B - ( b ' b ' b ' )  113 and b i B A = ( b i b i b i )  113 , 

eq.(6) is f i n a l l y  t ransformed i n t o  
A A B  

= to l+ I t l IAc i+(q I  c +b ct2+bgcB+2b 2 c ' c  +b ' c '  3 3  +b;)cg+ A B A B  A A  t 
c'+c B B  A A  

(7) 2 A B  
3bhBc;12cB+3b;)BA~icB+ * * * 

The remain ing  f low times can  b e  e v a l u a t e d  i n  a similar way, 

f o r  i n s t a n c e  changing  c i  by c i+cA i n  o r d e r  t o  g e t  t 

c i  by rA t o  g e t  t 

The o b t a i n e d  eqs. are 

o r  cA+cA+cB ' 
o r  making ci=O when i n t e n d i n g  t o  o b t a i n  t . 

C A + ~ B  C B  

(8a )  

(8b)  

(8c)  

- to l+(q(A(c ;L+cA)+(q  (BcB+bA(Ci+cA) 2 + ' * * 

tc '+c +c A A B  
2 

= to l + ~ ~ ~ A c A + ~ ~ ~  B B  r +b A A  c + * ' *  

2 3  
B B  B B  B B  t = to l+lql c +b c +b ' r  + " *  

cB 

The a p p r o p r i a t e  s u b s t i t u t i o n  of t h e  above  f low times i n  eqs.  

( 4 )  y i e l d s  

=( lnlA+2b c +2b c +3b;(cA+3b~BA~B+6b~ABcA~B)/(1+1q1ArA+I'IlB~B 2 
2 

I q I A ,  cA+cB A A  A B B  

+b c 2 2  +b c +2b c c +b 'c  3 3  +b'c + 3 b ~ B ~ A ~ B + 3 b ~ B A ~ A c B )  2 2 (9)  A A  B B  A B A B  A A  B B  

Eq.(10) has  been wide ly  used (22 ,23)  wi thou t  t h e  b '  terms. 

The s u b s t i t u t i o n  of l q l  and from eqs.(9) and (10) 
A ,  CA+CB A * c B  -3 

and t h e  i n t r o d u c t i o n  of k = bi l i l ( i -2  and  k f=bf l r l l i  i i n  eq. (3)  y i e l d s  
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1110 SORU ET AL. 

1/2 Defining the new variables a E k1”lvlAcA + % l‘llBcB and A 
kt1/3 A InIAcA + l$1/31qlBcB, eq.(ll) is finally rearranged into 

(12) 1 v (c ) = v (0) - log e A  

The above equation is of general aplication; it predicts the shifts 
in elution volumes due to concentration effects of a polymer A in 
the absence or presence of another polymer B (similar or dissimilar 
in chemical nature to A ) .  

RESULTS AND DISCUSSION 

Prior to testing the validity of eq.(12), some considerations 
on its potential applicability should be remarked upon. The direct 

application of eq.(12) demands the knowledge of ki and k; magnitudes, 
not easily available to chromatographists and of which accurate 

experimental determinations are not easy tasks. In order to overcome 
these dificulties the following alternative is offered. 

According to Imai ( 2 4 ) ,  Huggins’ coefficients, ki, are related 
to viscometric expansion factors, a through the equation 

,.,I 

(13) -4 -2 k. = ki,-, a,, + c(1 - a,., 1 

where ki,B, the Huggins’ coefficient at 8-conditions 

coefficient are independent of temperature, solvent power and 
molar mass (25 ) ,  with the most commonly accepted values k 

and the C 

- 0.5 i,e 
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PoLYMER/POLYMER/SOLVENT SYSTEMS 1 1 1 1  

and C = 0.3 (26 ) .  R e c a l l i n g  ci 

Iqli ,B = Ki,-,M:/', eq . (13)  i s  t ransformed i n t o  

d e f i n i t i o n ,  a3 = w i t h  
rl rl 

which y i e l d s  ki i n  terms of t h e  more a c c e s i b l e  Ke and I ' l l i  

magnitudes.  S i m i l a r l y ,  k i  s u b s t i t u t i o n  i n  eq.(12)  by o t h e r  more 

a c r e s i b l e  magnitudes,  can be  done through t h e  c o r r e l a t i o n  

( k i  + C' ) /k i  = 1 v a l i d  f o r  polymers c o i l s  (27). Diver se  C '  v a l u e s  

have been suggested:  0.125 (28), 0.09 (29), 0.08 (30) and 0.122(31). 

