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GELS. 1 1 .  LOW MOLECULAR WEIGHT POLYSTYRENE 
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Depto. Quimica F i s i c a ,  Facul tad de Quimicas 

Un ivers idad de Valencia 
Bur jaso t  (Va lenc ia ) ,  Spain 

A. Campos 
Depto. Quimica F i s i c a ,  Facu l tad  de Ciencias 

Universidad de B i l bao  
Apdo. 644, B i lbao,  Spain 

ABSTRACT 
The e l u t i o n  beheviour o f  low molecu la r  weight po l ys ty rene  

(PS) down t o  the monomer on spheros i l  ge l  i n  several  e luen ts  has 
been studied. I n  the  medium range o f  molecular we igh ts  the 
e l u t i o n  behaviour i s  s i m i l a r  t o  t h a t  f o l l owed  by h i g h  molecular 
weight PS, the d i f f e rences  i n  e l u t i o n  volumes among d i f f e r e n t  
e luen ts  inc reas ing  monoton ica l l y  w i t h  decreasing molecu la r  weight 
and p a r t i t i o n  r a t h e r  than adso rp t i on  probably being respons ib le  
f o r  the  s h i f t s  i n  r e t e n t i o n  volumes. However, a t  the t o t a l  
permeation l i m i t ,  the s i t u a t i o n  i s  a l i k e  t o  t h a t  found i n  l i q u i d -  
s o l i d  chromatography, the e l u t i o n  volumes o f  so lu tes  w i t h  
molecular s izes  very  c lose  t o  t h a t  o f  s ty rene being determined by 
so lvent  s t reng th  (E') and s o l u t e  s o l u b i l i t y  (6) parameters. 
Hydrogen bonding seems t o  be the  main c o n t r i b u t i o n  t o  subs t ra te -  
s o l u t e  i n t e r a c t i o n s  i n  t h i s  case. 

INTRODUCTION 

I n  gel permeat ion  chromatography (GPC) on a c t i v e  supports 

such a s  po la r  inorgan ic  ge l s ,  the hydrodynamic volume curves f o r  

po lys ty rene ( P S )  i n  poor so lvents  s h i f t  i n  some cases t o  lower 

( ! , 2 ) ,  i n  o the r  t o  h igher  ( 3 , 4 )  r e t e n t i o n  volumes i n  comparison 

w i t h  a good so lvent .  The un ive rsa l  c a l i b r a t i o n  concept ( 5 )  , 
hydrodynamic volume vs. r e t e n t i o n  volume, i s  useless because 
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368 FIGUWUELO, SORIA, AND W O S  

adsorp t ion  and p a r t i t i o n  phenomena due t o  the p o l a r i t y  o f  support  

s t a r t  p lay ing  a r o l e  i n  the separa t ion  mechanism (4, 6-9). 
I n  the previous paper o f  t h i s  s e r i e s  ( 9 1 ,  the e l u t i o n  

behaviour o f  PS i n  t he  molecular weight range from 2000 up t o  

660000 on spheros i l  XOA 200 i n  twenty one e luen t  systems was 

studied. Changes i n  e l u t i o n  curves were exp la ined i n  terms o f  

polymer-gel (p-9).  so lvent -ge l  (s-9) and polymer-solvent (p-s) 

i n te rac t i ons ,  as de f ined by the  e luen t  s t r e n g t h  (E') and the a 
exponent o f  the Hark-Howink (MH) equat ion.  The a p p l i c a t i o n  o f  a 

ne twork- l im i ted  p a r t i t i o n  and a ne twork - l im i ted  adso rp t i on  

mechanism ( 1 0 - 1 1 )  t o  the  e l u t i o n  exper imental  r e s u l t s  al lowed the  

eva lua t i on  o f  r e l a t i v e  d i s t r i b u t i o n  c o e f f i c i e n t s  f i ,  de f i ned  as 

f i  * Kpi/Kp, , be ing  Kpi and Kp 

c o e f f i c i e n t s  i n  the e luen t  i and i n  the standard e luen t .  f values 

showed a j o i n t  dependence on E" and a.  A t  low a and a t  h igh  E ' ,  

p a r t i t i o n  ra the r  than adsorp t ion  seems t o  be the predominant 

e f f e c t  governing f values. When E' decreases, inc reas ing  

adsorp t ion  e f f e c t s  must be added t o  the p a r t i t i o n  ones. 

the respec t i ve  d i s t r i b u t i o n  
0 

a exponents o f  the  MH equat ion  decay t o  the va lue  a = 0.50 

w i t h  decreasing molecular weight o f  polymers. Therefore,  a t  

molecular weights low enough, the hydrodynamic s izes  o f  polymer 

molecules become p r a c t i c a l l y  constant i r r e s p e c t i v e  o f  the so l ven t  

and the task of separa t ing  s t e r i c  exc lus ion  pr imary c o n t r i b u t i o n s  

from secondary p a r t i t i o n  and/or adso rp t i on  e f f e c t s  must be eased. 

