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THE STATIONARY PHASE I N  

THIN  LAYER CHROMATOGPAPHY 

Ronald M. S c o t t  
Department o f  Chemist ry  

Eas te rn  M ich igan  U n i v e r s i t y  
Ypsi 1 a n t i ,  MI, 481 97 

ABSTRACT 

T h i s  rev iew  p rov ides  an ove rv iew  o f  t h e  s t a t i o n a r y  phases used 
i n  t h i n  l a y e r  chromatography o rgan ized  acco rd ing  t o  t h e  c lasses  o f  
a t t r a c t i v e  f o r c e s  between the  s o l u t e  and t h e  s t a t i o n a r y  phase. 
S p e c i f i c  examples o f  r e c e n t  i n n o v a t i o n s  a r e  i nc luded .  

INTRODUCTION 

Rather than  b e i n g  a un ique chromatographic  p r i n c i p l e ,  t h e  

t h i n  l a y e r  approach i s  r e a l l y  a s p e c i a l  t echn ique  f o r  a p p l y i n g  

seve ra l  d i f f e r e n t  p r i n c i p l e s .  Samples a r e  a p p l i e d  t o  a s t a t i o n a r y  

phase coated on a suppor t  r a t h e r  than  one packed i n  a column. 

The s o l v e n t  t hen  e i t h e r  r i s e s  up t h e  s t a t i o n a r y  phase by  c a p i l l a r y  

a c t i o n  o r  runs down by g r a v i t y .  

t imes been r e f e r r e d  t o  as an "open column" technique,  s h a r i n g  t h i s  

c l a s s i f i c a t i o n  w i t h  paper chromatography. 

separa t i ons  a p p l i e d  t h e  p r i n c i p l e s  o f  a d s o r p t i o n  chromatography. 

Th in  l a y e r  chromatography has some- 

The f i r s t  t h i n  l a y e r  
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2148 SCOTT 

Since t h e n  the  t h i n  l a y e r  techn ique  has been extended t o  p a r t i t i o n  

chromatogrpahy, i o n  exchange separa t i on  , e l e c t r o p h o r e s i s  , and gel  

f i l t r a t i o n .  

The advantages o f  t h i n  l a y e r  chromatogrpahy l i e  i n  i t s  r e q u i r e -  

ment f o r  o n l y  v e r y  sma l l  samples and, more s i g n i f i c a n t l y ,  i n  t h e  ease 

w i t h  which compounds on t h e  p l a t e  may be d e t e c t e d  v i s u a l l y  and be 

q u a n t i t a t e d  by r e l a t i v e l y  s imp le  scanning techniques.  

compared w i t h  a column procedure t h e  method imposes t h e  c o n s t r a i n t  

on t h e  s t a t i o n a r y  phase t h a t  i t  must adhere t o  t h e  s u r f a c e  o f  t h e  

suppor t .  T h i s  c o n s t r a i n t  e l i m i n a t e s  some s t a t i o n a r y  phases from 

cons ide ra t i on ,  w h i l e  o t h e r s  t h a t  m igh t  b e t t e r  be used as pure as 

p o s s i b l e  must have b inde rs  added, compounds l i k e  c a l c i u m  s u l f a t e ,  

p o l y v i n y l  a l coho l ,  o r  s t a r c h ,  whose f u n c t i o n  i s  t o  cause t h e  

s t a t i o n a r y  phase t o  adhere t o  t h e  suppor t .  

c h a r a c t e r  o f  t h e  separa t i on ,  may p reven t  d e s i r e d  h e a t i n g  o f  t h e  p l a t e  

However when 

The b inde rs  a l t e r  t h e  

o r  may o the rw ise  i n t e r f e r e  w i t h  f o r  a c t i v a t i o n  o r  s o l u t e  d e t e c t i o n ,  

s o l u t e  d e t e c t i o n .  

Reviewing t h e  cha rac te r  o f  t h e  

s t a t i o n a r y  phase has been done prev 

t h i n  l a y e r  chromatography 

o u s l y  i n  books and a r t i c l e s  

(1 -4 ) .  

f o rces  between t h e  s o l u t e  and the s t a t i o n a r y  phase t h a t  a r e  respon- 

s i b l e  f o r  r e t a r d i n g  t h e  movement o f  t h e  s o l u t e .  

pho res i s  and gel f i l t r a t i o n  a r e  o m i t t e d  on t h e  b a s i s  t h a t  t h e  a t t r a c -  

t i v e  fo rces  between t h e  s o l u t e  and t h e  s t a t i o n a r y  phase a r e  o f  second- 

a r y  importance, w h i l e  i o n  exchange separa t i ons  a r e  i n c l u d e d  i n  s p i t e  

o f  arguments t h a t  these a r e  n o t  by d e f i n i t i o n  c l a s s i c a l  chromatography. 

I t  was dec ided i n  t h i s  a r t i c l e  t o  focus on t h e  a t t r a c t i v e  

T h i n  l a y e r  e l e c t r o -  
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STATIONARY PHASE 2149 

ADSORPTION CHROMATOGRAPHY 

Adsorp t i on  i s  a complex process w i t h  seve ra l  c l a s s e s  o f  f o r c e s  

These i n c l u d e  d i s p e r s i o n  f o r c e s  and e l e c t r o -  making c o n t r i b u t i o n s .  

s t a t i c  a t t r a c t i o n  between i o n s  and i o n i c  charges, d i p o l e s ,  and induced 

d i p o l e s .  

Between t h e  s o l u t e s  and an adso rb ing  s t a t i o n a r y  phase seve ra l  o f  t hese  

f o r c e s  may be a c t i n g  c o n c u r r e n t l y .  

Hydrogen bonding and charge t r a n s f e r  may a l s o  t a k e  p lace .  

Adsorp t i on  occurs i n  a monolayer on t h e  s u r f a c e  o f  t h e  s t a t i o n -  

a r y  phase and shou ld  be viewed as d isp lacement  o f  s o l v e n t  r a t h e r  

than  as s imp le  a t t r a c t i o n  t o  an empty s i t e .  

s u r f a c e  i n c l u d e s  numerous b i n d i n g  s i t e s  a t  which t h e  chemical s t r u c -  

t u r e s  necessary f o r  a d s o r p t i o n  a r e  a v a i l a b l e .  

terms o f  b i n d i n g  e f f e c t i v e n e s s  o r  a c t i v i t y .  

c u l e s  tend  t o  b i n d  t o  t h e  most a c t i v e  s i t e  a v a i l a b l e  and once a t t a c h -  

ed w i l l  spend a r e l a t i v e l y  l o n g  t i m e  t h e r e .  

s u r f a c e  approaches s a t u r a t i o n  t h e  broader  i s  t h e  range o f  a c t i v i t i e s  

be ing  u t i l i z e d ,  and t h e  l i k e l i h o o d  o f  s o l u t e  b i n d i n g  r e a d i l y  t o  one 

o f  t h e  rema in ing  s i t e s  i s  s t a t i s t i c a l l y  decreased. 

l i k e l y  t o  move on t o  a new s e c t i o n  o f  s t a t i o n a r y  phase. 

rences a l t e r  t h e  d isso lved/adsorbed e q u i l i b r i u m  o f  t h e  s o l u t e .  AS 

a r e s u l t  t h e  q u a l i t y  o f  separa t i ons  i s  a l t e r e d  by heavy l o a d i n g  o f  

t h e  adsorbent  su r face .  

I n  t h e  usual  case t h e  

These s i t e s  v a r y  i n  

The f i r s t  s o l u t e  mole- 

The more n e a r l y  t h e  

S o l u t e  i s  more 

These occu r -  

The s u r f a c e  area o f  adsorbent  a v a i l a b l e  i s  an i m p o r t a n t  char-  

a c t e r i s t i c .  

t h e  amount o f  s u r f a c e  area a v a i l a b l e .  

t h e  p a r t i c l e  s u r f a c e  i s  a f a c t o r .  The more rough t h e  su r face ,  t h e  

The s i z e  o f  t h e  p a r t i c l e s  o b v i o u s l y  d i r e c t l y  e f f e c t s  t h e  

Beyond t h i s  t h e  roughness o f  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
1
6
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



2150 SCOTT 

grea te r  i s  the  t o t a l  surface a rea .  

more varied binding s i t e s  because o f  t he  increase in edges and corners. 

