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MIXED REVERSED PHASE/BETA CYCLO- 
DEXTRIN PACKINGS IN HIGH PERFORMANCE 
LIQUID CHROMATOGRAPHY: SINGLE MIXED 
SUPPORT COLUMN VERSUS TWO COLUMNS 

IN SERIES* 

Haleem J. Issaq* * l ,  Donna Weiss Mellinil , 
and Thomas E. Beesley2 

1Program Resources, Inc. 
NCI-Frederick Cancer Research Facility 

P. 0. Box B 
Frederick, Maryland 21 701 

ZAdvanced Separations Technology, Inc. 
P. 0. Box 297 

Whippany, New Jersey 07981 

ABSTRACT 

A s t u d y  o f  mixed C,./B pack ings  i n  h i g h  p e r f o r m a n c e  l i q u i d  c h r o m a t o g r a p h y  
was u n d e r t a k e n  t o  e v a l u a t e  t h e  u t i l i t y  of s u c h  phases .  The r e s u l t s  show 
t h a t  non a d d i t i v e  r e t e n t i o n  times a r e  o b t a i n e d  when a mixed phase co lumn is 
u s e d  w h i l e  t h e  r e t e n t i o n  times a re  a d d i t i v e  when two columns, one packed 
w l t h  C , ,  and the  o t h e r  w i t h  B are coup led  i n  a series. A p l o t  o f  corrected 
r e t e n t i o n  times v s  % B i n  C , ,  gave  a non- l inea r  r e s u l t .  T h i s  means t h a t  the  
p r e d i c t i o n  o f  r e t e n t i o n  times o n  a m i x e d  p h a s e  co lumn may n o t  b e  e a s i l y  
done .  A s  a r e s u l t ,  i n  t h i s  case, i t  w i l l  be  e a s i e r  t o  c o u p l e  two d i f f e r e n t  
columns of d i f f e r e n t  s e l e c t l v i t l e s  t o  a c h i e v e  a d i f f i c u l t  s e p a r a t i o n .  

* P r e s e n t e d  i n  p a r t  a t  the 2 6 t h  F a s t e r n  A n a l y t i c a l  Symposium, September  1981,  
pape r  C t  S6.  

** 
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INTRODUCTION 

ISSAQ, MELLINI, AND BEESLEY 

High Performance Liquid Chromatography (HPLC) h a s  ga ined  g r e a t  acceptance  as 

an a n a l y t i c a l  t o o l  and is found i n  a lmost  every  l a b o r a t o r y .  T h i s  is d u e  t o  

i t s  r e l a t i v e  ease o f  o p e r a t i o n ,  t h e  wea l th  o f  r e s e a r c h  e f f o r t  i n t o  t h e  

o p t i m i z a t i o n  o f  t h e  mobile  phase,  t h e  u i d e  range  of c o m m e r c i a l l y  a v a i l a b l e  

column s u p p o r t s  of d i f f e r e n t  modes,  i ts a p p l i c a b i l i t y  t o  a wide range  o f  

compounds (normal. i o n i c ,  p o l a r ,  polymeric  a n d  b i o m o l e c u l e s  o f  a l l  s i z e s )  

a n d  t h e  r e l a t i v e l y  e c o n o m i c a l  i n s t r u m e n t a t i o n  (pumps, d e t e c t o r s  ... e t c ) .  

Today's columns come i n  d i f f e r e n t  s i z e s  p a c k e d  w i t h  d i f f e r e n t  s u p p o r t s  - 
s i l i c a  b a s e  o r  p o l y m e r i c ,  n o r m a l ,  r e v e r s e d  p h a s e  (bonded a k y l  c h a i n s  of 

v a r i o u s  l e n g t h s ) ,  i o n i c  ( a n i o n  and c a t i o n ) ,  g e l  f o r  s i z e  e x c l u s i o n ,  o r  a l k y l  

c h a i n s  bonded t o  t h e  s i l i c a  a n d  t o  another  modi f ie r  such  as c y c l o d e x t r i n s  

( a ,  6 o r  V ) ,  a phenyl-, cyano-, amino, or o t h e r s .  A l l  t h e  a b o v e  m e n t i o n e d  

s u p p o r t s  a r e  a v a i l a b l e  c o m m e r c i a l l y  i n  a s i n g l e  mode, t h a t  is  a column 

packed wi th  one suppor t .  Unl ike  g a s  c h r o m a t o g r a p h y ,  where  mixed s u p p o r t  

c o l u m n s  a r e  u s e d  a l m o s t  r o u t i n e l y .  i n  HPLC there has  been no commercially 

a v a i l a b l e  mixed s u p p o r t  column. I n  f a c t ,  a search of t h e  s c i e n t i f i c  litera- 

t u r e  r e v e a l s  l i t t l e  a c t i v i t y  i n t o  t h i s  area. I n  a r e c e n t  a r t ic le  Rassi and 