6ecause o f  t h a t  and i n  o rder  t o  ge t  a deeper knowledge on those 

secondary e f f e c t s ,  the e l u t i o n  behaviour o f  low molecular weight 

P S  down t o  the monomer i n  d i f f e r e n t  e luen ts  i s  shown i n  t h i s  

paper. 

EXPERIMENTAL 

The experiments were run  on a Waters Assoc. ALC/GPC 202 

l i q u i d  chromatograph. A Pharmacia S R  25 column ( 45 x 2.5 cm 1 .0 . )  

packed w i t h  a m ix tu re  ( 2 5  + 25 g) o f  s h e r o s i l  XOA 400 + spheros i l  

XOA 200 both o f  h igh  g r a n u l a r i t y  was used. The r e s t  o f  the 
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POLYMER RETENTION MECHANISM. I1 369 

experimental cond i t i ons  as w e l l  as the  d e t a i l e d  d e s c r i p t i o n  o f  

the equipment used have been a l ready  pub l ished ( 9 ) .  

Sixteen PS samples cover ing  the  molecu la r  weight range from 

450 up t o  24700 have been s tud ied .  The samples w i t h  the  lowest 

molecular weights, namely, those w i t h  nominal molecular weights 

450 ,  750, 980 and 1100. as determined by vapour pressure 

osmometry, were k i n d l y  supp l ied  by D r .  L.H. LeBn o f  t he  Physical  

Chemistry Department o f  B i l bao  U n i v e r s i t y .  They were c a t i o n i c a l  

prepared i n  dichlormethane a t  O ° C  us ing  as an i n i t i a t o r  

p e r c h l o r i c  a c i d  and very low monomer / in i t ia to r  r a t i o s  ( 1 2 ) .  The 

(Mw/Mn) = 1.2  . The remaining samples w i t h  narrow molecu la r  

weight d i s t r i b u t i o n s ,  (Mw/Hn) < 1.13  i n  a l l  cases, were 

by Pressure Chemical t o . ,  Centre des Recherches sur les 
Macromolecules (Strasbourg) and Waters Assoc. 

I n t r i n s i c  v i s c o s i t i e s  were measured w i t h  a convent 

mod i f ied  Ubbelohde viscometer. 

p rov ide  

ona 1 

RESULTS AND D I S C U S S I O N  

The e l u t i o n  behaviour o f  a g iven  s o l u t e  i s  expressed by the 

r e l a t i o n s h i p  between the "size" o f  the s o l u t e  i n  s o l u t i o n  and i t s  

r e t e n t i o n  volume. Depending on the phys i ca l  magnitude used t o  

d e f i n e  the molecular s ize ,  d i f f e r e n t  e l u t i o n  curves w i l l  be 

obtained. The newest approach i s  based on the  concept t h a t  the 

e l u t i o n  volume should be s e n s i t i v e  t o  the e f f e c t i v e  hydrodynamic 

volume o f  the  polymeric cha in  i n  s o l u t i o n  lead ing  t o  the  concept 

o f  un i ve rsa l  c a l i b r a t i o n  ( 5 ) .  Hydrodynamic volumes may be 

evaluated through the unperturbed mean rad ius  o f  g y r a t i o n ,  
2 1/2 <s > o  I 

o r  even b e t t e r ,  i n  o rder  t o  take  i n t o  account excluded volume 

e f f e c t ,  E ,  through the corresponding per tu rbed dimension 
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370 FIGUERUELO, SORIA, AND W O S  

o r  th rough  t h e  hydrodynamic r a d i u s ,  R. 

where 

M ,  m o l e c u l a r  w e i g h t ,  i n  g . m l  , N i s  t h e  AQogadro’s number and 

t h e  d imensions o f  <s2>1’2 and R a r e  A .  Anyway, t h e  p r o d u c t  InIH 
i s  a measure o f  t h e  hydrodynamic volume and i t  i s  d i r e c t l y  

r e l a t e d  t o  t h e  e l u t e d  volume 

t h e  l i m i t i n g  v i s c o s i t y  number, i s  expressed i n  d 1 . g - l .  
- 1  

A 0  

t h e  above f u n c t i o n  d e s c r i b i n g  t h e  o v e r a l l  e l u t i o n  behav iou r  o f  a 

polymer i n  a g i v e n  s e t  of columns i n  a g i v e n  o r  any s o l v e n t .  

