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JOURNAL OF L I Q U I D  CHROMATOGRAPHY, 1 ( 4 ) ,  479-490 (1978) 

EXPERIMENTAL STUDY OF MODEL BONDED 
STATIONARY PXASES FOR LIQUID CHROMATOGRAPHY 

II. SILICA/POLYSTYRENE 

J .  Leeourtier, R. Audebert and C. Quivoron 

E.S.P.C.I.  10, rue Va'auquelin 75231 - Paris Cedex 05, France. 

de I'llniversitd Pierre e t  Marie Curie. 
Laboratare de Physico-Chimie Macromoldculaire 

ABSTRACT 

Mechanisms of  separations performed on bonded phases i n  li- 
quid chromatography a r e  invest igated by studying model graf ted  
phases. 

with l i v i n g  anionic polystyrene of var ious molecular weights. 
Owing t o  thermodynamic predic t ions ,  an expression of t h e  e l u t i o n  
volume of var ious so lu tes  on such packings and condi t ions f o r  re-  
verse-phase chromatography are proposed. 

These phases a r e  prepared by reac t ion  of chlor inated s i l i c a  

INTRODUCTION 

Several recent  reviews have emphasized t h e  increasingly important 
(1-6) p a r t  played by chemically bonded phases i n  l i q u i d  chromatography 

However, only few papers repor t  t h e  study of re ten t ion  mechanisms on 

such bonded phases. 

. 

Recently, w e  studied the  re ten t ion  behavior(7) of a s e r i e s  of 

chemically bonded phases obtained by condensation of polyethylene- 

oxides of var ious molecular weights with porous s i l i c a .  The r e s u l t s  

s t ressed  the  importance of t h e  s i z e s  of bonded molecules and of t h e  

so lu te ,  and the in te rac t ions  between these  molecules and solvent .  

Non-polar bonded phases are frequent ly  used i n  a broad range of 

separat ion problems. I n  order t o  general ize  our previous r e s u l t s  

and t o  e lucidate  mechanisms involved i n  reverse-phase chromatography, 

we have studied t h e  ckromatographic behavior of s i l i c a  chemically 

bonded with polystyrene chains .  
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MATERIALS 

LECOURTIER, AUDEBERT, AND QUIVORON 

Preparation and Characterization of model bonded phases. 

( 7 )  The s i l i c a  support employed i s  s i l i c a  ge l  Merck Si  60 . 
Living anionic polystyrene is  deactivated on chlor inated 

s i l i c a ,  following t h e  react ion : 

A graf t ing  method based on a similar pr inc ip le  was elabo- 

ra ted  by Donnet and A l ( 8 - 1 0 ) .  

S i l i c a  i s  heat t r e a t e d  a t  400 '~  under vacuum f o r  16h. Then 

it i s  mixed with an excess of thionyl  chlor ide.  The mixture is  
refluxed f o r  8h and f ree  thionyl  chlor ide i s  removed by d i s t i l l a t i o n .  

Chlorinated s i l i c a  i s  added, a t  Ooc, t o  a benzene solut ion of 

anionical ly  polymerized l i v i n g  polystyrene. Polymerization i s  i n i -  

t i a t e d  by n-buty l l i th im.  An excess of l i v i n g  polymer i s  necessary. 

Usual precautions f o r  anionic polymerization of styrene a r e  required : 

solvent and glassware have t o  be carefu l ly  dr ied.  Reaction between 

s i l i c a  and polystyrene i s  performed under nitrogen. After  several  

hours, t h e  s i l i c a  i s  extracted i n  a soxhlet with te t rahydrofuran.  

Bonded polystyrenes a r e  assumed t o  have t h e  same molecular 

weight as polystyrene which did not reac t  with s i l i c a .  For our 

t h r e e  bonded phase samples, molecular weight of polystyrene was 

measured by ge l  permeation chromatography : fi = 1000, 8000 and 50 000. 