Horvath (1 )  wrote "remarkably enough mixedtbed columns have r e c e i v e d  l i t t l e  

a t t e n t i o n  i n  HPLC".  T h i s  is d i s a p p o i n t i n g  i n  l i g h t  of  t h e  f a c t s  t h a t  ( a )  

mixed phases  a r e  used i n  C C ;  ( b )  coupled columns of d i f f e r e n t  s e l e c t i v i t i e s  

a r e  u s e d  i n  GC a n d  H P L C ;  a n d  ( c )  one can s a f e l y  assume t h a t  a s i n g l e  peak 

o b t a i n e d  w i t h  a s i n g l e  mode column may be r e s o l v e d  i n t o  s e v e r a l  p e a k s  on  a 

mixedernode suppor t  column. T h i s  means t h a t  a column can be made t o  a c h i e v e  

t h e  r e s o l u t i o n  of a mixture  which is not  s e p a r a t e d  on t h e  i n d i v i d u a l  s u p p o r t  

co lumns .  I n  a d d i t i o n  t h e  column can be used i n  d i f f e r e n t  chromatographic  

modes as w i l l  be  d i s c u s s e d  la te r .  Wise et  a1 ( 2 )  has  shown t h a t  S e l e c t i v i t y  

i n  HPLC c a n  b e  m o d i f i e d  by us ing  a mixed s u p p o r t s  column. I n  t h e i r  s t u d y ,  

b e t t e r  s e p a r a t i o n  o f  a p o l y c y c l i c  a r o m a t i c  h y d r o c a r b o n  (PAH) m i x t u r e  was 
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REVERSED PHASEIBETA CYCLODEXTRIN PACKINGS 335 

a c h i e v e d  on r e v e r s e d  p h a s e  HPLC u s i n g  a Column made of a mixture  O f  5 pm 

polymeric  C,. material from two d i f f e r e n t  lo t s  w i t h  h i g h  and low C,. s u r f a c e  

c o n c e n t r a t i o n s ,  t h a n  by u s i n g  t h e  i n d i v i d u a l  columns. They a l s o  r e p o r t e d  

t h a t  S e l e c t i v i t y  f a c t o r s  f o r  these  mixed p h a s e  co lumns  were f o u n d  t o  be 

s i m i l a r  t o  t hose  p r e d i c t e d  by t h e  l i n e a r  a d d i t i o n  OP the  s e l e c t i v i t i e s  of 

t h e  two i n d i v i d u a l  phases .  Rassi et  a 1  ( 3 )  f o u n d  t h a t  t h e  r e s o l u t i o n  ob- 

t a i n e d  by us ing  columns packed w i t h  mixed an ion  and c a t i o n  exchangers ,  does  

n o t  depend l i n e a r l y  on t h e  f r a c t i o n  of  t h e  r e t e n t i v e  ion  exchanger  p a r t i c l e s  

u n d e r  i s o c r a t i c  mobile p h a s e  c o n d i t i o n s .  The advantages  of using a mixed 

phase  a n i o d c a t i o n  column is t h a t  s u c h  a column c a n  be  u s e d  a s  a n  a n i o n .  

c a t i o n  or h y d r o p h o b i c  i n t e r a c t i o n  column. Ogan and Katz (4) used columns 

made of a m i x t u r e  of L i c h r o s o r b  RP-2 a n d  R P - 1 8 ,  and  c l a i m e d  t h a t  t h e  

r e l a t i o n s h i p  be tween r e t e n t i o n  t imes a n d  I( composi t ion of the s t a t i o n a r y  

phase was l i n e a r .  

The p r e s e n t  research was u n d e r t a k e n  i n  o r d e r  t o  e v a l u a t e  the u s e  O f  mixed 

s u p p o r t  columns i n  HPLC. The s u p p o r t s  selected a r e  C,, reversed phase  ( C h a )  

a n d  B i c y c l o d e x t r i n  bonded t o  s i l i c a  g e l  (6). The aim of t h e  s t u d y  is t o  

e v a l u a t e  ( a )  f e a s i b i l i t y  a n d  u s e a b i l i t y  o f  s u c h  mixed p h a s e ,  mixed mode 

c o l u m n s ;  ( b )  what  e f f e c t ,  i f  a n y ,  e a c h  s u p p o r t  i n  t h e  column has  on t h e  

o t h e r s  s e l e c t i v i t y ;  ( c )  are t h e  r e t e n t i o n  times o b t a i n e d  on t h e  mixed  p h a s e  

column l i n e a r  and p r e d i c t a b l e ;  ( d )  can columns be e a s i l y  t a i l o r e d  t o  achieve  

a s p e c i f i c  s e p a r a t i o n  and ( e )  is i t  easier t o  u s e  a mixed p h a s e  column or 

two c o u p l e d  co lumns  i n  s e r i e s .  For t h i s  s t u d y  f i v e  columns packed wi th  

C I S ,  6 ,  and a mixture  of both  by volume (75%,  50% a n d  25% C , ,  i n  6 )  were 

s e l e c t e d .  The m o b i l e  p h a s e  u s e d  is methanol /water .  Three groups of comr 

pounds. naphtha lene  and b i p h e n y l ;  2.rphenylphenol and  b p h e n y l p h e n o l ;  a n d  a n  

i s o m e r i c  m i x t u r e  of 2-, 3-, a n d  4*hydroxybenzyl a l c o h o l s  ( H B A )  were used. 