Two p o i n t s ,  however, deserve some comments p r i o r  t o  d e s c r i b e  

t h e  e l u t i o n  behav iou r  f o l l o w e d  by t h e  low m o l e c u l a r  w e i g h t  PSs. 
s t u d i e d  i n  t h i s  paper .  The f i r s t  one i s  d i r e c t l y  r e l a t e d  w i t h  the  

v a l i d i t y  o f  eqs. ( 1 )  , ( 2 )  and ( 3 )  t o  d e s c r i b e  p r o p e r l y  m o l e c u l a r  

s i z e s  o f  l o w  m o l e c u l a r  we igh t  s o l u t e s .  When 

enough i t  has t o  be regarded as a p a r t i a l  d 

r e s p e c t  t o  s o l v e n t ,  eq. ( 3 )  n o t  be ing  v a l i d  

and ( 2 )  u n l e s s  Q o  i s  cons ide red  as a v a r i a b  

t h e  c h a i n  i s  s h o r t  

a i n i n g  body w i t h  

as we l t  as eqs.  ( ) 

e dependinq on cha n 

l e n g t h  (13). Severa l  t h e o r i e s  have been developed t o  p r e d i c t  t h a t  

v a r i a t i o n  ( 1 4 - 1 7 ) ,  most o f  them f o l l o w i n g  t h e  Rouse-Zimm 

fo rma l i sm f o r  t h e  dynamics o f  t h e  c h a i n ,  and u n f o r t u n a t e l y  most 

o f  them n o t  be ing  a b l e  t o  rep roduce  exper imen ta l  d a t a .  

The second p o i n t  i s  r e l a t e d  w i t h  In1 va lues  o f  low m o l e c u l a r  

w e i g h t  samples. I n  t u r n ,  t h i s  second aspec t  must be looked f r o m  

b o t h  an exper imen ta l  and a t h e o r e t i c a l  p o i n t s  o f  v i e w .  The p u r e l y  

exper imen ta l  one i s  r e l a t e d  w i t h  t h e  u n c e r t a i n t y  o f  In1 v a l u e s  

because f l o w  t imes  o f  t h e  p o l y m e r i c  d i l u t e  s o l u t i o n s  and o f  t h e  

p u r e  s o l v e n t  a r e  v e r y  c l o s e .  T h i s  u n c e r t a i n t y  can d i sappear  by 

improv ing t h e  exper imen ta l  t echn ique .  However, when t h e  s o l u t e  

m o l e c u l a r  c h a i n  i s  s h o r t ,  s o l u t e  and s o l v e n t  mo lecu les  a r e  o f  

comparable s i z e  and t h e  i n f l u e n c e  o f  t h e  s o l v e n t  m o l e c u l a r  volume 

can n o t  be neg lec ted .  A s  p o i n t e d  o u t  by H o r t a  e t  a l .  ( 1 3 )  t he  
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POLYMER RETENTION MECHANISM. I1 371 

c o n t r i b u t i o n  o f  t he  so lvent  1nIs 
experimental In1 t o  c a l c u l a t e  a co r rec ted  value, ln lc,  which 

presumably r e f l e c t s  the l i m i t i n g  v i s c o s i t y  number o f  the  s o l u t e  

i n  a so lvent  composed o f  molecules o f  zero volume. The 

c o r r e c t i o n  method used by Horta e t  a l .  assumes t h a t  I ' l l s  i s  

p ropor t i ona l  t o  the  hydrodynamic volume o f  the  so lvent  molecules 

and i t  i s  s i m i l a r  t o  the one proposed by Rossi and Per i co  ( 1 9 ) .  

which take i n t o  cons ide ra t i on  cha in  th ickness .  I n  any case, i t  

i s  s i g n i f i c a n t  and i t  must be stressed t h a t  the co r rec ted  1'11, 

values obtained f o r  n-alkanes (CnH2n+2 , 5 < n < 40) a r e  s i m i l a r  

i r r e s p e c t i v e  o f  the  so lvent  (benzene and carbon t e t r a c h l o r i d e )  

( 1 8 1  and t h i s  seems a l s o  t o  be the case f o r  ln lc values o f  sho r t  

hydrocarbons i n  xylene and i n  n,heptane ( 1 9 ) .  