This  l a s t  va lue ,  r e c e n t l y  proposed, has  been eva lua ted  from 

experimental  d a t a  f o r  PMMA (32) i n  p-dioxane and 1 ,2 -d ich lo roe thane  

2 

a t  20°C and i t  i s  t h e  one adopted i n  t h i s  paper .  The re fo re ,  

( k l  + 0.122) = kf (15)  

Reported d a t a  on  expe r imen ta l  e l u t i o n  volumes of  a polymeric  

s o l u t e  A ( t aken  a s  r e f e r e n c e )  e l u t e d  i n  p re sence  of ano the r  polymer 

B,are s c a r c e .  The systems so f a r  t e s t e d  i n  t h i s  paper  are l i s t e d  i n  

t a b l e  1. Runs 1 t o  8 correspond t o  e l u t i o n  of d i v e r s e  PS samples 

( a t  s e v e r a l  cA c o n c e n t r a t i o n s )  i n  b i n a r y  e l u e n t s  (THF + d i v e r s e  PS 
a t  s e v e r a l  cB c o n c e n t r a t i o n s )  and t h e  expe r imen ta l  r e s u l t s  were 

pub l i shed  i n  a numerical  way (14), consequen t ly  t h e  p r e d i c t e d  

r e s u l t s  a r e  p re sen ted  i n  t h e  same way. The remaining expe r imen ta l  

and p r e d i c t e d  e l u t i o n  volumes are shown i n  a g r a p h i c  form. I n  r u n s  

9 t o  25 d i f f e r e n t  samples of PS or PMMA a t  s e v e r a l  cA c o n c e n t r a t i o m  

e l u t e d  i n  b ina ry  e l u e n t s  (THF + PS-43000 a t  f o u r  cB c o n c e n t r a t i o n s )  

(13). F i n a l l y ,  runs  26 t o  34 correspond t o  polymer A ( rA) + polymer 

B (cB) mix tu res  i n j e c t e d  i n  pu re  THF as e l u e n t  (15,16) w i t h  polymer 

A = d i v e r s e  PS samples and polymer B = d i v e r s e  PS o r  PMMA o r  PBD 
samples .  

I n  t a b l e  2, t h e  v i scomet r i c  c o n s t a n t s  i n  THF f o r  t h e  e l u t e d  

polymers a r e  shown and i n  t a b l e  3 t h e  pa rame te r s  necessa ry  f o r  eq. 

( 1 2 )  a p p l i c a t i o n .  1 1 1 1  
corresponding v i scomet r i c  e q u a t i o n s  from t a b l e  2 .  kA and kB have 

been c a l c u l a t e d  through eq.(14)  w i t h  % from t a b l e  2 .  I n  r u n s  1 t o  
8 ,  P values have been ob ta ined  from t h e  s l o p e s  of l o g  M l r l l  V S .  

and I'llB have been eva lua ted  through t h e  A 

A, C B  
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1112 SORIA ET AL. 

TABLE 1 

Studied Polymer/Polymer/Solvent Systems 

RUN SAMPLE 1 ELUENT" REFERENCE 
1 PS-620000/PS-620000 ( 1 . 5  mg/ml) + TMF 
2 PS-2280000/ + 'I 

3 PS-620OOO/PS-12500 (2.0 mg/ml) + THF 
4 PS-412000/ 'I  + I' 

PS-22800OO/PS-4000 (2.0 mg/ml) + T Y  5 
6 PS-2280000/ 'I  

7 PS-6200001 'I + 
8 Ps-4120001 I t  + I t  

I 1  

I 1  

14 
, I  

,I 

11 

+ 

____________________------------------------------------------- 
9 PS-49800O/PS-43000 (10 rng/ml) + THF 
10 ' I  / 'I (7.5" ) +  I '  

12 I t  1 l1 (0.0" ) +  

14 'I 1 'I (7.5 'I ) + I t  

16 1 ' I  ( 0 . 0 "  ) +  I '  

18 'I / " (7.5 " ) + " 