The C,, and 6 were bonded t o  a 5 um s p h e r i c a l  s i l i c a  a n d  packed  i n t o  s t e e l  

columns. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
4
3
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



336 ISSAQ, MELLINI, AND BEESLEY 

EX PER IMENTAL 

Materials 

The compounds used i n  t h i s  s t u d y  ( b i p h e n y l ,  4-phenylphenol, 2 -phenylphenol .  

2 -hydroxybenzyl  a l c o h o l ,  3-hydroxybenzyl a l c o h o l .  4thydroxybenzyl  a l c o h o l ,  

t r i e t h y l a m i n e )  were purchased from Aldr ich  Chemical Company, (Milwaukee. WI) 

e x c e p t  n a p h t h a l e n e  which was p u r c h a s e d  f rom Eastman O r g a n i c  Chemicals, 

( R o c h e s t e r ,  N Y )  a n d  g l a c i a l  a c e t i c  a c i d  f r o m  B a k e r  A n a l y t i c a l ,  

( P h i l l i p s b u r g .  N J ) .  The methanol used was g l a s s  d i s t i l l e d  U V  g rade ,  Burdick 

b Jackson ,  (Muskegon. MI). Water was glass d i s t i l l e d  de ionized .  A l l  of t h e  

c o l u m n s  were s u p p l i e d  by Advanced S e p a r a t i o n s  Technology, InC., (Whippany. 

NJ) and conta ined  C 1 8  and/or  B ~ c y c l o d e x t r i n  ( c y c l o b o n d  I) bonded t o  5 um 

s p h e r i c a l  s i l i c a  p a r t i c l e s .  A l l  columns had t h e  same dimensions,  25 cm x 

4.6 mm. 

Apparatus  

A P e r k i n - E l m e r  S e r i e s  4 L i q u i d  Chromatograph  e q u i p p e d  w i t h  a K r a t o s  

S p e c t r o f l o w  783 programmable  a b s o r b a n c e  d e t e c t o r ,  Waters WISP automat ic  

i n j e c t o r ,  s t r i p  c h a r t  r e c o r d e r ,  a n d  a H e w l e t t - P a c k a r d  3357 i n t e g r a t i o n  

sys tem was used. 10 I I ~  of  s o l u t i o n  was i n j e c t e d  and monitored for UV absor -  

bance a t  254 nm. 0.01 M t r i e t h y l a m i n o a c e t a t e  (TEAA) b u f f e r  was made by 

adding 1 .4  m l  t r i e t h y l a m i n e  t o  1 l i t e r  of water  and t i t r a t i n g  t o  pH 4.5 w i t h  

g l a c i a l  a c e t i c  a c i d .  A l l  mobi le  phases  were f i l t e r e d  a n d  d e g a s s e d  b e f o r e  

u s e  a n d  m a i n t a i n e d  u n d e r  h e l i u m  t h r o u g h o u t  t h e  exper iments .  The mobile  

phase  flow r a t e  was 1 ml lmin .  

RESULTS A N D  DISCUSSION 

One of t h e  o b j e c t i v e s  o f  t h i s  s t u d y  was t o  compare  t h e  r e t e n t i o n  times 

o b t a i n e d  o n  two c o l u m n s  of d i f f e r e n t  s e l e c t i v i t i e s  coupled  i n  series, and 
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REVERSED PHASEjBETA CYCLOVEXTRIN PACKINGS 337 

i n d i v i d u a l l y .  A C , ,  r e v e r s e d  phase and 6-cyc lodext r in  bonded columns having 

t h e  same b a s e  s i l i c a  f rom t h e  same b a t c h  were used .  These two t y p e s  o f  

columns were s e l e c t e d  because t h e y  have d i f f e r e n t  mechanisms o f  s e p a r a t i o n ,  

o n e  (C,,) by p a r t i t i o n  t h e  o t h e r  ( 6 )  by i n c l u s i o n  mechanism. The mobile  

phase,  methanol lua te r ,  is compat ib le  w i t h  both column p a c k i n g s .  which is a 

requi rement  when mixed s t a t i o n a r y  phases  a r e  used. 