The same conc lus ion  can a l s o  be reached from a s l i g h t l y  

must be added t o  the  

d i f f e r e n t  approach. When working w i t h  low molecular weight 

polymers a values o f  the HH eq. approach 0.50 i n  a l l  the  so lvents  

and the  d i f f e rences  i n  In1 values a re  n e g l i g i b l e  between 

d i f f e r e n t  so lvents .  

I n  t h i s  paper we compare the e l u t i o n  behaviours o f  low 

molecular weights PSs i n  d i f f e r e n t  e luen ts .  We have used H 

instead Mlnl as the  dimension d e f i n i n g  molecular s ize ,  because 

the d i f f i c u l t i e s ,  descr ibed above, dea l i ng  w i t h  the c a l c u l a t i o n  

of the hydrodynamic dimensions and w i t h  the  approp r ia te  

de terminat ion  o f  In/. Moreover, g iven  t h a t  values become 

p r a c t i c a l l y  constant i r r e s p e c t i v e  o f  the so lvents ,  the 

d i f fe rences  i n  l o g ( H ( n ( )  f o r  a g iven H i n  d i f f e r e n t  e luen ts  a r e  

n e g l i g i b l e .  This e f f e c t  i s  c l e a r l y  shown i n  t a b l e  1 ,  i n  which the 

d i f fe rences  ( log(M 1171) Eluent - l o g  (M  I 0 I 1 Benzene ) a re  g iven f o r  

d i f f e r e n t  molecular weight samples. Benzene i s  taken as the 

reference so lvent  because i t  i s  the r i c h e s t  e luen t  used from a 

thermodynamic p o i n t  o f  view and there fore  i n  i t  the  h ighes t  

values are  obtained , being a l s o  the d i f f e r e n c e s  i n  log(Hln1) 

w i t h  respect t o  i t  the l a rges t  ones. The values enclosed i n  the  

t a b l e  a re  those corresponding t o  the two h ighes t  mo lecu la r  weight 

samples used i n  t h i s  study, namely samples P 1 S  and P16, and t o  
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372 FIGUWUELO, SORIA. AND CAMPOS 

TABLE 1 
D i f fe rences  between the Hydrodynamic Sizes Logarithms o f  PSs i n  

several  Eluents and i n  Benzene, expressed as 
log(' I I Eluent - log (H I  n I ) Benzene 

Eluent (Vol /Vol ) PSX") ~ s 8 ~ )  PSiOa) ~ ~ 1 5 ~ )  PslG(a) 

Benzene-Methanol 0.000 -0.001 -0.001 -0.026 -0.026 
(84/16) 

Benzene-Methanol -0.021 -0.030 -0.020 -0.092 -0.094 
(75125) 

Benzene-n, Hep t a m  0.000 +O. 009 +O. 020 -0.065 -0.067 
(9218) 

Butanone (MEK) -0.010 -0.010 -0.009 -0.092 -0.094 

(50/50) 

Tet rahyd r o f u  ran -0.007 -0.007 -0.002 -0.031 -0.033 

MEK-n,Heptane -0.030 -0.040 -0.040 -0.182 -0.202 

a)PSX : 

PS10: 

PS16: 

m l  . g  

the samp 

- l q l  - 0.0388 , 7in=2000 ; Ps8 : lql = 0.0476 , Mn=2g00 ; 

= 0.158 , M -21000 ; = 0.0559 , xn=4000 ; P S 1 5 :  

= 0.175 , Mp=24700 . lqls i n  benzene a t  25.0"C i n  
P 

es P S X ,  Ps8 and P S l O  w i t h  in te rmed ia te  molecular weights 

and c lose  t o  the l i m i t  o f  the non-dra in ing  behaviour. The nominal 

molecular weights o f  the above samples as we l l  as t h e i r  l i m i t i n g  

v i s c o s i t y  indexes i n  benzene a t  25.0"C a r e  a l s o  gathered as a 

foo tno te  i n  t a b l e  1. These In1 values a l l ow ,  together w i t h  the 

d i f f e rences  i n  log(M(n(), the  c a l c u l a t i o n ,  i f  necessary, of the 

l r l l  values i n  the remaining so lvents .  