Some portions of the  sur face ,  usually described as pores, a r e  infold- 

ed and more d i f f i c u l t  t o  reach. 

A more i r r e g u l a r  sur face  includes 

An outstanding reference by L .  R. Snyder ( 5 )  deals w i t h  a l l  

aspects of so lu te -s ta t ionary  phase in t e rac t ion  i n  adsorption chromato- 

graphy. 

E lec t ros t a t i c  In te rac t ions  

Perhaps the  simplest  model f o r  a polar adsorbing s t a t iona ry  phase 

i s  t ha t  of a c r y s t a l l i n e  a r ray  o f  inorganic ions .  

a m i x  of pos i t ive  a n d  negative ions a r i s ing  from the  loca l  charac te r  

O f  the c rys ta l  s t ruc tu re .  Molecules w i t h  a permanent o r  inducible 

dipole o r i en t  so as t o  bind t o  the  surface by e l e c t r o s t a t i c  a t t r a c -  

t ion  with the l a rges t  dipole producing the  s t ronges t  i n t e rac t ion .  

In prac t ice  the operation o f  such a chromatographic system i s  l i k e l y  

t o  be more complicated t h a n  the model suggests. 

The sur face  has 

a .  Alumina 

Alumina represents a good example o f  t he  ion ic  c rys t a l  type of 

s t a t iona ry  phase. Alumina i s  prepared by removal of water by heat- 

i n g  from hydrated a l u m i n u m  hydroxide preparations.  

c r y s t a l l i n e  forms r e s u l t  depending on the  s t a r t i n g  material  and the  

dehydration process used, a n d  these d i f f e r  i n  t h e i r  chromatographic 

properties.  

preparations,  low temperature (200-6OO0C) aluminas, h i g h  temper- 

a tu re  (900-1000°C) aluminas, and very h i g h  temperature (llOO°C) 

A va r i e ty  of 

Broadly we can d i f f e r e n t i a t e  mixed oxide-hydroxide 
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STATIONARY PHASE 2151 

p r e p a r a t i o n s .  

area and pore s i z e  ( 5 ) .  

t h e  temperature o f  dehydra t i on  i s  i nc reased .  

v e r y  h i g h  temperature p roduc t  has a r e l a t i v e l y  low s u r f a c e  area, 

and i s  i n  f a c t  n o t  u s e f u l  ch romatog raph ica l l y .  Alumina f o r  t h i n  

l a y e r  chromatography i s  g e n e r a l l y  l ow  temperature w i t h  a s u r f a c e  

The va r ious  a luminas d i f f e r  i n  t h e i r  s u r f a c e  

I n  genera l  s u r f a c e  area i s  reduced as 

For  example t h e  

n 

area o f  100-250 mL/g and a g r a i n  s i z e  o f  abou t  60 pm ( 1 ) .  

i t  w i t h  water ,  spreading it, and a c t i v a t i n g  ( d r y i n g )  i t  a t  l l O ° C  

l eaves  some adsorbed w a t e r  and hyd rox ide  i o n s  s t i l l  c l i n g i n g  t o  

t h e  su r face .  

Both wa te r  and hyd rox ide  i o n s  a r e  adsorbed t o  t h e  s u r f a c e  i n  a 

v a r i e t y  o f  f ash ions  through d i p o l a r  a t t r a c t i o n  o r  hydrogen bonding 

as i n d i c a t e d  by i n f r a r e d  s t u d i e s .  

v a r i e t y  o f  b i n d i n g  s i t e s  i n c l u d i n g  A l t3 ,  OH-, and O-* .  

t o  3OO0C i s  r e q u i r e d  t o  s t r i p  o f f  t h e  wa te r ,  b u t  a t  t h i s  temper- 

a t u r e  hyd rox ide  i o n  remains. 

be c l a s s e d  as bas i c  o r  p r o t o n  a c c e p t i n g  s i t e s ,  w h i l e  t h e  aluminum 

i o n  p r o v i d e s  an a c i d i c  s i t e .  The geometry o f  t h e  c r y s t a l  l a t t i c e  

p rov ides  f u r t h e r  v a r i e t y  i n  terms o f  t h e  a v a i l a b i l i t y  o f  any 

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

neighbors t o  t h a t  i o n .  

i t  i s  necessary n e x t  t o  say t h a t  a d s o r p t i o n  on a lumina seems t o  

depend p r i m a r i l y  on t h e  aluminum and t h e  o x i d e  i o n s .  A c t i v i t y ,  

hence t h e  energy o f  adsorpt ion,  i nc reases  as w a t e r  i s  removed f rom 

t h e  alumina, and inc reases  f u r t h e r  upon h e a t i n g  t o  temperatures 

above 300°C, which corresponds t o  t h e  removal o f  t h e  hyd rox ide  i ons .  

M i x i n g  

Water may be p r e s e n t  as c a p i l l a r y  wa te r  i n  t h e  pores.  

Thus t h e r e  e x i s t s  a complex 

Hea t ing  

The o x i d e  and hyd rox ide  s i t e s  can 

Having i n f e r r e d  t h i s  degree o f  comp lex i t y ,  
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2152 SCOTT 

Stud ies  by Snyder ( 6 )  on t h e  c o n t r i b u t i o n  o f  s o l u t e  f u n c t i o n a l  

groups t o  a d s o r p t i o n  i n d i c a t e  t h a t  f o r  most groups t h e  s t r e n g t h  o f  

a d s o r p t i o n  r e l a t e s  t o  t h e  b a s i c i t y ,  i n  t h e  sense o f  hard o r  e l e c t r o -  

s t a t i c  b a s i c i t y ,  o f  t h e  group. 

t i o n  o f  such groups as -OH, -NH- o r  -SH a r e  n o t  e x c e s s i v e l y  h i g h  i n f e r s  

t h a t  hydrogen bonding i s  n o t  making a s i g n i f i c a n t  c o n t r i b u t i o n  t o  

adso rp t i on .  

The f a c t  t h a t  t h e  energ ies  o f  adsorp- 

The su r face  o f  alumina because o f  t h e  o x i d e  i o n s  i s  q u i t e  bas i c ,  

be ing es t ima ted  t o  be approx ima te l y  pH 12. 

about 13 t r a n s f e r  p ro tons  t o  t h i s  s u r f a c e  produc ng charged con juga te  

bases t h a t  a r e  s t r o n g l y  adsorbed. 

b i n d e r  n e u t r a l i z e s  t h e  alumina l a y e r  e l i m i n a t i n g  t h e  s e l e c t i v e  adsorp- 

Ac ids o f  pKa lower  than  

The use o f  ca cium s u l f a t e  as a 

t i o n  o f  such ac ids .  

F i n a l l y  charge t r a n s f e r  makes a c o n t r i b u t  

alumina i n  t h e  case o f  e a s i l y  i o n i z a b l e  aromat 

small  amount o f  i o n  exchange has been observed 

o f  i n o r g a n i c  i ons .  

on t o  a d s o r p t i o n  on 

c molecules,  and some 

i n  t h e  separa t i ons  

Hydrogen Bonding 

Hydrogen bonds form and break v e r y  r a p i d l y  y e t  a r e  o f  s u f f i c i e n t  

s t r e n g t h  t o  be i d e a l  c o n t r i b u t o r s  t o  t h e  a d s o r p t i o n  process. S ince 

molecules capable o f  hydrogen bonding a r e  p o l a r ,  e l e c t r o s t a t i c  a t t r a c -  

t i o n  o f  s o l u t e s  t o  t h e  s t a t i o n a r y  phase c o u l d  be used as t h e  s o l e  

e x p l a n a t i o n  o f  a d s o r p t i o n .  

c o n t r i b u t e  i s  based on t h e  o b s e r v a t i o n  t h a t  molecules capable o f  such 

bonding a r e  i n  f a c t  r e t a i n e d  more s t r o n g l y  t h a n  would o t h e r w i s e  be 

a n t i c i p a t e d .  