20 " / (0.0" ) +  " 

11 ' I  1 I' ( 5 . 0 "  ) +  'I 

13 PS-1600001 'I (10 mglml) + " 

15  " 1 " ( 5 . 0 ' '  ) +  I '  

17 PS-97200 1 ' I  (10 mg/ml) + " 13 

19 I' / 'I ( 5 . 0 "  ) +  'I 

21 PS-670000/ I' (S.Omg/ml) + " 

22 PS-51000 / ' I  ( " ) + 'I 

23 PMMA-34800/ I' ( I '  1 + " 

25 PMMA-34800/ lo ( " ) + 'I 
24 P ~ - 4 2 0 0 0 0 /  ' I  ( 'I ) + 
___________________-__r_________________----------------------- 

26 PS-1800009 f PS-20400 (4 mg/ml) 1 THF 
27 PS-1800000 + PS-200000( ' I  ) I I '  

28 PS-860000 + PS-200000 ( I' ) / " 

29 PS-200000 + PS-860000 ( 'I ) / I t  

30 PS-1800000+PHMA-1'30000( I' ) I 
15 

31 PS-1800000+PBD-170000 (2 mg/ml) 1 
32 
33 PS-390000 + PBD-170000 (2.0 'I ) /  I '  16 

__________________--------------------- -----------------______ 
PS-390000 + PBD-170000 (0.0 mg/ml)/ THF 

34 PS-390000 + PBD-170000 (4.0 I t  ) /  'I 

* 
Figures in parenthesis are €or  polymer concentration. 
The first polymer is always polymer A ,  the second is, 
of course, polymer B. 
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WLYMER/PoLYMER/SOLVENT SYSTEMS 1113 

TABLE 2 

Viscometr ic  Cons tan t s  i n  THF 
f o r  t h e  Systems Studied 

~ ~ 1 0 ~  a RUN Kex10 3 POLYMERS 
ml/g ml /g 

~ ~~ 

PS 74.5(34) 11.8(33) 0.709(33) 1-8 

PS 74.5(34) 14.1(13) 0.70 (13) 
PMMA 57.5(35) 10.4(36) 0.697(36) 9-25 

PS 74 * 5 (34 1 6.82(15) 0.766(15) 

PBD 166.0(15) 45.7 (15) 0.693(15) 
PMMA 69.0(15) 12.8 (15) 0.69 (15) 26-34 

V (0) p l o t s  (14). In runs  9 t o  25, t h e  same magnitude has  been 

eva lua ted  from t h e  u n i v e r s a l  c a l i b r a t i o n  p l o t s  g iven  i n  t h e o r i g i n a l  

r e f e r e n c e  (13). I n  r u n s  26 t o  34, P v a l u e s  have been ob ta ined  by 

plott ing l o g  M l ~ l  vs.  V (0) d a t a  from d i v e r s e  r e f e r e n c e s  (15,161. 
V ( 0 )  v a l u e s  a r e  d i r e c t l y  r e p o r t e d  f o r  runs  1 t o  8 i n  r e f e r e n c e ( l 4 ) ,  

t h e  remaining ones have been ob ta ined  by e x t r a p o l a t i o n .  F i n a l l y ,  

k i  v a l u e s  a r e  not  enclosed i n  t a b l e  3 because they  are d i r e c t  from 

ki d a t a  through eq.(15). 

Two d i f f e r e n t  k inds  of systems are s t u d i e d  i n  t h i s  pape r :  

a )  E l u t i o n  of  polymer A a t  d i v e r s e  cA c o n c e n t r a t i o n s  i n  

e l u e n t  c o n s i s t i n g  of polymer B + T€F,  polymer A be ing  similar o r  

d i s s i m i l a r  i n  chemica1 ,na tu re  t o  polymer B.(Runs 1 t o  25, t a b l e  1). 

b) E l u t i o n  of polymer A + polymer B mix tu res  i n  THF as e l u e n t ,  

a t  d i v e r s e  cA c o n c e n t r a t i o n s  and cB c o n s t a n t .  (Runs 26 t o  3 4 , t a b l e  1). 