As i t  must be expected, t a b l e  1 r e s u l t s  show t h a t  log(HIn1) 

values i n  d i f f e r e n t  e luents  approach to  each o the r  w i t h  

decreasing molecular weights, hydrodynamic s izes  becoming 

constant i r r e s p e c t i v e  o f  the so lvent  a t  the l i m i t  o f  the non- 

dra i n  i ng behav iou r  . 
F igure  1 d i sp lays  the e l u t i o n  behaviour of low molecular 

weight PSs down t o  the  monomer i n  te t rahydro furan  (THF)  and 
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log M 

4 

3 

2 
f 

0-  BENZENE 

0 -  BENZENE - METHANOL (64116) 

0 -  BENZENE- METHANOL (75 /25 )  

X- BENZENE - n,HEPTANE (92 / 8) 

0-  T H F  

I I I I 

t 60 70 80 90 
VR / counts 

FIGURE 1 .- E l u t i o n  curves o f  low molecular weight PS and monomer 
on spheros i l  i n  THF and i n  benzene and benzene-based mix tu res  . 
1 count = 0.97 m l .  

benzene-based mix tu res .  I n  f i g u r e  2 butanone (HEK)-based m ix tu res  

are  the e luents .  The r e t e n t i o n  volumes o f  the  dimer o f  the 

a,methyl styrene and o f  e t h y l  benzene, the  model compound o f  the 

PS u n i t s ,  have a l s o  been enclosed i n  t h i s  l a s t  f i gu re .  

Experimental r e s u l t s  o f  bo th  f i g u r e s  may be summarized by the 

f o l l o w i n g  po in ts :  

a) E l u t i o n  behaviour of low molecular weight PS i s  s i m i l a r  

i n  a q u a l i t a t i v e  way t o  t h a t  fo l lowed by i t s  paren t  h i g h  

molecular weight compound as a comparison between ac tua l  f i gu res  

1 and 2 and f i g u r e  1 i n  the  prev ious  paper ( 9 )  i nd i ca tes :  

- E l u t i o n  curves i n  benzene and i n  THF a re  very  c lose .  
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374 FIGUERUELO, SORIA, AND CAMPOS 

log M 

4 

3 

2 
! 

I I I I 

90 
VR 1 cou n t s 

1 60 70 80 

FIGURE 2 . -  E lu  
monomeric model 
( f i l l e d  p o i n t s )  

i t i o n  cu rves  o f  low m o l e c u l a r  w e i g h t  PS and i t s  
u n i t  ( u n f i l l e d  p o i n t s ) ,  a ,methy l  s t y r e n e  d imer  
and s t y r e n e  ( h a l f  f i l l e d  p o i n t s )  on s p h e r o s i l  i n  

butanone and butanone-based m i x t u r e s .  1 coun t  = 0.97 m l .  

- n,heptane m i x t u r e s  d e v i a t e  t o  l a r g e r  e l u t i o n  volumes than  

the  above s tandard  e l u e n t s .  

- Methanol m i x t u r e s ,  on t h e  c o n t r a r y ,  d e v i a t e  t o  s m a l l e r  

r e t e n t i o n  volumes, and no mutual  c r o s s i n g  o f  c a l i b r a t i o n  

cu rves  i n  benzene and i t s  methanol m i x t u r e s  takes  p l a c e s  

i n  t h e  r e g i o n  0 1  low m o l e c u l a r  w e i g h t s ,  a g a i n s t  t h e  

sugges t ions  of Bakos e t  a l .  ( 7 1 .  
b) I n  m i x t u r e s  d e v i a t i n g  t o  t h e  l e f t ,  t h e  magni tude of t h e  

d e v i a t i o n  increases w i t h  dec reas ing  m o l e c u l a r  w e i g h t ,  whereas i n  

those  go ing  t o  t h e  r i g h t  i t  seems t h a t  t h i s  t r e n d  i s  o n l y  

f o l l o w e d  a t  t he  h i g h e s t  m o l e c u l a r  we igh ts ;  a t  lower  m o l e c u l a r  
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POLYMER RETENTION MECHANISM. I1 375 

weights the d i f f e rences  i n  e l u t i o n  volumes remain cons tan t  

(benzene-n,heptane mix tu re)  o r  even decrease (butanone-n,heptane 

m i x t u r e ) .  

c )  E l u t i o n  volumes o f  the  monomeric model compound and o f  

the a,methyl s ty rene dimer seem t o  f i t  t o  the  e l u t i o n  curves 

fo l lowed by polymer molecules as i t  i s  i l l u s t r a t e d  i n  f i g u r e  2. 