The evidence t h a t  hydrogen bonding does 
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STATIONARY PHASE 2153 

a. Polyamide 

Probably  t h e  bes t  example o f  hydrogen bonding as a ma jo r  c o n t r i b -  

u t o r  t o  t h e  bonding f o r c e s  between s o l u t e  and s t a t i o n a r y  phase i s  

p r o v i d e d  by separa t i ons  on polyamide. 

used, a l t hough  n y l o n  6,6 has a l s o  been employed. 

a p p l i c a t i o n s  on polyamide have been rev iewed e x t e n s i v e l y  by Wang w i t h  

v a r i o u s  coauthors (7,8).  

1955 b u t  d i f f i c u l t i e s  exper ienced i n  bonding po l  yamides s u c c e s s f u l l y  

t o  a g l a s s  p l a t e  o r  any o t h e r  suppor t  h e l d  back t h e  use o f  polyamide 

f o r  t h i n  l a y e r  chromatography. 

w i t h  s ta rch ,  p o l y v i n y l  a l c o h o l  , o r  c e l l u l o s e  was at tempted.  However 

i n  1961 t h e  evapora t i on  o f  a fomic a c i d  s o l u t i o n  o f  polyamide r e s i n  

s u c c e s s f u l l y  depos i ted  t h e  m a t e r i a l  on to  g lass  ( 9 )  p r o v i d i n g  a u s e f u l  

l a y e r .  

was a l s o  developed (10 ) .  

Polycapro lactam i s  g e n e r a l l y  

Chromatographic 

Polyamide was used i n  columns as e a r l y  as 

The use o f  l o o s e  l a y e r s  o r  b i n d i n g  

L a t e r  a techn ique  f o r  c o a t i n g  polyamide on a p o l y e s t e r  suppor t  

The amide n i t r o g e n  can se rve  as a hydrogen donor and t h e  amide 

carbonyl  can be a hydrogen accep to r  i n  hydrogen bond f o r m a t i o n  w i t h  

s o l u t e s .  Re ten t i on  o f  t h e  s o l u t e  can a l s o  i n v o l v e  a d s o r p t i o n  by 

despers ion fo rces  o r  by a t t r a c t i o n  t o  t h e  p o l a r  bond o f  t h e  amide 

s t r u c t u r e .  P a r t i t i o n i n g  w i t h  t h e  t r a c e s  o f  water  r e t a i n e d  by t h e  

s t a t i o n a r y  phase i s  a l s o  p o s s i b l e .  These may make a c o n t r i b u t i o n ,  

b u t  a r e  e s t a b l i s h e d  as n o t  b e i n g  t h e  ma jo r  a t t r a c t i v e  f o r c e  (7). 

Oiven t h e  v e r y  l o w  b a s i c i t y  o f  t h e  amide n i t r o g e n ,  i t  i s  u n l i k e l y  

t o  become p ro tona ted  t o  p r o v i d e  t h e  charged s t r u c t u r e  necessary f o r  

i o n  exchange t ypes  o f  s o l u t e  r e t e n t i o n .  

The substances separated most s u c c e s s f u l l y  on polyamide l a y e r s  

u s u a l l y  c o n t a i n  an -NH- o r  an -OH group which can donate a hydrogen 
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2154 

TABLE 1. Sample R f  Values on Polyamide and S i l i c a  

Compound Pol yami de 

__._l.__..l_l-__-- I- . 

SCOTT 

Gel Layers 

S i l i c a  Gel 

a. o-Cresol 

b. m-Cresol 

c. p-Cresol 

d. o -n i  t r o a n i  1 i n e  

e. p - n i t r o a n i l i n e  

0.30 0.26 

0.21 0.19 

0.21 0.20 

0.92 0.38 

0.70 0.17 

a,b,c s o l v e n t :  benzene 
d ,e s o l v e n t :  hexane/acetane ( 3 : l  ) v / v  
da ta  from r e f e r e n c e  7 

t o  t h e  amide l i n k a g e .  Examples i n c l u d e  phenols, s u l f o n i c  ac ids ,  

carbohydrates, a n i l i n e s ,  nuc leos ides,  n u c l e o t i d e s ,  i m i d a z o l s ,  and 

dansyl d e r i v a t i v e s  o f  amino a c i d s .  Perhaps t h e  most c o n v i n c i n g  e v i -  

dence o f  t h e  invo lvement  o f  hydrogen bond f o r m a t i o n  i s  p r o v i d e d  by 

s t u d i e s  o f  t h e  e f f e c t  s u b s t i t u t i n g  phenols has on t h e  Rf  v a l u e  on 

polyamide (11, Tab le  1 ) .  An o r t h o  n i t r o  qroup which p rov ides  an i n -  

t e r n a l  and competinq hvdroqen bond, reduces adherance t o  t h e  polyam- 

i d e .  

i n c r e a s i n g  t h e  a c i d  s t r e n g t h  o f  t h e  phenol and consequent ly  i t s  

a b i l i t y  t o  hydrogen bond, i nc rease  t h e  phenol-polyamide bonding. 

F i n a l l y  and most s i g n i f i c a n t l y ,  s u b s t i t u t i n g  t h e  phenol i n  t h e  o r t h o  

p o s i t i o n ,  thus s t e r i c a l l y  i n t e r f e r i n g  w i t h  hydrogen bond fo rma t ion ,  

reduces a t t r a c t i o n  t o  t h e  polyamide l a y e r .  

t i o n  t h e  g r e a t e r  t h e  i n t e r f e r e n c e .  

s t u d i e s  o f  n i t r o a n i l i n e s .  Once again i f  a n i t r o  group i s  i n  t h e  o r t h o  

S u b s t i t u t i o n  o f  n i t r o  o r  ha logen groups elsewhere on t h e  phenol, 

The l a r g e r  t h e  s u b s t i t u -  

F u r t h e r  suppor t  i s  p r o v i d e d  by 
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STATIONARY PHASE 2155 

p o s i t i o n  where i t  can form an i n t e r n a l  hydrogen bond a d s o r p t i o n  i s  

reduced, w h i l e  no s i m i l a r  e f f e c t  i s  shown on palcement o f  t h e  n i t r o  

group meta o r  para. 

There i s  a l s o  evidence t h a t  t h e  amide p r o t o n  i n t e r a c t s  w i t h  t h e  

e l e c t r o n s  o f  a double .bond. 

s t r o n g l y  r e t a i n e d  than  i s  e t h y l  urea. 

E thy lene  urea f o r  example i s  more 

When a v e r y  p o l a r  p a r t i a l l y  aqueous s o l v e n t  system i s  employed 

polyamide a c t s  l i k e  a non-polar  su r face .  

w i t h  a v a r i a b l e  l e n g t h  o f  hydrocarbon cha in  d i s p l a y  dec reas ing  Rf w i t h  

i n c r e a s i n g  cha in  l e n g t h .  

t h e  s o l e  p o l a r  component t h e  p a t t e r n  reve rses  (12) .  

ed a t . f i r s t  by assuming t h a t  t h e  a c e t i c  ac id  bound t o  t h e  polyamide, 

c r e a t i n g  a p o l a r  su r face .  

For  example, ga l  l i c  e s t e r s  

However i n  s o l v e n t s  wherein a c e t i c  a c i d  i s  

T h i s  was e x p l a i n -  

N i t r o  groups on s o l u t e s  may i n t e r a c t  s p e c i f i c a l l y  w i t h  f r e e  -NH2 

groups a t  t h e  ends o f  polyamide chains.  

a r e  r e t a i n e d  f a r  l e s s  w e l l  when t h e  s t a t i o n a r y  phase i s  a c e t y l a t e d ,  

a process which e l i m i n a t e s  t h e  t e r m i n a l  amine groups. 