Table  1 lists t h e  r e t e n t i o n  times o b t a i n e d  us ing  C,. column, 6 - c y c l o d e x t r i n  

column a n d  C,,4 and B+C,. columns connected i n  series. The t a b l e  shows no 

a p p r e c i a b l e  d i f f e r e n c e  i n  t h e  sum of r e t e n t i o n  times o b t a i n e d  u s i n g  t h e  

s i n g l e  columns or t h e  columns In  series. T h i s  means t h a t  t h e  o r d e r  by which 

t h e  columns are coupled has  no r e l e v e n c e  on t h e  f i n a l  r e t e n t i o n  time. These 

r e s u l t s  which a g r e e  w i t h  t h o s e  p u b l i s h e d  ( 1 )  show t h a t  when columns o f  

d i f f e r e n t  s e l e c t i v i t i e s  a r e  c o n n e c t e d  i n  ser ies  t h e  r e t e n t i o n  times a re  

a d d i t i v e  and  l i n e a r .  T h i s  g i v e s  t h e  chromatographer  t h e  unique c a p a b i l i t y  

o f  t a i l o r i n g  coupled columns t o  s p e c i f i c  s e p a r a t i o n s .  For e x a m p l e ,  d i f -  

f i c u l t  s e p a r a t i o n s  o f  a mixture  which cannot  be  r e s o l v e d  on a S i n g l e  column 

may be  r e s o l v e d  on a series o f  coupled columns o f  d i f f e r e n t  s e l e c t i v i t i e s .  

I n  s u c h  a c a s e  t h e  mobi le  phase  should  be compatible  wi th  both  t h e  columns 

used. To i l l u s t r a t e  t h e  above le t  us look a t  t h e  r e t e n t i o n  times i n  Table  1 

f o r  n a p h t h a l e n e ,  b i p h e n y l ,  Z*phenylphenol and 4-phenylphenol. I t  is c l e a r  

t h a t  Zdphenylphenol was not r e s o l v e d  from biphenyl  on C , .  b u t  was r e s o l v e d  

o n  B column. Again naphtha lene  and 4qphenylphenol were r e s o l v e d  by 0.5 min 

on 6 and 2.4 min on C , ,  under t h e  same exper imenta l  c o n d i t i o n s .  By c o u p l i n g  

b o t h  co lumns  i n  series, t h e  f o u r  compounds are s e p a r a t e d  from each o t h e r  by 

a t  l e a s t  1 .1  min. I t  was o f  i n t e r e s t  i n  l i g h t  o f  t h e  a b o v e  l i n e a r  a n d  

a d d i t i v e  r e s u l t s  t o  f i n d  o u t  i f  one can p r e d i c t  t h e  r e t e n t i o n  times us ing  a 

Column made of mixed s u p p o r t s  ( C , e  a n d  6 )  r a t h e r  t h a n  c o u p l e d  co lumns  i n  

series.  The r a t i o n a l e  f o r  d o l n g  so u a s  ( a )  o n l y  one column uould be used 

which means lower back p r e s s u r e ;  (b) o n e  c a n  t a i l o r  a s u p p o r t  m i x t u r e  t o  

a c h i e v e  d i f f i c u l t  s e p a r a t i o n s ,  u s i n g  t h e  window diagram ( 5 ) .  a procedure 
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which was p r e v i o u s l y  used  t o  p r e d i c t  a b i n a r y  m o b i l e  p h a s e  f o r  optimum 

r e s o l u t i o n  o f  a mixture.  

I n  t h i s  s t u d y ,  u n l i k e  t h a t  of  Wise e t  a 1  (2) who used a mixture  of  polymeric  

r e v e r s e d  p h a s e  s u p p o r t s  w i t h  h i g h  and  low C , ,  s u r f a c e  c o n c e n t r a t i o n  and 

u n l i k e  Katz and Ogan (4) who u s e d  a m i x t u r e  o f  L l c h r o s o r b  C, a n d  C,,, a 

m i x t u r e  o f  two S u p p o r t s  h a v i n g  d i f f e r e n t  s e l e c t i v i t i e s  and mechanisms of  

s e p a r a t i o n  ( p a r t i t i o n  and i n c l u s i o n )  were s e l e c t e d  for t h i s  s t u d y .  F i v e  

co lumns  were u s e d  which h a v e  t h e  same dimensions and s i l i ca  from t h e  same 

batch.  The columns were packed wl th :  100% C,,, 751, 50% and 25% C , ,  a n d  

loo$ 6 .  T h r e e  g r o u p s  of  compounds were used,  naphtha lene  and b iphenyl ,  2- 

and h p h e n y l p h e n o l  and 2c, 3*, and 4,hydroxbenzyl a l c o h o l s .  F i g u r e  1 1s a 

p l o t  of cor rec ted  r e t e n t i o n  times ( t I R )  o f  n a p h t h a l e n e ,  b i p h e n y l .  2- 

phenylphenol  and 4-phenylphenol u s i n g  t h e  f i v e  columns in t h i s  s t u d y .  The 