This i s  no t  the  case w i t h  monomer e l u t i o n  volumes; they do no t  

f i t  i n  any case t o  the e l u t i o n  behaviour o f  polymer molecules,  

except i n  the benzene-n,heptane (92/8) e luen t .  To i 1  l u s t r a t e  

t h i s  e f f e c t ,  do t ted  l i n e s  have been drawn between the lowest 

molecular weight polymer molecule (Fn - 450) and the  monomer. 

s tudy ing  h igh  molecular weights PSs must be r e c a l l e d  i n  order  

t o  understand the e l u t i o n  behaviour o f  the low molecular weight 

samples. The a p p l i c a t i o n  o f  a ne twork - l im i ted  p a r t i t i o n  and a 

ne twork - l im i ted  adsorp t ion  mechanirm t o  the  e l u t i o n  r e s u l t s  o f  

h igh  molecular weight P S s  seems t o  i n d i c a t e  t h a t  the e f f e c t i v e  

rad ius  of the gel  pores i s  a j o i n t  f u n c t i o n  o f  so lvent  s t r e n g t h  

(E ' )  and thermodynamic so lvent  goodness (a). This  f a c t  i s  

probably due t o  the  fo rmat ion  o f  a l aye r  o f  a "quas is ta t ionary"  

phase o f  e luen t  i n t e r a c t i n g  w i t h  subs t ra te  (3 ) .  I n  those 

con ta in ing  methanol e luen ts  and the re fo re  w i t h  h igh  E' values, 

a t h i c k  quas is ta t i ona ry  l aye r  o f  e luen t  i s  formed. The s o l u t e  

w i l l  then d i s p l a y  i t s  a f f i n i t y  f o r  a mob i le  and a l i q u i d  

s t a t i o n a r y  phases, bo th  phases probably d i f f e r i n g  i n  chemical 

composi t ion (7) . O f  course, i t  must be expected t h a t  the  

s t a t i o n a r y  phase should be r i c h e r  i n  methanol than the  mob i le  

one. But the h igher  the methanol con ten t  the  poorer 

thermodynamical ly i s  the  m ix tu re  f o r  the polymer and the  weaker 

the polymer-solvent i n t e r a c t i o n s  are.  The p a r t i t i o n  o f  the  

polymer between the  mob i le  and the s t a t i o n a r y  phase would take 

place i n  the sense o f  polymer p r e f e r i n g  the  mob i le  phase. Low 

e l u t i o n  volumes and r e l a t i v e  d i s t r i b u t i o n  c o e f f i c i e n t s  lower than 

u n i t y  ( f < l  .O) are  then obtained. Moreover, being the  polymer 

concent ra t ion  i n  the  s t a t i o n a r y  phase very  low, the probab le  

The conclusions a r r i v e d  t o  i n  our p rev ious  paper ( 9 )  when 
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376 FICUERUELO, SORIA, AND CAMPOS 

adsorp t ion  e f f e c t s  by subs t ra te  must be very  weak. P a r t i t i o n  then 

w i l l  be main ly  respons ib le  o f  the s h i f t s  towards lower r e t e n t i o n  

volumes occ i i r ing  w i t h  inc reas ing  methanol con ten t  i n  the e luen t .  

On the  o the r  hand, i n  those con ta in ing  n,heptane systems, 

the quas is ta t i ona ry  phase must be r i c h e r  i n  good so l ven t  than the  

mob i le  one, the polymer p r e f e r i n g  then the  former phase and 

the re fo re  h igher  r e t e n t i o n  volumes a re  obtained. Moreover, being 

h igh  i n  these e luen ts  the polymer concen t ra t i on  i n a t h e  

s t a t i o n a r y  phase, polymer molecules can approach the ge l  and 

probable adsorp t ion  o f  polymer by the  subs t ra te  may s t a r t  t o  

p lay  a r o l e .  I n  those systems. besides p a r t i t i o n ,  adso rp t i on  may 

a l s o  be respons ib le  f o r  the f > l . O  ob ta ined values. 