For  example DNP-amino a c i d s  

b. S i l i c a  Gel 

P r o p e r t i e s  o f  s i l i c a  ge l  were s t u d i e d  e a r l y  and have been w e l l  

rev iewed ( 5 ,  13) .  

t h e  most f r e q u e n t l y  used s t a t i o n a r y  phase. 

S i l i c a  ge l  has been ( 4 )  and s t i l l  i s  overwhelmingly  

S i l i c a  ge l  i s  prepared by p o l y m e r i z a t i o n  and d e h y d r a t i o n  o f  

aqueous s i l i c i c  a c i d  which i s  generated by add ing  a c i d  t o  sodium 

s i l i c a t e .  

The amount o f  s u r f a c e  area can v a r y  ove r  q u i t e  a range (200 t o  more 

The p roduc t  o f  t h i s  process i s  an amorphous porous s o l i d .  
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2156 SCOTT 

2 than 1000 m /g )  as can t h e  s i z e  o f  t h e  pores.  

i n  d iameter  a re  g e n e r a l l y  termed s m a l l .  

Pores l e s s  than  l O O A  

A s tudy  o f  t h e  e f f e c t s  o f  l a y e r  t h i c k n e s s  and p a r t i c l e  s i z e  

l e d  t o  an o p t i m i z a t i o n  o f  s i l i c a  ge l  c h a r a c t e r i s t i c s  f o r  t h e  separa- 

t i o n  o f  small  samples ( 1 4 ) .  T h i s  f o r m u l a t i o n  has been desc r ibed  as 

h i g h  performance t h i n  l a y e r  chromatography (HPTLC) and has been 

commerc ia l ly  marketed as precoated p l a t e s  by Merck. 

Chemical ly  t h e  sur face o f  s i l i c a  ge l  c o n t a i n s  these  species:  

s i l o x a n e  groups ( S i - 0 - S i ) ,  f r e e  s i l a n o l  groups (Si-OH), s i l a n o l  

groups hydrogen bonded t o  one another  OH..  .OH , wate r  (H20.. .H-0-Si),  

S i  S i  
I t  

and " c a p i l l a r y "  o r  b u l k  water .  S i l oxane  groups a r e  u n r e a c t i v e  and 

do n o t  c o n t r i b u t e  s i g n i f i c a n t l y  t o  b i n d i n g  o f  s o l u t e s .  

groups a r e  l a r g e l y  f r e e  on t h e  l a r g e  pore ge ls ,  a t  a p o p u l a t i o n  d e n s i t y  

S i l a n o l  

o f  app rox ima te l y  4-5 groups pe r  100 AL. 

pores.  

bonded s i l a n o l  groups a r e  found. 

l e s s  o r d e r l y .  

Most TLC ge ls  have l a r g e  

I n  t h e  smal l  pore g e l s  a l a r g e  p o p u l a t i o n  o f  s e l f  hydrogen 

I n  these ge ls  t h e  s t r u c t u r e  i s  

The hydrogen bonding o f  wa te r  t o  t h e  s i l a n o l  groups competes 

w i t h  s o l u t e  b i n d i n g .  

t h i s  water  t he reby  improv ing b i n d i n g  c h a r a c t e r i s t i c s .  S i n t e r i n g  by 

h e a t i n g  t o  h ighe r  temperatures g r a d u a l l y  conve r t s  s i l a n o l  groups 

t o  s i l o x a n e  groups w i t h  t h e  r e l e a s e  o f  water .  

area i s  decreased, and a f t e r  h e a t i n g  a t  1000°C t h e  a b i l i t y  t o  r e b i n d  

water  i s  l o s t .  Such a s i l i c a  has become a hydrophobic  s u r f a c e  o f  

s i l o x a n e  s t r u c t u r e s .  S i m i l a r l y  when s i l a n o l  groups a r e  c h e m i c a l l y  

A c t i v a t i o n  by h e a t i n g  a t  150 - 2 O O 0 C  removes 

Above 4OO0C t h e  s u r f a c e  
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STATIONARY PHASE 2157 

conver ted  t o  methoxy o r  t r i m e t h y l s i l o x y  groups p o l a r  s o l u t e s  a r e  no 

l o n g e r  w e l l  r e t a i n e d .  

S i l a n o l  qroups a r e  weakly a c i d i c  (aqueous pK 6-8) makinq them 

a t t r a c t i v e  t o  b a s i c  s o l u t e s .  T h i s  i s  n o t  s u f f i c i e n t l y  a c i d i c  t o  

encourage t h e  i dea  t h a t  bonding o f  adsorbates i s  due t o  a t t r a c t i o n  

t o  n e g a t i v e l y  charged i o n i z e d  s i l a n o l  groups. The p r i m a r y  bonding 

f o r c e s  must be h.ydrogen bonding o r  s imp le  e l e c t r o s t a t i c  a t t r a c t i o n  

t o  t h e  p o l a r  hyd roxy l  group. 

suggest t h a t  as w i t h  polyamide l a y e r s  hydrogen bonding i s  o f  p r i m a r y  

importance. 

S tud ies  o f  t h e  r e t e n t i o n  o f  phenols 

c .  Other  Hydrogen Bonding Phases 

Other  s t a t i o n a r y  phases capable o f  hydrogen bonding a r e  

encountered. S i l i c a t e s  a r e  used, p a r t i c u l a r l y  magnesium s i l i c a t e s  

and o c c a s i o n a l l y  ca l c ium s i l i c a t e s .  

s i l i c a t e s  i n c l u d e d  separa t i ons  o f  hyd roxy la ted  compounds such as 

carbohydrates.  F l o r i s i l  i s  a commercial magnesium s i l i c a t e ,  and t a l c  

(Mg3 [Si,010](OH)2) i s  o c c a s i o n a l l y  r e p o r t e d  as success fu l  f o r  

separa t i ons .  

i m p o r t a n t  ways. 

c o v a l e n t  one. Some resemblance t o  alumina t y p e  adsorbances i s  t h c r e -  

f o r e  expected. Furthermore, w h i l e  s i l i c a  ge l  is  weakly  a c i d i c ,  

suspensions on magnesium s i l i c a t e  d i s p l a y  a pH r a n g i n g  f rom 8 t o  

around 10. 

E a r l y  successes o f  magnesium 

The s i l i c a t e s  a r e  d i f f e r e n t  f rom s i l i c a  ge l  i n  a few 

They possess an i o n i c  m a t r i x  r a t h e r  than  a l a r g e l y  

The diatomaceous e a r t h  p r e p a r a t i o n  u s u a l l y  r e f e r r e d  t o  as 

K iese lguh r  i s  l a r g e l y  a h i g h l y  porous s i l i c i c  a c i d  p r e p a r a t i o n  w i t h  

a v a r i e t y  o f  i m p u r i t i e s ,  some o f  which a r e  removed by process ing.  
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2158 SCOTT 

It has a r e l a t i v e l y  i n a c t i v e  s u r f a c e  as compared w i t h  s i l c a  g e l .  

Advantage has been taken  o f  t h i s  l ow  a c t i v i t y  by c o a t i n g  t h e  f i r s t  

3 cm o f  a 20 cm p l a t e  w i t h  K i e s e l g u l e r  as a "zone o f  i n e r t  a p p l i c a -  

t i o n "  which shor tens t h e  t i m e  r e q u i r e d  f o r  a p p l i c a t i o n .  

of t h e  p l a t e  was coated w i t h  s i l i c a  g e l ,  and s e p a r a t i o n  d i d  n o t  beg in  

u n i t 1  t h e  s o l u t e s  reached t h e  s i l i c a  ge l  (15 ) .  

The r e s t  

C h i t i n  i s  a c e l l u l o s e - l i k e  po l ysacchar ide  i n  which t h e  2- 

hyd roxy l  o f  t h e  g lucose monomer has been r e p l a c e d  w i t h  an a c e t y l a t e d  

amine group. I t  has been used w i t h  phenols, amino a c i d s ,  n u c l e i c  

a c i d  d e r i v a t i v e s ,  and meta l  i ons ,  producing separa t i ons  comparable 

w i t h  those on s i l i c a  ge l ,  polyamide, o r  c e l l u l o s e  ( 1 6 ) .  