A thermogravimetric study, confirmed by an elemental ana lys i s ,  

gives  bonded s i l i c a  loading 'I, r a t i o  of t h e  weight o f  bonded polys- 

tyrene t o  t h e  weight of graf ted  s i l i c a .  

support, were measured by nitrogen adsorptXon" ) . Resul ts  a r e  

given i n  t a b l e  1.  

Specific surface, s,and porous volume,V of each prepared 

3 Unexpectedly, g raf t ing  o f  l g  of  polymer ( i . e .  0,9 cm 1, l e d  

t o  a 5 cm3 decrease i n  porous volume. The chemical nature  of t h e  
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MODEL BONDED STATIONARY PHASES FOR LC. I1 

Table 1 :  Spec i f i c  su r face  and porous volume of s i l i c a s  bonded 

with polystyrene.  

S V 

T 
3 p  

Nature of support  m2/g cm / g  

SI 60 34 5 0,58 0 

SI 60-(PS 1000) 60 0,15 8 %  
SI ~O-(PS 8000)  50 0,09 10 % 
SI 60-(PS 50 000) 145 0937 5 %  

bonded phases does not account f o r  such behavior .  (For i n s t a n c e ,  

s p e c i f i c  s u r f a c e  and porous volume of  styrene-divinylbenzene 

suppor t s  can be measured by t h e  technique o f  n i t rogen  adso rp t ion  

( 1 2 - 1 3 ) ) .  The re fo re , th i s  unexpected dec rease  of porous volume and 

s p e c i f i c  su r face  with -r i s  r e a d i l y  explained by assuming t h a t  t h e  

polystyrene cha ins  are mainly bonded o u t s i d e  t h e  s i l i c a  po res .  

In  t h i s  way, at-  195Oc, t h e  g r a f t e d  cha ins  prevent  n i t rogen  molecu- 

l e s  from p e n e t r a t i n g  i n t o  t h e  po res .  

Apparatus and experimental  c o n d i t i o n s .  

A l i q u i d  chromatograph, Waters Assoc ia t e s  model 201, was used 
(7) throughout t h e s e  experiments . 

For po lys ty rene  g r a f t s  of molecular weight > 8000, swe l l ing  

of  bonded s i l i c a  is  observed i n  good s o l v e n t s  such as t e t r ahydro fu ran  

o r  chloroform. Therefore ,  chromatographic columns ( 1  'x1/4"0. D. ) 

w e r e  s l u r r y  packed. 

EXPERIMENTAL 

A s  f o r  pu re  s i l i ca  and s i l i c a  bonded wi th  polyethyleneoxide '" ' ,  

adso rp t ion  occurs  f o r  macromolecular s o l u t e s  i n  poor s o l v e n t s .  

Conversely, i n  good so lven t s  s o l u t e s  are e l u t e d  i n  dec reas ing  

o r d e r  of  molecular weight. 
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482 LECOURTIEX, AUDEBWT. AND QUIVORON 

Systems leading t o  adsorption on pure s i l i c a .  

Polystyrene so lu tes  a r e  adsorbed on pure s i l i c a  i n  decal in  ( f i g .  1 ) .  

For s i l i c a  bonded with polystyrene = 1000, re ten t ion  volumes of 

polystyrene so lu tes  s l i g h t l y  decrease with t h e i r  s i z e .  If the  molecular 

log M 

3 4 5 

FIGURE 1 

Elution volume (Ve) of polystyrenes (molecular weight M) by 
decalin on pure s i l ica  Si  - 60 ( 0 )  and s i l i c a s  bonded with polys- 
tyrene. (Molecular weight of t h e  g r a f t  : 1000 ( 0 1, 8000 ( 0 )  and 
50 000 ( +  1 ) .  
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MODEL BONDED STATIONARY PHASES FOR LC. I1 483 

weight of g r a f t s  i s  8000 o r  50 000, e lu t ion  volumes of  polystyrene so lu tes  

increase with t h e i r  molecular weights. As depicted i n  f i g u r e  1 ,  r e ten t ion  

i s  s t ronger  on s i l i c a  bonded with polystyrene 

s i l i c a .  