I n  the range o f  h i g h  molecular weights a remains constant 

and r e l a t i v e  d i s t r i b u t i o n  c o e f f i c i e n t s  ( f )  w i  1 be molecular 

weight independent. D i f fe rences  i n  e l u t i o n  vo umes among 

d i f f e r e n t  e luents  w i l l  monoton ica l l y  increase w i t h  decreasing 

molecular weight,  due t o  the d i f f e r e n t  slopes o f  the log(Mln1) 

vs. V s t r a i g h t  l i n e s .  Th is  o v e r a l l  behaviour desc r ib ing  the 

previous f i n d i n g s  f o r  h igh  molecular weight PSs ( 9 )  i s  a l s o  

fo l lowed by the h ighes t  molecular weight samples o f  the  present 

study as i t  i s  c l e a r l y  shown i n  f i g u r e s  1 and 2. 

R 

However, w i t h  decreasing molecular weight a s t a r t s  a l s o  t o  

decrease and the re fo re  the d i f f e rences  i n  thermodynamic q u a l i t y  

between e luent  i n  the s t a t i o n a r y  phase and e luen t  i n  the mob i le  

phase w i l l  be smal ler  and as a consequence r e l a t i v e  d i s t r i b u t i o n  

c o e f f i c i e n t s  w i l l  move towards the u n i t y  i n  a l l  the e luen ts .  

Moreover, i n  those systems w i t h  f>l .O, i n  which adsorp t ion  

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

decreasing molecular weight w i l l  be steeper because the  

adsorp t ion  c o n t r i b u t i o n s  t o  f values w i l l  a l s o  d imin ish ,  s ince  

numerous s tud ies  i nd i ca te  (20 )  t h a t  the adsorp t ion  o f  polymers 

decreases w i t h  molecular weight and as Oubin e t  a l .  have po in ted  

ou t  ( 8 )  s i t e  i n t e r a c t i o n s  between polymer and subs t ra te  can 

e x h i b i t  cooperat ive neighbour ing e f f e c t s  inc reas ing  w i t h  
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molecular weight.  Th is  cou ld  e x p l a i n  the  apparent shor ten ing  o f  

d i f f e rences  i n  e l u t i o n  volumes between n,heptane m ix tu res  and the 

re fe rence systems occur ing  a t  the lowest mo lecu la r  weight reg ion .  

F i n a l l y ,  a t  the t o t a l  permeation l i m i t ,  the 

e l u t i o n  volumes o f  the monomeric so lu tes  among d 

must be looked f o r  d i f fe rences  i n  so lu te -ge l  and 

in te rac t i ons .  The s i t u a t i o n  i s  s i m i l a r  t o  t h a t  d 

l i q u i d - s o l i d  chromatography. E l u t i o n  volumes w i l  

d i f f e r e n c e s  i n  

f f e r e n t  e luents  

so lvent -ge l  

splayed i n  

be, i n  general ,  

a f u n c t i o n  o f  so lvent  s t reng th  and s o l u t e  p o l a r i t y .  The 

unsaturated charac ter  o f  the  s ty rene monomer must increase i t s  

a f f i n i t y  f o r  sur face  s i l a n o l  groups w i t h  respect t o  t h a t  

d isp layed by the model polymeric u n i t  ( e t h y l  benzene). As a 

r e s u l t  h igher  r e t e n t i o n  volumes o f  the monomer must be expected 

and f i g u r e s  1 and 2 pu t  i t  i n  evidence i n  a l l  the  s tud ied  

e luen ts .  This e f f e c t  i s  b e t t e r  shown i n  t a b l e  2, i n  which the 

e l u t i o n  volumes o f  several so lu tes  having s i m i l a r  mo lecu la r  

weights bu t  d i f f e r e n t  p o l a r i t , i e s  a re  shown i n  some e luen ts .  The 

so lu tes  i n  t a b l e  2 have been arranged i n  o der o f  inc reas ing  

p o l a r i t y ,  as def ined by t h e i r  6 s o l u b i l i t y  parameters (see t a b l e  

3) and, as i t  must be expected, t h e i r  e l u t  on volumes i n  a g iven 

e luen t  a re  a l s o  arranged i n  the  same order  ( 2 1 ) .  I n  a g i ven  

TABLE 2 
E l u t i o n  Volumes i n  Counts of Low Molecular Weight Solutes i n  

several  Eluents ( 1  count - 0.97 m l ) .  