Specia l  e f f e c t s  were no ted  when p l a t e s  were impregnated w i t h  

o x a l a t e  s a l t s  compared t o  o t h e r  s a l t s  i n  t h e  s e p a r a t i o n  o f  a romat i c  

amines (17 ) .  

between t h e  amines and t h e  o x a l a t e  i o n .  

These were a t t r i b u t e d  t o  hydrogen bond f o r m a t i o n  

Van Der Waals Forces 

I n  chromatographic systems i n v o l v i n g  p o l a r  s o l u t e s  and s t a t i o n a r y  

phases r e l a t i v e l y  s t r o n g  e l e c t r o s t a t i c  f o r c e s  opera te  between t h e  

s o l u t e  and t h e  s t a t i o n a r y  phase. However i f  t h e  s o l u t e s  a r e  v e r y  

non-polar ,  e l e c t r o s t a t i c  f o r c e s  cannot a s s i s t  i n  adso rp t i on .  The 

weak Van der  Waals fo rces  must p r o v i d e  t h e  e x p l a n a t i o n  f o r  such 

separa t i ons .  

f o rces  i s  t h e  requi rement  t h a t  atoms must approach one another  v e r y  

c l o s e l y  b e f o r e  s i g n i f i c a n t  a t t r a c t i o n  i s  p resen t .  

i n  t h e  equat ion f o r  c a l c u l a t i n g  t h e  magnitude o f  these f o r c e s  i s  r a i s -  

ed t o  t h e  s i x t h  power as c o n t r a s t e d  t o  t h e  corresponding c a l c u l a t i o n  

A key c o n s i d e r a t i o n  i n  a p p l i c a t i o n  o f  t hese  a t t r a c t i v e  

The d i s t a n c e  te rm 
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STATIONARY PHASE 2159 

f o r  e l e c t r o s t a t i c  a t t r a c t i o n s  where i t  i s  squared. The so Ute must 

t h e r e f o r e  be a b l e  t o  f it t h e  s t a t i o n a r y  phase v e r y  c l o s e l y  t o  generate 

good a d s o r p t i o n .  

phase i s  a f f e c t e d  by t h e  presence o f  s u r f a c e  i r r e g u l a r i t i e s ,  t h e  

presence o r  absense o f  which r e l a t e s  t o  t h e  o r i g i n a l  p r e p a r a t i o n  o f  

t h e  adsorbent, e s p e c i a l l y  i n  terms o f  h e a t i n g  and mechanical t r e a t -  

ment. 

As a r e s u l t  t h e  success o f  a p a r t i c u l a r  s t a t i o n a r y  

a. Reversed Phase Chromatography 

A decade o r  more ago separa t i ons  dependent on Van d e r  Waals 

f o r c e s  were q e n e r a l l y  performed on s i l i c a  qe l  o r  a lumina u s i n q  s o l v e n t  

systems comDosed o f  such non p o l a r  l i q u i d s  as hydrocarbons, e t h e r s ,  

o r  e s t e r s .  Recen t l y  i t  has become 

adsorbent  which has been c h e m i c a l l y  a l t e r e d  t o  reduce 

Somewhat more p o l a r  so l ven ts  a r e  then  employed and t h e  

r e v e r s a l  o f  t h e  normal chromatographic  p a t t e r n  so t h a t  

s o l u t e s  a r e  more s t r o n g l y  adsorbed 

chroma t o  g ra  p hy . 

i n c r e a s i n g l y  popu la r  t o  use an 

t s  p o l a r i t y  

r e s u l t  i s  a 

t h e  l e s s  PO 

T h i s  i s  termed reve rsed  phase 

a r  

b. M o d i f y i n g  T r a d i t i o n a l  S t a t i o n a r y  Phases 

S i l i c a  gel can be made l e s s  p o l a r  by r e a c t i n g  t h e  s i l a n o l  groups 

by a process c a l l e d  s i l a n i z a t i o n .  Reagents such as a l k y l  t r i c h l o r o s i l a n e  

(18)  o r  d ime thy l  d i c h l o r o s i l a n e  (19)  c o n v e r t  t h e  hyd roxy l  groups t o  

e t h e r  s t r u c t u r e s ,  t hus  comp le te l y  d e a c t i v a t i n g  t h e  s i l i c a  ge l  w i t h  

r e s p e c t  t o  p o l a r  o r  hydrogen bonding a d s o r p t i o n  s i t e s .  Such phases 

a r e  commerc ia l ly  a v a i l a b l e  and have been s t u d i e d  f o r  t h e i r  r e l a t i v e  

e f f e c t i v e n e s s  (20 ) .  
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SCOTT 2160 

S i m  

hydro x y l  

1 a r l y  c e l l  u l  ose has been modi f 

groups. Such a c e t y l  c e l l  u l  ose 

ed by a c e t y l a t i o n  o f  t h e  

i s  a s a t i s f a c t o r y  non p o l a r  

s t a t i o n a r y  phase, and can be used e i t h e r  by i t s e l f  o r  i n  combinat ion 

w i t h  o t h e r  suppor ts  such as k i e s e l g u h r .  

T r a d i t i o n a l l y  reve rsed  phased svstems have been c r e a t e d  by 

i m w e g n a t i n g  a s o l i d  suppor t  w i t h  a nonpo la r  l i q u i d .  

ed l a t e r  under " P a r t i t i o n  Chromatography". 

has t h e  d isadvantage t h a t  an a d d i t i o n a l  component i s  now p a r t  o f  

t h e  system, i n t r o d u c i n g  problems o f  s a t u r a t i o n  and r e p r o d u c i b i l i t y  

i n  impregna t ing  t h e  l a y e r ,  s o l u t i o n  o r  evapora t i on  o f  t h e  i n e r t  

l i q u i d  d u r i n g  chromatography, and e x t r a c t i o n  o f  t h e  i n e r t  l i q u i d  w i t h  

s o l u t e  i n  a p r e p a r a t i v e  procedure. 

T h i s  i s  d i scuss -  

The p a r t i t i o n  approach 

c. New S t a t i o n a r y  Phases 

Nonpolar p l a s t i c s  have been u t i l i z e d  f o r  reve rsed  phase s t a t i o n -  

a r y  phases. A m b e r l i t e  XAD-2, a polystyrene-divinylbenzene copolymer, 

and XAD-7, a po lymethacry la te,  have been employed. These were a p p l i e d  

as crushed s o l i d  and r e q u i r e d  l a r g e  amounts o f  b inde r .  

t r i e d ,  ca l c ium s u l f a t e  had t h e  l e a s t  e f f e c t  on separa t i ons  (21 ) .  

Porapak Q, P, and N, e t h y l v i n y l  benzene polymers c r o s s l i n k e d  w i t h  

d i v i n y l  benzene, have a l s o  been employed. These polymers a r e  porous 

enough t o  have a h i g h  s u r f a c e  area. (22)  

O f  t h e  b i n d e r s  

Charge T rans fe r  

The t r a n s f e r  o f  e l e c t r o n s  between s o l u t e  and adsorbent  accounts 

f o r  some a t t r a c t i v e  forces observed. 

o rgan ic  compounds have been i n v o l v e d ,  p a r t i c u l a r l y  a romat i c  molecules.  

Most  f r e q u e n t l y  unsa tu ra ted  
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STATIONARY PHASE 2161 

The need t o  separa te  a l a r g e  v a r i e t y  o f  p o l y c y c l i c  a romat i c  s t r u c t u r e s  

i n  env i ronmenta l  and t o x i c o l o g i c a l  s t u d i e s  has s t i m u l a t e d  e f f o r t s  t o  

improve chromatographic techniques by i n c o r p o r a t i n g  e l e c t r o n  accep to rs  

i n t o  t h e  s t a t i o n a r y  phase. 

was observed t o  r e t a i n  s t r u c t u r e s  w i t h  p i  e l e c t r o n s  more s t r o n g l y .  