r e s u l t s  c l e a r l y  show t h a t  a curve  was o b t a i n e d  for a l l  t h e  compounds except  

btphenylphenol .  T h i s  was s u r p r i s i n g  i n  l i g h t  of  t h e  l inear  r e s u l t s  o b t a i n e d  

for t h e  c o u p l e d  co lumns .  T a b l e  1 .  The e x p e r i m e n t  was r e p e a t e d  but  t h e  

r e s u l t s  were t h e  same. The r e s u l t s  a l s o  showed, F i g u r e  1 ,  t h a t  t h e  h i g h e r  

t h e  r e t e n t i o n  time. t h e  s t e e p e r  t h e  curve. 

I t  was s u g g e s t e d  ( 6 )  t h a t  s i n c e  t h e  column is  made of a m i x t u r e  o f  two 

d i f f e r e n t  s u p p o r t s ,  each is being d i l u t e d  by t h e  o t h e r  and as  a r e s u l t  t h e  

amount o f  s o l u t e  i n j e c t e d  i n t o  t h e  mixed s u p p o r t  co lumn may b e  too l a r g e  

compared  w i t h  t h a t  i n j e c t e d  onto a s i n g l e  phase  column. The c o n c e n t r a t i o n  

o f  t h e  tes t  s o l u t i o n  was d i l u t e d  by 100 f o l d  from 10 u g l i n j e c t l o n  t o  

0.1 p g / i n j e c t i o n .  The r e s u l t s ,  F igure  2 ,  show no a p p r e c i a b l e  d i f f e r e n c e  i n  

t h e  shape  of t h e  curve  or t h e  r e t e n t i o n  times. This  means t h a t  t h e  s o l u t e  

Concent ra t ion  is n o t  a f a c t o r  i n  t h i s  case. 

I t  is a f a c t  t h a t  due t o  s te r ic  h indrances  some s i l a n o l  groups  remain under+ 

i v a t i z e d  on t h e  s i l i c a  s u r f a c e .  I t  was thought  t h a t  t h e s e  s i l a n o l  groups 
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F i g u r e  1 .  

K 
L 5 1 -  A\ Biph. 

GI8 3: 1 1:l 1 :3 
Mixed Phase 

A p l o t  of c o r r e c t e d  r e t e n t i o n  t i m e s  vs.  mixed phase C,./6 
composi t ion u s i n g  a m o b i l e  p h a s e  o f  702 methanol /H,O a t  a 
f l o w  r a t e  of 1 ml/min. A s o l u t i o n  c o n t a i n i n g  10 ug of each 
test compound was i n j e c t e d  and analyzed.  

may c o n t r i b u t e  somehow t o  t h e  n o n i l i n e a r i t y  o f  the r e s u l t s .  T h e r e f o r e .  i n  

order t o  b l o c k  these  g r o u p s ,  0.01 M t r i e t h y l a m m o n i u m  acetate (TEAA) was 

added to the mobile phase. Using 0.1 ug/l i n j e c t i o n  a n d  m e t h a n o l :  0.01 M 

TEAA (70:30) t h e r e  was a g a i n  no a p p r e c i a b l e  d i f f e r e n c e  i n  t h e  r e s u l t s ,  

F i g u r e  3. A p l o t  Of  Ink' v s  2 6 i n  t h e  p h a s e  m i x t u r e  gave a l i n e a r  

r e l a t i o n s h i p ,  F i g u r e  4 .  I f  t h e  curve  i n  F igures  1 .  2 ,  3 were l i n e a r ,  t h e  

p l o t  of Ink' v s  % 6 should  n o t  be l i n e a r  as Figure  4 i n d i c a t e s .  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
4
3
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



REVERSED PHASE/BETA CYCLODEXTRIN PACKINGS 34 1 

9 

a 

7 

6 

5 
0 

c. 

4 

3 

2 

1 

C 
I I I 

3:l 1:l 1 :3 P 
Mixed Phase 

F i g u r e  2. Same as  F i g u r e  1 except  a s o l u t i o n  c o n t a i n i n g  0.1 ug o f  each  
test compound was i n j e c t e d  and analyzed.  

S i n c e  m e t h a n o l  is a s t r o n g  s o l v e n t  f o r  8 phases ,  i t  was dec ided  t o  use a 

series of compounds which can be e l u t e d  a t  lower p e r c e n t a g e  o f  m e t h a n o l  i n  

t h e  m o b i l e  p h a s e .  A g r o u p  of t h r e e  h y d r o x y b e n z y l  a l c o h o l  i somers  were 

s e l e c t e d .  A mobile  p h a s e  of 10% m e t h a n o l / w a t e r  was u s e d .  The r e s u l t s ,  

F i g u r e  5 ,  show c l e a r l y  a n o n i l i n e a r  r e l a t i o n s h i p  when t t R  is p l o t t e d  a g a i n s t  

% 6 i n  t h e  mixed phases. 