E 1 uenta) (Vol /Vol ) D I HERa) ETBZa) MONOt!a) D I CLBa) PHENOLa) 

MEK 85.1 87.5 89.6 88.8 90.1 
MEK-Methanol (89/11) 84.2 86.7 88.8 88.6 89.2 
HEK-Heptane (.50/50) 87.7 87.9 89.9 90.6 90.6 
TH F 89.5 92.2 94.5 94.3 94.7 
THF-Methanol (84/16) 8 5 , 2  89.0 92.1 91.7 93.2 

a)  HEK = butanone ; THF = te t rahyd ro fu ran  ; DIMER = a. methyl 
s ty rene dimer ; ETBZ = e t h y l  benzene ; MONOH = s ty rene 
monomer ; DlCLB - o,dichlorbenzene ; PHENOL = phenol . 
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f am i l y  o f  e luen ts  (MEK-based o r  THF-based mix tu res)  the e l u t i o n  

volumes o f  a g iven s o l u t e  a l s o  ho ld  t o  the  expected behaviour o f  

inc reas ing  e l u t i o n  volumes w i t h  decreasing c o .  The except ions t o  

t h a t  general t rend a re  presented by the e l u t i o n  volumes o f  

o,dichlorbenrene and the monomer, which, a re  i n  general i n  the 

inverse order t o  t h a t  expected from t h e i r  6 values. I t  i s  t r ue  

t h a t  the o,dichlorbenzene molecular s i z e  i s  l a r g e r  than t h a t  o f  

s ty rene and i f  molecular-s ieve e f f e c t s  a r e  s t i l l  present they 

would work decreasing the r e t e n t i o n  volumes o f  the o , d i c h l o r -  

benzene and exp la in ing  i n  p a r t  the found d isc repac ies .  However, 

we b e l i e v e  tha t  the complete exp lanat ion  t o  t h i s  anomalous 

behav i ou 

i n t e rac t 

due t o  d 

hydrogen 

( 2 2 ) .  may 

must be 

ons. To  

spers i on  

bond i ng 

be worth 

found on the exact na tu re  o f  so lu te -subs t ra te  

h i s  respect,  a look t o  the c o n t r i b u t i o n s  t o  6 
forces ( 6  1 ,  t o  po la r  fo rces  ( 6  ) and t o  

d P 
6 ) ,  according t o  the scheme proposed by Hansen h 

I n  t a b l e  3 the th ree  dimensional s o l u b i l i t y  

parameters o f  t a b l e  2 so lu tes ,  except ion  made o f  the ic.methyl 

styrene dimer, a re  shown. The so lu tes  a re  no t  on l y  arranged i n  

o rder  o f  inc reas ing  6 but  a l s o  i n  o rder  o f  inc reas ing  t , ,  
6,. Again, the except ion  t o  t h i s  general t rend a r i s e  i n  the 

o,dichlorbenzene and s ty rene 6h values, the d isc repac ies  being 

pa ra l l e l  t o  those found i n  t h e i r  e l u t i o n  volumes. Th is  p a r a l l e l  i s m  

and 
-P 

TABLE 3 
Three Dimensional S o l u b i l i t y  Parameters, according t o  Hansen’s 

scheme ( 2 1 )  

- c  6 6d ‘p ‘h Solu te  

E thy l  benzenea) 8.80 8.70 0.3 0.7 

Styrene a1 9.30 9.07 0.5 2.0 

o,dichlorbenzenea) 9.98 9.35 3 . 1  1.6 
Pheno 1 

a )  From reference ( 2 3 )  
b, From reference ( 2 1 )  

11.4 9.5 b) 
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POLYMER RETENTION MECHANISM. I1 379 

seems t o  i n d i c a t e  t h a t  so lu te -subs t ra te  i n t e r a c t i o n s  a re  i n  t h i s  

case s i m i l a r  t o  those known t o  be d isp layed by small  molecules 

(ketones, a l coho ls  and ac ids ) ,  which adsorb on the  s i l a n o l  groups 

v i a  hydrogen bonding ( 2 4 ) .  
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