= 50 000 than on pure 

Similar r e s u l t s  a r e  obtained by elut ing polyethyleneoxides with 

methanol but re ten t ions  a r e  lower. 

Adsorption on s i l i c a ,  s t e r i c  exclusion e f f e c t  i n  s i l i c a  pores 

and se lec t ive  d isso lu t ion  i n t o  the  graf ted  phase(14) are s i m u l -  

taneously occuring. 

D For t h i s  l a s t  mechanism, a theore t ica l  expression of t h e  K 

p a r t i t i o n  coef f ic ien t  of a so lu te  between a macromolecular graf ted  

phase and a solvent was proposed from our thermodynamical study (7 ,14)  

and : [2]  

'1 '1 1 113 - Log ( 1  - $3) + '3 ( 1  - -1 - Log ( 1  - 413 

'3 3 3 
+ 2r (q3  +3) 

r l ,  r2,  r3 a r e  t h e  segment numbers of i d e n t i c a l  volume cons t i tu t ing  

respect ively,  a solvent ,  a so lu te  and a graf ted  polymer molecule. 

#3 is  t h e  volume f rac t ion  of graf ted  molecules i n  t h e  s t a t i o n a r y  

phase. x i j  a r e  t h e  Flory 's  in te rac t ion  parameters which can be 
expressed i n  terms of s o l u b i l i t y  p a r m e t e r s  ( 1 5 )  . 

For usual values of these parameters, % i s  smaller than 1 

and it increases  a s  t h e  molecular weights of so lu tes  decrease. How- 
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484 LECOURTIER, AUDEBERT, AND QUIVORON 

ever ,  f o r  so lu tes  having s t ronger  a f f i n i t y  f o r  graf ted  polymer 

than for  solvent ( i . e .  x Z 3  - x12 << O ) ,  t h e  re la t ionships  we 

proposed ( 1 4 )  show t h a t  5 can be greater  than 1 .  Then, it in- 

creases  with so lu te  molecular weights (solvophobic e f f e c t ) .  Such 

an evolution can be observed f o r  graf t -solute  i n t e r a c t i o n s ,  and i s  

found t o  be especial ly  strong as molecular weight of bonded molecules 

i s  decreased. 

These predict ions are confirmed by our experimental r e s u l t s  : 

% i s  grea te r  than 1 for  s i l i c a  bonded with polystyrene fi = 50 000. 

It follows t h a t  re ten t ion  of polystyrene i n  decal in  i s  s t ronger  on 

t h i s  packing than on pure s i l i c a  ( f igure  1 ) .  For graf ted  polystyrenes 

= 1000, t h e  var ia t ion  log  M = f(V ) a r i s e s  from t h e  

superposition of an adsorption curve and a d isso ld t ion  curve(KD i 1 ) .  

= 8000 or  

Systems leading t o  any adsorption on pure s i l i c a .  

The re ten t ion  c h a r a c t e r i s t i c s  of polystyrenes and n-alkanes 

of various molecular weights on our model bonded phases, were 

f i r s t  studied. 

As shown i n  f igure  2, exclusion l i m i t  and re ten t ion  of so lu tes  

increase a s  t h e  molecular weights of graf ted  molecules increase.  

The sane holds t r u e  for  e lu t ion  of polyisobutenes by chloroform 

o r  polyethyleneoxides by dimethylformamide. 

Conversely, f o r  solvents having weak a f f i n i t y  f o r  both 

solute  and g r a f t ,  t h e  influence of t h e  bonded-molecule s i z e  i s  

reversed. Thus, t h e  re ten t ion  of alkanes and polystyrenes i n  

dimethylformamide increases  a s  t h e  molecular weight of graf ted  

polystyrene var ies  from 1000 t o  50 000 ( f igure  3) .  
The inf luence of the  nature of the  solvent depends upon t h e  

length of graf ted  molecules. Thus, e lu t ion  volumes of alkanes and 

polystyrenes on s i l i c a  bonded with polystyrene 

i n  dimethylformamide (poor solvent) than i n  te t rahydrofuran or 

chloroform (good solvent) .  The e lu t ion  order i s  inverted f o r  graf ted  

polystyrene 

= 1000, a r e  l a r g e r  

= 50 000.(Compare f igure  2 and 3 ) .  
Swelling of polystyrene-bonded s i l i c a  by a good solvent f o r  t h i s  

polymer, and measurements of apparent porous volumes by l i q u i d  n i t ro-  

gen adsorption show t h a t  polystyrene i s  mainly graf ted  outs ide t h e  
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MODEL BONDED STATIONARY PHASES FOR LC. I1 