I n  a r e c e n t  d i s c u s s i o n  ( 7 )  S c o t t  sugges ted  t h a t  i t  is p o s s i b l e  t h a t  t o% MeOH 

may n o t  cover  t h e  suppor t  s u r f a c e  completely and t h i s  may c o n t r i b u t e  t o  nonC 
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9 

a 

7 

6 

5 
K - 

4 

3 

2 

1 

C18 3: 1 1:l 1 :3 P 

Mixed Phase 

F i g u r e  3. A p l o t  o f  c o r r e c t e d  r e t e n t i o n  times v s .  mixed p h a s e  C,./B 
c o m p o s i t i o n  u s i n g  a m o b i l e  p h a s e  o f  7 0 %  m e t h a n o l / 3 0 %  
t r i e t h y l a m m o n i u m  ace ta te  (0 .01  M I  pH 4.5. A s o l u t i o n  con- 
t a i n i n g  0.1 u g  o f  t h e  t e s t  s o l u t i o n  w a s  I n j e c t e d  a n d  
ana lyzed .  Flow r a t e  1 ml/mln. 

l i n e a r i t y  of  t h e  r e s u l t s .  A new e x p e r i m e n t  was d e s i g n e d  w h e r e  t h r e e  

d i f f e r e n t  c o n c e n t r a t i o n s  o f  m e t h a n o l  i n  t h e  m o b i l e  p h a s e  were u s e d :  10% 

M e O H ;  17.5% MeOH a n d  25% MeOH. The r e s u l t s  are g i v e n  I n  F i g u r e  6 ,  which 

shows t h a t  non- l inea r  c u r v e s  were o b t a i n e d  i n  e a c h  case. The o n l y  o b s e r v e d  

e f f e c t  of t h e  i n c r e a s e  of  t h e  volume of methanol  1s t h e  faster e l u t i o n  Of 

t h e  test  compound, which is expec ted .  

A t  t h l s  p o i n t  we h a v e  n o  r e a s o n a b l e  a c c e p t a b l e  e x p l a n a t i o n  a s  t o  why when 

two d i f f e r e n t  s e l e c t i v i t y  columns a r e  connec ted  In series,  t h e  r e s u l t s  a re  
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1.25 r 

'-. 
0.995 '-.,=A . '-- A .  

\ 

10 

- .75 
- 1 .oo 
- 1.25 

0.00 25.00 50.00 75.00 100.00 
%/3 Cyclodextrin 

Figure  4.  A p l o t  o f  I n k '  vs. m i x e d  p h a s e  C , . / B  c o m p o s i t i o n .  
Experimental condi t ions  a s  i n  Figure 3. 

l i n e a r  and when t h e  phases a r e  mixed then packed i n t o  t h e  column t h e  r e s u l t s  

are not l i n e a r .  Rass i  e l  a 1  ( 3 )  i n  e x p l a i n i n g  t h e  n o n - l i n e a r i t y  of  t h e  

mixed a n i o n l c a t i o n  exchange column by assuming t h a t  t h e  a c c e s s i b i l i t y  of  t h e  

r e t e n t i v e  p a r t i c l e s  f o r  t h e  e l u i t e  and t h u s  t h e  e f f e c t i v e  p h a s e  r a t i o  i s  

reduced by t h e  presence of  o p p o s i t e l y  charged ion exchanger p a r t i c l e s  in t h e  

surroundings.  As a r e s u l t .  t h e y  specula ted ,  t h e  r e t e n t i o n  f a c t o r  is smal le r  

t h a n  would be e x p e c t e d  i n  t h e  absence of  such coupl ing phenomena which a r e  

caused by e l e c t r o s t a t i c  s h i e l d i n g .  

The p r e s e n t  s t u d y  shows that t h e r e  is a decrease  of r e t e n t i o n  when a column 

made of a m i x t u r e  of  t h e  phases is used. One can t a l k  of  s h i e l d i n g  of t h e  

C,. c h a i n s  on t h e  s i l i c a  s u r f a c e  by a d j a c e n t  6-cyclodextr in  molecules ,  o r  

v i c e  v e r s a ,  however ,  most of t h e  s e p a r a t i o n  o c c u r s  i n  t h e  p o r e s  o f  t h e  

s i l i c a  where t h e  m a j o r i t y  o f  t h e  C,. and 6 groups a r e  loca ted .  Also, t h e  

s i z e  of t h e  s i l i c a  spheres ,  5 um diameter is too l a r g e  compared t o  t h e  C , ,  

c h a i n s  and t h e  6 m o l e c u l e s  for s h i e l d i n g  t o  be a major f a c t o r .  The bulk 
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F igure  5 .  