Regarding t h e  f i r s t  kind of systems; i n  t a b l e  4 expe r imen ta l  

(14) and p r e d i c t e d  ( through eq.(12)) e l u t i o n  volumes f o r  r u n s  1 t o  

8 a r e  ga the red .  I n  t h e s e  runs  polymer A i s  always i n  t h e  p re sence  

of polymer B ,  bo th  i n t o  t h e  po res  and i n  t h e  i n t e r s t i c e s  because  of 

t h e  lower molecular  s i z e  of polymer B .  Moreover, t o t a l  polymer 

c o n c e n t r a t i o n  ( c  m B 
than 5.1 mglml, polymers s o l u t i o n s  be ing  i n  t h e  d i l u t e  c o n c e n t r a t i r n  

- cA + c ) anywhere i n  t h e  column i s  always lower 
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1114 

TABLE 3 
Parameters Used for  the Evaluation o f  
Concentration Effects with eq.  (12). 

S O R U  ET AL. 

1 185.0 185.0 0.266 0.268 0.389 27.08 
2 413.1 0.262 I 1  24.69 

9.475 0.268 0.446 0.290 26.04 
I 1  26.83 

3 185.0 

11 I 1  0.418 24.24 
4 150.2 0.269 
5 413.1 0.262 
6 413.1 4.224 It 0.556 0.414 23.74 

0.258 25.89 
I 1  26.81 

7 185.0 0.268 
8 150.2 0.269 

137.2 24.70 0.281 0.348 0.064 48.3 
11 48.0 

9 
10 
11 I 1  47.4 
12 - - 11 46.0 
13 61.96 0.304 62.5 

11 62.2 
61.7 

14 
15 - - 11 60.0 

I 1  67.1 
I 1  66.9 

16 
17 43.71 

0.065 66.3 
18 

- - 0.064 65.0 
19 
20 
21 168.84 0.276 0.065 45.0 
22 21.83 0.341 I 1  71.7 
23 105.56 0.286 II 48.9 

I 1  54.4 
73.3 

24 86.38 0.292 
25 15.22 0.376 

13.64 0.258 0.436 0.068 103.8 
0.290 1 1  103.0 

26 422 
78.41 28 240 0.264 1 1  111.1 27 

29 78.41 240 0.290 0.264 0.075 125.5 
43.23 0.258 0.331 0.068 103.0 

0.275 I 1  104 .O 
30 
31 

130.8 - 0.274 - 0.086 136.7 
192.6 0.255 137.6 

32 
33 
34 I 1  139.8 

* Units of P and Ve(0) are given i n  (count)-' and (count) for 1-8 

11 I 1  

11 11 

I 1  ,I 

I 1  I 1  
----___-----__I___-_---------------------------------------------- 

I 1  11 11 I 1  

11 11 I 1  I 1  

I 1  I 1  

11 11 11 

I 1  11 

11  I1  

I1  I 1  

I 1  II 

11 I 1  

I, 

I 1  I 1  

I 1  I1 I 1  I 1  

11 I 1  11 I 1  

I 1  I 1  

0.318 

11 I 1  

I1 I t  

I 1  I t  

I 1  I 1  

I 1  I t  11 ............................................................... 

I 1  II 

I1 11 

I 1  I 1  
422 

192.6 
--------------------___c___c____________------------------------ 

11 I 1  1 1  

11  I 1  I 1  I 1  

run8 and i n  ml-1 and ml f o r  the remaining runs. 
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POLYMER/POLYMER/SOLVENT SYSTEMS 

TABLE 4 

Comparison Between Experimental(l4) and 
Predicted Elution Volumes with eqs.(l2) 
and (16) for Several PSs in (THF + PS). 

range.. In this case, second cm and higher order powers in eq. (4) 

may be neglected and a simpler expression than eq. (12), can be 

deduced, namely 

2 2  
(1+1 nlBcB+kg I n IBcB) (1+2kAI n IAcA+2(kA%) '" I nlBcd 

v ( c  )=V (0)-  Flog 
2 e A  e 

(I+) n 1 AcA+I 1 (1+2 (kAkB> 'I2 I 0 1  BcB) 
(16) 

in which b' and kf terms vanish. The above simplified equation has i 
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1116 SORIA ET AL. 

a l s o  been a p p l i e d  t o  runs  1 t o  8 and t h e  r e s u l t s  a l s o  a r e  l i s t e d  i n  

t a b l e  4 .  A s  expec ted ,  n e g l i g i b l e  d i f f e r e n c e s  a r e  found between 

p r e d i c t e d ,  bo th  through e q s . ( l 2 )  and (16). and expe r imen ta l  e l u t i o n  

volumes. 