More r e c e n t l y  o rgan ic  e l e c t r o n  acceptors  were employed, i n c l u d i n g  

2, 4, 7 - t r i n i t r o f l u o r e n o n e  (23,24), 1 ,  3, 5 - t r i n i t r o b e n z e n e  ( 2 3 ) ,  

and p i c r i c  a c i d  (23,25). 

t h i s  t y p e  o f  bondinq when n i t robenzene  and chlorobenzene were added 

S i l v e r  n i t r a t e  when added t o  s i l i c a  ge l  

P o s i t i v e  r e s u l t s  were a l s o  a t t r i b u t e d  t o  

t o  t h e  s ta t i 0na r . y  Dhase ( 2 6 ) .  

Other  examples o f  charqe t r a n s f e r  o r  complexat ion i n f l u e n c i n g  

Layers impregnated w i t h  b o r i c  ac separa t i ons  a r e  abundant (3,27), 

o r  b o r a t e  s a l t s  have l o n g  been used i n  t h e  separa t i ons  of  carbo- 

hydrates and o t h e r  p o l y o l s  (23,291. Tungstate complexes have 

d 

r e c e n t l y  a l s o  been r e p o r t e d  t o  be u s e f u l  ( 3 0 ) .  O i h y d r o x y b i l e  s a l t s  

have been separated on s i l i c a  ge l  impregnated w i t h  KH2P04 ( 3 1 ) .  

The a d d i t i o n  o f  NaHS03 promotes s t r o n g e r  r e t e n t i o n  o f  ca rbony l  com- 

pounds. S a l t s  o f  seve ra l  meta l  i o n s  which complex r e a d i l y  i n c  ud ing  

copper, cadmium, manganese, and z i n c  have been employed t o  mod fy 

chromatographic separa t i ons  o f  n i t rogenous  compounds (32-34) .  

C h e l a t i n g  agents have been added t o  s t a t i o n a r y  phases t o  ana lyze  

m i x t u r e s  o f  meta l  i o n s .  

and n i t r i l o t r i a c e t i c  a c i d  (36, 37) .  

Recent r e p o r t s  ment ion t h e  use o f  EDTA ( 3 5 )  

L i  gand Exchange 

L igand  exchange chromatography i s  d e f i n e d  i n  a r e c e n t  compre- 

hensive r e v i e w  (38)  as "a process i n  which t h e  i n t e r a c t i o n  between 
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2162 SCOTT 

the  s t a t iona ry  phase and the  molecules to  be separated occurs d u r i n g  

the  the  formation of coordination bonds ins ide  the  coordination sphere 

of the  complex forming ion". Two c lasses  o f  separation a r e  described. 

In the  f i r s t  the  complex-forming metal i s  f irmly bound t o  the  s t a t i o n -  

ary phase with the  coordination s i t e s  probably occupied by solvent 

molecules. The so lu t e  displaces these so lvent  molecules a n d  becomes 

a ligand of t he  metal. The order of e lu t ion  of so lu t e s  then depends 

on  t he  t igh tness  of  t h e  coordinate bond formed. In the  second c l a s s  

of separation the  so lu tes  a r e  already bound to  a metal i o n ,  a l l  

so lu tes  complexed t o  t he  same metal species.  The s t a t iona ry  phase 

i s  composed of potential  l igands which a r e  f r e e  of metal un t i l  the  

so lu t e  complex i s  bound by them. Metals employed include C u ,  Co, 

Ni, Fey Z n ,  Cd, Mn, Hg, Ag, U02+2, and VO;*. These a r e  bound by 

cation exchangers with carboxylic,  phosphoric, iminoacetate, and  ci- 

ami noaci d groups. 

A spec i f i c  example i s  provided by the  use of layers  of ce l lu lose  

and chelex resin sa tura ted  with C O + ~ ,  Ni+2, Cu+*, o r  Z~I+~. Separa- 

t ions  of diamines, amino ac ids ,  and carboxylic ac ids  were performed 

(39) .  

PARTITION CHROMATOGRAPHY 

In pa r t i t i on  techniques t h e  r e l a t i v e  r a t e s  of movement of 

the  so lu te  in the chromatographic medium r e s u l t  from the p a r t i -  

t ion  coe f f i c i en t s  between the  solvent and a l i qu id  coated onto 

a s ta t ionary  support. 

fashion, b u t  may allow some oversimplification t o  mislead t h e  

user. 

This presents the  system in  a convenient 
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STATIONARY PHASE 2163 

Cell ulose 

Oversimplification i s  a c l e a r  danger when the  s t a t iona ry  phase i s  

ce l lu lose .  

water,  and p a r t i t i o n  occurs between the solvent and t h e  water layer .  

Given the  r e l a t i v e l y  small amount of water taken u p  by the  ce l lu lose ,  

one would be badly misled t o  view the  s t a t iona ry  phase a s  bearing a 

c lose  resemblance t o  the  contents of  a moun ta in  stream, but would be 

more accurate to  l iken  i t  t o  a container of syrup. 

hydrogen bond t o  the  ce l lu lose  alcohol groups o r  r ing  oxygen a s  well 

a s  t o  one another.  A so lu t e  i n  such a system m i g h t  i n t e r a c t  e i t h e r  

w i t h  water o r  w i t h  c e l lu lose ,  and because o f  the  s i m i l a r i t y  of the  

chemical groups i t  i s  d i f f i c u l t  t o  d i s t inguish  which i s  a c t u a l l y  

involved. The system i s  most e f f e c t i v e  with polar so lu t e s ,  particu- 

l a r l y  those which can form hydrogen bonds, using a r e l a t i v e l y  polar 

solvent system. 

hence i n t e r a c t  w i t h ,  the  s t a t iona ry  phase. 

water i n  the  solvent t o  insure tha t  t he  water layer remains n t ac t .  

hhydrous  ce l lu lose  serves as an adsorption s t a t iona ry  phase which 

a l so  has a small ion excahnge capacity ( see  Ion Exchange-Cel uose). 

As an adsorption s t a t iona ry  phase i t  i s  composed of l aye r s  of polymer 

s t rands  t i g h t l y  hydrogen bonded together.  

t o  the surface of t h e  glucose rings i t  can hydrogen bond t o  f r e e  

alcohol groups and r i n g  oxygens. However para l le l  t o  t he  r ings  only 

Van der Waals a t t r a c t i v e  forces a r e  possible.  

Cellulose i s  viewed a s  serving a s  the  support f o r  

Water molecules 

A very non-polar solvent system might well not wet, 

I t  i s  des i rab le  t o  include 

Approached perpendicular 

Cellulose was ea r ly  used i n  the  form of  paper shee ts .  The adapta- 

t i on  of ce l lu lose  t o  t h i n  l aye r  systems was an easy t r a n s i t i o n ,  a l -  
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2164 SCOTT 

though g i ven  t h e  s i m p l i c i t y  and l o w  c o s t  o f  paper chromatography, 

such a t r a n s i t i o n  may a t  f i r s t  seem p o i n t l e s s .  

separa t i ons  on c e l l u l o s e  t h i n  l a y e r s  o f t e n  a r e  s u p e r i o r  t o  t h e  c o r r e -  

spondinq anal.ysis on paper, e s p e c i a l l y  when t h e  p l a t e  s i z e  i s  s m a l l .  

P a r t  o f  t h e  c r e d i t  f o r  t h i s  i s  due t o  t h e  u n i f o r m i t y  o f  t h e  coated 

l a y e r s ,  b u t  t h e  c h a r a c t e r  o f  t h e  c e l l u l o s e  i t s e l f  may be o f  g r e a t e r  

s i  gn i  fi cance. 

s h o r t e r  t han  would be found i n  chromatography grade paper sheets ,  

e s p e c i a l l y  i n  t h e  case o f  m i c r o c r y s t a l l i n e  c e l l u l o s e  which has been 

d e l i b e r a t e l y  hyd ro l yzed  t o  l ower  mo lecu la r  we igh t  s t r u c t u r e s  

i s  thought  t h a t  s o l u t e  moves r a p i d l y  a long  t h e  f i b e r s  r e s u l t  ng i n  

more r a p i d  d i f f u s i o n  o f  t h e  spo ts  than  would occur  o t h e r w i s e  and 

t h e  s h o r t e r  f i b e r s  mimimize t h e  problem. 