4 -  

I I I 
CI, 3: 1 1 :I 1 :3 I 

3 

Mixed Phase 

10 

9 

8 

7 

6 

5 

4 

3 

A p l o t  o f  c o r r e c t e d  r e t e n t i o n  t imes  of 2 - .  3 - ,  a n d  
b h y d r o x y b e n z y l  a l c o h o l s  u s i n g  10% methanol/uater a t  a flow 
rate of 1 ml/min .  A s o l u t i o n  C o n t a i n i n g  0.1 ug of e a c h  
compound was i n j e c t e d  and ana lyzed .  
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15- 

c .- 
E 
IL 

1 I I 
75 50 25 

15 

10 

1 

% c,, 

F i g u r e  6. A p l o t  o f  r e t e n t i o n  times o f  2 rhydroxy lbenzy l  a l c o h o l  on t h e  
f i v e  t e s t  c o l u m n s  (see t e x t  for d e t a i l s ) .  E x p e r i m e n t a l  
c o n d i t i o n s  a s  i n  F i g u r e  5. 

d e n s i t y  d i f f e r e n c e s  o f  C,. a n d  6 c a n n o t  a c c o u n t  fo r  t h e  d i f f e r e n c e s  ob-  

s e r v e d .  

Another  p o s s i b l e  e x p l a n a t i o n  is that water molecu le s  from t h e  m o b i l e  p h a s e  

a r e  t r a p p e d  i n  t h e  6 c a v i t y  a n d  as a r e s u l t  there is more methanol  i n  t h e  

mobile phase  which would decrease t h e  r e t e n t i o n  of t h e  s o l u t e  m o l e c u l e s .  

T h i s  wou ld  r e s u l t  i n  f a s t e r  e l u t i o n  times. One can a l s o  a r g u e  t h a t  t h i s  is 

of s u c h  small effect ,  b e c a u s e  t h e  m o b i l e  phase is  in e q u i l i b r i u m  a t  a l l  

times. I t  is also p o s s i b l e  t h a t  t h e  w a t e r  molecu le s  i n  t h e  6 -cav i ty  r e n d e r  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
4
3
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



346 ISSAQ, MELLINI, AND BEESLEY 

i t  ineffect ive in  operating a s  an inclusion complex, which would r e s u l t  i n  

l e s s  r e t e n t i o n  of t h e  s o l u t e  molecules .  Another explanation which seems 

realist ic is  t h a t  t h e r e  a r e  two d i r f e r e n t  mechanisms which, when t aken  

i n d i v i d u a l l y ,  a r e  l i n e a r .  Therefore,  i t  is possible tha t  the addition of 

two l i n e a r  p l o t s  having d i f f e r e n t  s l o p e s  would r e s u l t  i n  a n o n - l i n e a r  

re la t ionship ( 8 ) .  

Wise e t  a1 (2) found in t h e i r  s t u d y  t ha t  t he  l i nea r  re la t ionships  hold on ly  

when t h e  C,. phases  were prepared on s i l i c a  of the same surface area. In 

our s t u d y  s i l i c a  from the same batch was used, t he re fo re ,  t he  s u r f a c e  a r e a  

e f f e c t  could not con t r ibu te  t o  the non-linearity of  the r e su l t s .  Ogan and 

Katz ( 4 )  eva lua ted  t h e  r e t e n t i o n  and s e l e c t i v i t y  o f  1 2  P A H s  on columns 

packed w i t h  100% Lichrosorb RP-18, and three columns packed wi th  25%, 50% 

and 75% Lichrosorb RP-18 i n  Lichrosorb RP-2. Their data indicated t h a t  t h e  

c o n t r i b u t i o n  of t h e  i n d i v i d u a l  components were s i m p l y  additive.  Upon ex- 

amination of their r e s u l t s  (Figure 8 ,  r e f .  a )  i t  is c l e a r  t h a t  t h e  p l o t  of 

K' v s  % RP-18 is non-l lnear  for the  majority ( 1 1  out of 1 2 )  of t h e  t e s t ed  

P A H s .  I n  ano the r  par t  of t h e  s t u d y  Ogan and Katz (4) found t h a t  when 

columns packed w i t h  C,. bonded s i l i c a s  having d i f f e ren t  pore diameters, the 

resul ts  were inconclusive. This  f inding agrees w i t h  t h a t  observed l a t e r  by 

Wise et a 1  ( 2 ) .  