I n  f i g u r e  1,  expe r imen ta l  ( f i l l e d  p o i n t s )  and p r e d i c t e d  b o t h  

through t h e  g e n e r a l  eq . (12 )  ( con t inous  1 i n e s ) a n d  through t h e  

s i m p l i f i e d  eq . (16)  (dashed l i n e s )  e l u t i o n  volumes are shown f o r  t h e  

remain ing  runs  9 t o  25 of  t h e  e l u a t e  (polymer A) /  e l u e n t  (polymer B 

= PS-43000 + THF) t ype .  Regarding cA v a l u e s ,  up t o  cA% 5-6 mg/ml i n  

t h e  most un favorab le  s i t u a t i o n s  (h igh  polymer A molecu la r  s i z e s )  

bo th  p r e d i c t e d  c u r v e s  are a lmost  c o i n c i d e n t .  A t  c h i g h e r  v a l u e s  

p r e d i c t e d  r e s u l t s  th rough eq.(12) f i t  b e t t e r  t o  expe r imen ta l  ones  

than  those  eva lua ted  from t h e  approximate  e q . ( 1 6 ) ,  which, w i t h  

independence of polymer B c o n c e n t r a t i o n  i n  t h e  e l u e n t ,  seems t o  

v a l i d a t e  t h e  bk i n t r o d u c t i o n  i n  e q . ( 4 )  and t h e r e f o r e  t o  conf i rm t h e  

e l u t i o n  volume dependence on k; ( i=A,B).  D e v i a t i o n s  between 

t h e o r e t i c a l  and expe r imen ta l  r e s u l t s  s t a r t  t o  become a p p r e c i a b l e  

a t  cA c o n c e n t r a t i o n s  above 10-12 mg/ml, t h e  former  b e i n g  lower than  

t h e  l a t t e r .  Non-exc lus ion  e f f e c t s  ( 3 1 ) ,  n o t  cons ide red  so f a r  i n  

t h i s  model, a s  w e l l  a s  the u n c e r t a i n t y  o n  I r l l i ,  ki and k; d a t a ,  are 

probably  r e s p o n s i b l e  f o r  t h e  observed  d e v i a t i o n s .  

A l a s t  p o i n t  about  runs  9 t o  25 d e s e r v e s  a b r i e f  comment. The 

nominated d runs  i n  f i g u r e  1 d e s c r i b e  Concen t r a t ion  e f f e c t s  a t  c =a 
Of cour se ,  eq . (12)  can ,  i n  t h e s e  c a s e s ,  b e  s i m p l i f i e d  t o  

A 

B 

T h i s  equa t ion  i s  a b l e  t o  p r e d i c t  c o n c e n t r a t i o n  e f f e c t s  f o r  a 

polymer A e l u t e d  i n  a s i n g l e  o r  mixed-so lvent .  F i n a l l y ,  c o n s i d e r i n g  

k '  = 0 and c = 0 eq . (17)  can  b e  f u r t h e r  s impl i ed  t o  A B 
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1118 SORIA ET AL. 

e q u i v a l e n t  t o  

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

s o l u t i o n s  was thoroughly  t e s t e d  (12) .  

Regarding t h e  second type  o f  s t u d i e d  sys tems,  t h o s e  c o n s i s t n g  

on e l u t i o n  of polymer A + polymer B m i x t u r e s  i n  THF a s  e l u e n t ,  

polymer B be ing  similar or d i s s i m i l a r  i n  chemica l  n a t u r e  t o  A (see 

r u n s  26 to 34 i n  t a b l e  1)  b o t h  t h e o r e t i c a l  from e q s . ( l 2 )  and (16)  

a r e  compared w i t h  expe r imen ta l  e l u t i o n  volumes i n  f i g u r e s  2 and 3. 