FIGURE 2 

Elu t ion  volume (V ) o f  po lys ty renes  (molecular weight M) by 
chloroform on pure s i f i c a  S i  - 60 (0) and s i l i c a s  bonded wi th  
polystyrene.  (Molecular weight of  g r a f t  : 1000 ( 0  ) ,  8000 (0) 
and 50 000 ( +  ) .  (Vo : dead volume of t h e  column). 

po res  of t h e  s i l i c a .  The bonded cha ins  prevent  t h e  d i r e c t  access  t o  

t h e  pores  and s o l u t e s  have t o  become d i s s o l v e d  i n t o  t h e  g r a f t e d  phase 

be fo re  p e n e t r a t i n g  i n t o  t h e s e  po res  ( f i g u r e  4 ) .  
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log M 

I a 1 

1 2 

FIGURE 3 

Elution of polystyrenes (PSI and alkanes-(Alk) by dimethyl- 
formamide og s i l i c a  bonded with polystyrene 
Alk ( m  I), M = 8000 (PS (0 ), Alk ( V  1) and M = 50 000 (PS ( +  ) , 
Alk (9)). 

= 1000 (PS ( 0  ) , 

A s  a r e s u l t ,  a double equilibrium occurs : 

so lu te  i n  ---> so lu te  ins ide  
KD 

solut ion i n  ---> 

mobile phase <--- graf ted  phase <--- t h e  pores 
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MODEL BONDED STATIONARY PHASES FOR LC. I1 

FIGURE 4 

Scheme of  a s i l ica-polystyrene support. 

- % i s  t h e  p a r t i t i o n  coef f ic ien t  between t h e  swelled g r a f t e d  

- KGpC i s  t h e  p a r t i t i o n  coef f ic ien t  by s t e r i c  exclusion e f f e c t  

phase and t h e  solvent. 
1 

i n  s i l i c a  pores. 

The volume involved i n  t h e  separations is ( V  + V s )  and elu-  
P 

t i o n  v o l m e  V can be expressed as : 

- s+p 

(vp + vs)  
c2 ve = vo + K (v + vs)  = vo + - c P 

E2Sfp i s  t h e  average concentration of so lu te  i n  t h e  volume ( V  + Vs)  P 
and $, t h e  so lu te  concentration i n  t h e  mobile phase. k i s  t h e  

average coef f ic ien t .  

According t o  equations [ I ]  and [2], K can be ca lcu la ted  f o r  
D 

g raf ted  molecules of molecular weight 1000, 8000 and 50 000. With 

good solvents  f o r  both so lu te  and s ta t ionary  phase (x12=X13=X23=O) 
curves log  M = f(Ve) with M = 100.r2 a r e  p lo t ted  i n  f igure  5,  f o r  

a weight of support corresponding t o  our experimental condi t ions.  

Comparison of f igures  2 and 5 shows t h a t  t h e o r e t i c a l  and 

experimental curves a r e  i n  good agreement. Solutes  with molecu- 

lar  weight higher than 4000 a r e  completely excluded of s i l i c a  and 

KGpc = 0 .  Equation [ 3 ]  l eads  t o  Ve  - Vo = KD V s .  Hence, t h e  

exclusion l i m i t  of bonded s i l i c a s  only depends on a d isso lu t ion  

phenomenon. It is especial ly  high a s  t h e  g r a f t  s i z e  increases .  