However i n  p r a c t i c e  

C e l l  u l  ose f i b e r s  f o r  t h i n  1 ayer  use a r e  g e n e r a l l y  

I t  

C e l l u l o s e  adheres t o  a g l a s s  sur face,  so t h a t  t h e  problems i n -  

h e r e n t  t o  i n t r o d u c i n g  a b i n d e r  i n t o  t h e  s t a t i o n a r y  phase a r e  avoided.  

I n  fac t ,  c e l l u l o s e  has o c c a s i o n a l l y  been mixed w i t h  o t h e r  s t a t i o n a r y  

phases t o  h e l p  b i n d  them t o  t h e  p l a t e .  

c la imed f o r  such combinat ion.  

i s  descr ibed,  f o r  example, as a l l o w i n g  t h e  employment o f  inexpen- 

s i v e  s o l v e n t s  and p e r m i t t i n q  a convenient  method f o r  s t r i p p i n q  f o r  

1 i q u i d  s c i n t i  11 a t i o n  coun t ing .  

Other  advantages a r e  sometimes 

A s i l i c a  ge l  - c e l l u l o s e  mixed l a y e r  

P a r t i t i o n  chromatography on c e l l u l o s e  may i n v o l v e  o t h e r  l i q u i d  

coa t ings  than  water .  

a p o l a r  s t a t i o n a r y  l i q u i d  phase. 

G lyco ls  a l s o  adhere t o  t h e  c e l l u l o s e  t o  produce 

S ta rch  i s  c h e m i c a l l y  s i m i l a r  t o  c e l l u l o s e  and i s  o c c a s i o n a l l y  

used as a s t a t i o n a r y  phase f o r  t h e  same t ypes  o f  separa t i ons  as 
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STATIONARY PHASE 2165 

ce l lu lose .  The author has n o t  been impressed w i t h  i t  a s  of fe r ing  any 

advantages over ce l lu lose ,  and i t  su f fe r s  t h e  disadvantage o f  not 

being widely commercially ava i lab le  e i t h e r  f o r  spreading or as a 

precoated shee t .  

Reversed Phase Chromatography 

The non-polar character o f  t he  s t a t iona ry  phase i s  achieved 

here by coating a support with a l i qu id  of  very low po la r i ty  and 

v o l a t i l i t y .  In pr inc ip le  the  support does not en te r  i n t o  the  

s o l u t e  - s t a t iona ry  phase equilibrium, and i n  p rac t ice  s i l i c a  gel 

and kieselguhr a r e  most often used. As l a rge ly  uncharged covalent 

s t ruc tu res  they accept t he  1 i q u i d  coating i n  a reasonable fashion. 

S i l i cone  or paraf f in  o i l s  a r e  common examples of t h e  non-polar 

l i qu id .  

Solvents r ich  i n  water often produce very slow runs s ince  the  water 

does not wet the  p l a t e .  

prepared i n  water solution may have t o  be adapted t o  so lvents  l i k e  

methanol or acetone t o  be e f f ec t ive .  

The moving phase i s  usually a mixture of polar l i qu ids .  

Similarly spray reagents conventionally 

ION E X C H A N G E  

In the  ion exchange technique the  s t a t iona ry  phase has charged 

groups, usually t i t r a b l e  groups maintained i n  the  charged form 

by appropriate adjustment o f  t h e  solvent pH. 

a r e  a t t r a c t e d  t o  these  qroups and adhere with degrees o f  firmness 

t h a t  vary primarily with the  s i z e  and the  charge o f  t he  ion i n  simple 

inorganic examples. 

organic molecules, as has been done extensively i n  t he  cases of amino 

Ions o f  opposite charqe 

When the  technique i s  extended t o  charged 
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2166 SCOTT 

acids,  pept ides,  p r o t e i n s ,  n u c l e o t i d e s ,  and o l i g o n u c l e o t i d e s ,  adsorp- 

t i o n  o f  t h e  mo lecu le  t o  t h e  s t a t i o n a r y  phase a l s o  occurs,  r e q u i r i n g  

t h a t  t h e  cha rac te r  o f  t h e  uncharged p o r t i o n  o f  t h e  s t a t i o n a r y  phase 

a l s o  be considered.  

change, i o n s  charged o p p o s i t e l y  t o  t h e  s t a t i o n a r y  phase a t t a c h  a t  

t h e  charged s i t e  o f  t h e  s t a t i o n a r y  phase by d i s p l a c i n g  an i o n  t h a t  

i s  a l r e a d y  the re ,  b u t  i s  h e l d  l e s s  s t r o n g l y .  L a t e r  t hese  i o n s  a r e  

d i s p l a c e d  i n  o r d e r  o f  t h e  t i g h t n e s s  o f  t h e i r  b i n d i n g  e i t h e r  by l ow  

concen t ra t i ons  o f  i o n s  bound,more t i g h t l y  y e t  o r  by h i g h  concentra-  

t i o n s  o f  i o n s  bound l e s s  t i g h t l y .  

I n  t h e  s t r a i g h t f o r w a r d  a p p l i a a t i o n  o f  i o n  ex- 

Homochromatography, a techn ique  t h a t  has been a p p l i e d  e x t e n s i v e l y  

t o  n u c l e o t i d e  s t u d i e s ,  i s  an i n t e r e s t i n g  v a r i a t i o n  o f  t h e  method 

( 4 0 ) .  The i o n  exchange s t a t i o n a r y  phase i s  s a t u r a t e d  b e f o r e  

a n a l y s i s  w i t h  a m i x t u r e  o f  n o n - r a d i o a c t i v e  n u c l e o t i d e s  which a r r a y  

themselves i n  o r d e r  o f  t i g h t n e s s  o f  b i n d i n g  on t h e  p l a t e ,  g e n e r a t i n g  

a s e r i e s  o f  f r o n t s .  M i x t u r e s  o f  r a d i o a c t i v e  n u c l e o t i d e s  under a n a l y s i s  

then  move t o  a p p r o p r i a t e  zones on t h e  p l a t e .  

a number o f  v a r i a t i o n s  o f  t h e  method combining i t  w i t h  e l e c t r o p h o r e s i c  

a n a l y s i s  and u s i n g  DEAE c e l l u l o s e  o r  po l ye thy lene im ine  c e l l u l o s e  

(41 - 4 3 ) .  

Recent papers r e p o r t  

C e l l u l o s e  Based Methods 

C e l l u l o s e  i t s e l f  has been used as an i o n  exchanqer. I t s  a b i l i t v  

t o  Perform i n  t h i s  f a s h i o n  depends on t h e  presence o f  ca rboxv l  qroups 

on about  1% o f  t h e  q lucose monomer u n i t s  (44 ) .  As such, however, 

t h e  c a p a c i t y  i s  smal l  and i n  an aqueous s o l v e n t  t h e  a t t r a c t i v e  f o r c e s  

a re  n o t  s t ronq .  The qlucose p r i m a r y  a l c o h o l s  mav be conver ted  t o  
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STATIONARY PHASE 2167 

TABLE 2 - Cellulose Based Ion Exhangers 

Name St ruc ture  subs t i t u t ed  on alcohol groups 

oxycel 1 u l  ose 
ce l lu lose  phosphate 
carboxymethyl ce l l  u l  ose 
sul foethyl ce l l  ulose 
ce l lu lose  c i t r a t e  
diethylaminoethyl ce l lu lose  
ami noethyl ce l l  u l  ose 
triethylaminoethyl ce l l  ul ose 
ECTEOLA ce l l  u l  ose 

guanidinoethyl ce l lu lose  
p-aminobenzyl ce l l  ulose 
QAE ce l lu lose  

-COOH (primary a1 coho1 only) 
-OP03H2 
-0CH2 COOH 
-OCH2CH2S03H 
-OOC-C(OH) ( C H ~ C O O H ) ~  
-OCH2CH2N( CH2CH3)2 
-OCH2CH2NH2 
-OCH2CH2Nt (CHZCH,), 
-a( CH2-CHOH-CH2 I n  OCH2 CW2N 

I 
( H O C H ~ C H ~ ) ~  

-OCH2CH2NH C(=NH)NH2 
-OCH2C6H4NH2 
- 0 CH C H 2N ( C H$ H ) CH CH OH CH 

carboxyl qroups by o x i d i z i n g  aqents,  qeneratinq a much higher capa- 

c i t y  product ca l l ed  oxycellulose.  