The p r e d i c t e d  e l u t i o n  behav iour  f o r  t h i s  se t  of r u n s  f o l l o w s  

similar t r e n d s  t o  t h o s e  observed  f o r  t h e  p r e v i o u s  set  ( r u n s  1 t o  u) ,  
t h e r e f o r e  a p a r a l l e l  d i s c u s s i o n  o f  what has  a l r e a d y  been  commented 

would b e  a p p l i c a b l e  once more, i n  s p i t e  of ;he u n d e r l y i n g  

d i f f e r e n c e  e x i s t i n g  between b o t h  sets  of r u n s .  S o ,  i n  t h e  p rev ious  

s e t  of r u n s ,  polymer A i s  accompanied by polymer B ( i n  t h e  e l u e n t )  

a l l  a long  t h e  column, whereas i n  t h e  l a s t  r u n s  polymer A l e a v e s  

polymer B p re sence  somewhere i n  t h e  column, t h e  sooner  t h e  

d i f f e r e n c e  i n  s i z e  i s  h ighe r  between A and B molecu le s .  I n  f a c t ,  

t h a t  d i f f e r e n c e  i s  one more of t h e  e f f e c t s  t o  b e  enc losed  i n  t h e  

" d i l u t i o n  e f f e c t s "  c h a p t e r .  D i l u t i o n  e f f e c t s  are n o t  t aken  i n t o  

account  by most of t h e  models (10-12) n o r  a r e  t h e y  by t h e  p r e s e n t  

one .  Leaving a s i d e  a d i s c u s s i o n  abou t  t h e  i n t r i n s i c  v a l i d i t y  of t h e  

d i v e r s e  models,  t h e  approach  of i g n o r i n g  d i l u t i o n  e f f e c t s  seems t o  

hold  f o r  a l l  of them. R e s u l t s  f o r  r u n s  26 t o  34 are a long  t h i s  l i ne ,  

once more conf i rming  t h e  v a l i d i t y  of t h e  approach .  

As a conc luss ion  and f o r  b o t h  t y p e s  of r u n s  (polymer B i n  t h e  

e l u e n t  O K  s imul t aneous ly  i n j e c t e d  w i t h  A )  b o t h  t h e  g e n e r a l  eq . (12 )  

and i t s  s i m p l i f i e d  v e r s i o n  eq . (16)  f a i r l y  p r e d i c t  e l u t i o n  volumes 

up t o  c ?r 5-6 mg/ml. To c o r r e c t l y  p r e d i c t  e l u t i o n  volumes a t  h i g h e r  

cA,  up t o  about  10  mg/ml, k' v a l u e s  must b e  cons ide red  through e q .  

( 1 2 ) .  F i n a l l y ,  a t  cA above 1 0  mg/ml 

between p r e d i c t e d  by t h e  model and expe r imen ta l  e l u t i o n  volumes 

s t a r t  t o  appea r ,  p robably  due  t o  t h e  appea rence  o f  non-exc lus ion  

e f f e c t s  (37 ) .  

A 

A 
no n e g l i g i b l e  d e v i a t i o n s  
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FIGURE 2. 

FIGURE 3 .  

Comparison between experimental  ( 0 , 0 ) ( 1 5 )  and 
p r e d i c t e d  through eqs .  (12)  (-1 and (16) (----) 
e l u t i o n  volumes a t  PS d i v e r s e  concen t r a t ions  i n  
THF. I n j e c t e d  samples: a )  PS-180000014 mg/ml of 
PS-20400; b) PS-180000014 m g / d  of PS-200000; 
c )  ( 0 )  PS-860OOW m g / d  of PS-200000; (0) 
PS-860000 i n  pu re  THF; d )  ( 0 )  PS-200OOW4 mg/ 
ml of PS-860000; (0) PS-200000 i n  pure THF; 
e )  PS-1800000+4 m g / d  of PMMA-130000; f )  PS- 
180000012 mg/ml of PBD. 

0 3 5 7  

cA , mg /ml 

Experimental  ( 1 6 )  and c a l c u l a t e d  through eqs .  
(12) (-) and (16) (----) e l u t i o n  volumes a t  
d i v e r s e  c o n c e n t r a t i o n s  f o r  PS i n  TI€?. I n j e c t e d  
samples:  ( A )  PS-39000014 mg/ml of PBD-170000; 
( 0 )  PS-39000012 mg/ml of PBD-170000; (0) PS- 
390000 i n  pure THF. 
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