1 
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488 LECOURTIER, AUDEBERT, AND QUIVORON 

I I 1 

0.5 1 1.5 ve-vo’ 
(cm3) 

FIGURE 5 

Theoretical curves l o g  M = f(Ve - Vo)  f o r  s i l i c a s  bonded 
with polystyrenes of various molecular weight (X,,=X, 3=X23=o). 

Equations [ 1 ] and [ 2 ]  ind ica te  t h a t ,  as solutes  ’ a f f i n i t y  towards 

solvent decreases, re ten t ion  volumes also decrease f o r  high molecular weight 

g r a f t s  and, conversely, they increase f o r  low molecular weight g r a f t s .  

The % expression predic t s  an Bmplitude of V v a r i a t i o n s  
(14) espec ia l ly  high as t h e  molecular weight of g r a f t s  increases  

This i s  experimentally observed f o r  chlorofom/polystyrene and 

. 
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MODEL BONDED STATIONARY PHASES FOR LC. I1 

dimethylformamide/polysty-rene systems, i n  t h e  case  of  g r a f t e d  

po lys ty rene  = 50 000 and i = 1000 ( f i g u r e  2 and 3 ) .  However t h e  

observed evo lu t ion  i s  less important t han  t h e o r e t i c a l l y  presumed. 

This i s  not s u r p r i s i n g ,  because our t heo ry  assumes i n t e r a c t i o n  para-  

meters  t o  be independent o f  polymer s izes  (14). I n  f a c t ,  dimethyl- 

formamide i s  c e r t a i n l y  a b e t t e r  solvent  f o r  po lys ty rene  fi = 1000 than  

f o r  polystyrene = 50 000. Thus,  r e t e n t i o n  volumes may be  very small 

on a g r a f t e d  polystyrene fi = 50 000, smaller than  on a g r a f t e d  polys- 

t y r e n e  ii = 1000. 

489 

CONCLUSION 

Comparison between s i l i c a s  bonded with po lys ty rene  and p rev ious ly  

s tud ied  (') s i l i c a s  bonded wi th  polyethyleneoxide,  shows t h e  importan- 

c e  o f  t h e  g r a f t i n g  method. With m e l t  polymer (po lye thy leneox ide ) ,  re- 

g a r d l e s s  of  t h e i r  molecular weights ,  g r a f t s  a r e  l a r g e l y  l o c a t e d  i n s i d e  

t h e  s i l i ca  pores .  On t h e  o t h e r  hand, with s o l u t i o n  polymers (po lys ty rene )  

g r a f t s  are mainly ou t s ide  t h e  s i l i c a  po res .  

The chromatographic behavior o f  t h e  packings cannot be  e l u c i d a t e d  

i f  t h i s  d i f f e r e n c e  i s  neglected.  S i g n i f i c a n t l y ,  g r a f t e d  suppor t s  are 

more e f f i c i e n t  t h a n  s i l i c a  for t h e  s e p a r a t i o n  of high molecular  weight 

compounds, on ly  when g r a f t s  are o u t s i d e  t h e  s i l i c a  po res .  

Gra f t ing  o f  low p o l a r i t y  molecules on s i l i c a  does not always 

l e a d  t o  dec reas ing  adso rp t ion  on t h e  mine ra l  suppor t .  This result, 

which we t h e o r e t i c a l l y  p r e d i c t e d ( 1 4 ) ,  was v e r i f i e d  i n  t h e  case  o f  

g r a f t e d  po lys ty rene  i = 50 000. 

Disso lu t ion  i n t o  a g r a f t e d  phase l a r g e l y  depends on t h e  d i f f e r e n c e  

between s o l u t e  a f f i n i t y  towards t h e  g r a f t e d  molecules and t h e  s o l v e n t .  

I n  t h e  case  of s o l u t e s  having s t rong  a f f i n i t y  towards t h e  s t a t i o n a r y  

phase,  reverse-phase chromatography occurs .  Then, i n  accordance with 

thermodynamic p r e d i c t i o n s ,  r e t e n t i o n  volumes o f  s o l u t e s  i n c r e a s e  wi th  

t h e i r  s i z e .  
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