Pietrzyk and Brown ( 9 )  used a mixed anion and cation exchangers  column f o r  

t h e  sepa ra t ion  of inorganic ions. Their r e s u l t s  show that  anions retent ion 

(C1- and NO,-) decreased by 16-21% and cation retent ion increased by o n l i  5% 

a l though  c a t i o n  exchanger weight i n  the column was increased by 33% (from 

1 :1 t o  2 : l  cation:anion r a t i o s ) .  T h i s  indicates  a non-l inear  r e l a t i o n s h i p  

between r e t e n t i o n  and t h e  r a t i o  Of cation:anion i n  tne mixed bed column, 

which agrees w i t h  the r e s u l t s  oP Rassi .  e t  a 1  ( 3 )  f o r  t h e  Sepa ra t ion  Of 

p r o t e i n s  on a mixed-bed a n i o n l c a t i o n  exchange column. Crowther and 

Hartwick (10)  synthesized chemical ly  bonded m u l t i * f u n c t i o n a l  S t a t i o n a r y  
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p h a s e s  which a r e  l a r g e l y  r e v e r s e d  p h a s e  i n  n a t u r e ,  b u t  a l s o  c o n t a i n  s i g -  

n i f  i c a n t  ion exchange p r o p e r t i e s .  By bonding i o n i c  and h y d r o p h o b i c  g r o u p s  

t o  t h e  same s i l i c a  t h e y  were a b l e  t o  a c h i e v e  u n i q u e  s e l e c t i v i t i e s  f o r  

n u c l e o t i d e s  and n u c l e o s i d e s  s e p a r a t i o n .  A n e a r  l i n e a r  i n c r e a s e  i n  R' was 

observed upon going  from 50 t o  100% q u a t e r n i z e d  groups. 

An HPLC phase was s y n t h e s i z e d  i n  which a mixture  of two s i l a n e s ,  an a l k y l o r r  

g a n o s i l a n e  a n d  a n i t r i l o r g a n o s i l a n e ,  were bonded t o  t h e  same s i l i c a  g e l  

( 1 1 ) .  The r e s u l t s  show t h a t  improvent i n  s e l e c t i v i t y  of  PAH was a c h i e v e d .  

However ,  when t h e  r a t i o s  o f  O D S  t o  cyanopropyl  on t h e  s i l i c a  were changed 

from 100% ODS t o  a mixture  of bo th ,  non l i n e a r  K' v a l u e s  were o b s e r v e d  i n  

most cases ( f i g u r e s  2 ,  3. 4 ,  and 6 i n  r e f .  1 1 ) .  

CONC LO SI ON 

I t  is c l e a r  from p u b l i s h e d  a n d  p r e s e n t  resul ts  t h a t ,  t o  d a t e ,  most of t h e  

r e s u l t s  o b t a i n e d  u s i n g  m i x e d t b e d  or mixed l i g a n d s  on t h e  same p a r t i c l e ,  

showed a n o n + l i n e a r  r e l a t i o n s h i p  between t V R  or K' and t h e  r a t i o s  of t h e  

mixedcbeds or l i g a n d s .  T h i s  means t h a t  % c h a n g e  i n  r e t e n t i o n  d o e s  n o t  

f a i t h f u l l y  reproduce  t h e  % change i n  t h e  mixed-bed or l i g a n d s .  

The r e s u l t s  i n  t h i s  s t u d y  i n d i c a t e  t h a t  t h e  r e t e n t i o n  times o b t a i n e d  by 

c o u p l i n g  two d i f f e r e n t  s e l e c t i v i t y  a n d  s e p a r a t l o n  mechanisms columns i n  

series gave l i n e a r .  p r e d i c t a b l e  a n d  a d d i t i v e  r e s u l t s  when t h e  i n d i v i d u a l  

columns are used. Therefore ,  one can a c h i e v e  t h e  r e s o l u t i o n  of a mixture  of 

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

s e l e c t i v i t i e s .  On t h e  o t h e r  hand t h e  results show that t h e  r e t e n t i o n  times 

o b t a i n e d  u s i n g  a column made of a mixture  of two d i f f e r e n t  s e l e c t i v i t y  or 

d i f f e r e n t  s e p a r a t i o n  mechanism p a r t i c l e s  is not  l i n e a r  and t h e r e f o r e  may n o t  

be  e a s i l y  p r e d i c t e d  i n  advance. Therefore ,  it is concluded t h a t  i t  w i l l  b e  

eas ie r  t o  p r e d i c t  t h e  e l u t i o n  times of a mlxture  by coupl ing  2 columns i n  a 
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series r a t h e r  than  by mixing 2 d i f f e r e n t  p h a s e s  i n  t h e  column. A l s o ,  a s  

o b s e r v e d  e a r l i e r  ( 2 ,  4 )  t h e  s u r f a c e  of t h e  s i l i c a  p a r t i c l e s  for both phases  

should be t h e  same. The advantage of having one mixed p h a s e  column r a t h e r  

t h a n  2 c o u p l e d  columns is t h a t  l e s s  back p r e s s u r e  r e s u l t s  from using one 

column. I t  is not c l e a r  a t  t h i s  time why mixed-phase columns g i v e  non- 

l i n e a r  r e l a t i o n s h i p ,  b u t  our e f f o r t s  a r e  cont inuing  i n t o  understanding t h i s  

phenomenon. 
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