A var i e ty  o f  other  chemical der iva t ives  o f  ce l lu lose  w i t h  ex- 

change proper t ies  a r e  produced ( 4 5 )  a s  is  summarized on t ab le  2. 

These involve replacement of  more than one alcohol g roup  w i t h  

charged groups. 

groups t h a t  maintain the  ce l lu lose  i n  a c rys t a l1  ine ,  water-soluble 

s t a t e  a r e  replaced by e l e c t r o s t a t i c  repuls ive  forces,  To prevent 

the  polymer from dispersing in the  solvent a s  t he  r e s u l t  o f  these  

changes, i t  i s  necessary t o  c ross l ink  the polymer before modifying 

the s i d e  chains. 

The interchain hydrogen bonds involving the alcohol 
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2168 SCOTT 

I n  o r d e r  t o  r e a c t  groups i n  t h e  i n t e r i o r  o f  t h e  c e l l u l o s e ,  t h e  

m a t r i x  may be swo l l en  w i t h  a l k a l i  (Merce r i zed )  b e f o r e  r e a c t i n g  t h e  

a l c o h o l  groups. As t h e  c e l l u l o s e  d r i e s  u n a l t e r e d  a l c o h o l  groups r e -  

form hydrogen bonds and a t t r a c t i v e  i n t e r a c t i o n s  made p o s s i b l e  by t h e  

new s u b s t i t u e n t s  occur .  The m a t r i x  sh r inks ,  and a p o r t i o n  o f  t h e  new 

i o n  exchange s i t e s  became u n a v a i l a b l e  un less  t h e  s u b s t i t u t e d  c e l l u l o s e  

i s  r e s w o l l e n  b e f o r e  use by t rea tmen t  w i t h  a c i d  o r  base. 

g r a n u l a r  c e l l u l o s e  avo ids  some o f  t hese  d i f f i c u l t i e s .  

c r y s t a l l i n e  reg ions  o f  c e l l u l o s e  a r e  more s u s c e p t i b l e  t o  h y d r o l y s i s  

and can be removed t o  form pores.  The c r y s t a l l i n e  r e g i o n s  a r e  then  

cross1 inked.  S u b s t i t u t i o n  o f  a l c o h o l  groups then  occurs p r i m a r i l y  

a t  t h e  borders o f  t h e  pores, and a p roduc t  t h a t  may be used w i t h o u t  

r e s w e l l  i n g  r e s u l t s .  

M ic ro -  

The non- 

C e l l u l o s i c  i o n  exchangers have been o f  p a r t i c u l a r  v a l u e  w i t h  

b iochemical  separa t i ons ,  most f r e q u e n t l y  on columns, b u t  a l s o  on t h i n  

l a y e r  p l a t e s .  The f a c t  t h a t  t h e  s t a t i o n a r y  phase i s  h y d r o p h i l i c  

r a t h e r  than  hydrophobic, as i n  t h e  case o f  more t r a d i t i o n a l  p o l y s t y r e n e  

based i o n  exchangers, has avo ided  problems w i t h  d e n a t u r a t i o n  and 

o v e r l y  s t r o n g  r e t e n t i o n  o f  t h e  p r o t e i n s  be separated,  

Resins 

The t r a d i t i o n a l  i o n  exchange r e s i n s  used f o r  so l o n g  i n  columns 

a r e  n o t  i n h e r e n t l y  w e l l  s u i t e d  t o  open column methods. T y p i c a l  p o l y -  

s t y r e n e  based beads do n o t  adhere a t  a l l  t o  g lass .  

ve ry  l a r g e  by camparison w i t h  t h e  t y p i c a l  p a r t i c l e s  coated on p l a t e s ,  

t h e  e x p e c t a t i o n  be ing  t h a t  i ons  w i l l  p e n e t r a t e  i n t o  t h e  v e r y  porous 

bead t o  i n t e r a c t  a t  i n t e r i o r  b i n d i n g  s i t e s .  

The beads a r e  

Using t h e  usual  b inde rs  
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t o  a t t a c h  t h e  beads t o  t h e  p l a t e  u s u a l l y  i n h i b i t s  good i n t e r a c t i o n  

between i o n s  and t h e  r e s i n .  However because so much i o n  exchange 

work has been done w i t h  r e s i n s  t h e  t e m p t a t i o n  t o  f i n d  some means o f  

u s i n g  them i n  t h e  open column mode i s  i r r e s i s t a b l e .  

success fu l  a p p l i c a t i o n s  a r e  p r o v i d e d  by t h e  comparat ive s t u d i e s  o f  

phenol separa t i ons  by L. L e p r i  and coworkers (46 )  u s i n g  a v a r J e t y  

o f  i o n  exchange s t a t i o n a r y  phases. 

PE1-, and benzoylated DEAE-) were used, b u t  i n  a d d i t i o n  t h e y  employed 

Dowex 50-X4, Rexyn 102, BioRad AG 3-X4AY and BioRad AG 1-X4. 

ed r e s i n  was bound t o  t h e  p l a t e s  by  m i x i n g  3q r e s i n  w i th  9q m i c r o -  

c r y s t a l l i n e  c e l l u l o s e .  

Examples o f  

C e l l  u l o s e  d e r i v a t e s  (DEAE-,  

Crush- 

L i q u i d  I o n  Exchangers 

I n  t h e  m i d - s i x i t i e s  t h e  i d e a  o f  impregna t ing  a suppor t  w i t h  a 

l i q u i d  i o n  exchanger f o r  i n o r g a n i c  a n a l y s i s  was exp lo red  e x t e n s i v e l y .  

S i l i c a  ge l  was u s u a l l y  t h e  suppor t  o f  choice,  a l t hough  o t h e r  media 

were t r i e d  i n c l u d i n g  a p o l y v i n y l  c h l o r i d e l v i n y l  a c e t a t e  copolymer 

(47 ) .  

(47,48), and on a s e r i e s  o f  amimes i n c l u d i n g  A m b e r l i t e  LA-1, N- 

d o d e c e n y l - ( t r i a l  ky lmethy1)-  amine, Primene JM-T, tri i s o o c t y l a m i n e  

and Alamine 336 (47,49,50). C e l l u l o s e  impregnated w i t h  po l ye thy -  

l ene im ine ,  c a l l e d  P E I  c e l l u l o s e ,  has been used by b iochemis ts  i n  

a v a r i e t y  o f  ways.(51) 

Most i n t e r e s t  centered on d i - ( 2 - e t h y l h e x y l  ) hydrogen phosphate 

Other  I o n  Exchange Media 

A wide range o f  o t h e r  approaches have a t tempted  t o  

For example s i l a n i z e d  s i o n  exchange s t a t i o n a r y  phase. 

p r o v i d e  

l i c a  ge 

an 

has 
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2170 SCOTT 

been impregnated w i t h  detergents.  

detergent assoc ia tes  w i t h  the very non-polar support ,  leaving the  

charged group ava i lab le  t o  a t t r a c t  so lu t e  ions. 

sodium laury le therosul fa te ,  tr iethanolamine dodecylbenzene su l fona te ,  

and sodium dodecylhydrogen s u l f a t e  were studied (52).  

Spreading inso luble  inorganic ion ic  material  i n  which a l a rqe  

The non-polar portions of t he  

Such detergents as 

neqative ion a t taches  ca t ions  i n  an exchangable fashion i s  a l so  possi- 

ble . Tunqstate, molybdate, o r  their heteropolyacid anions a r e  

useful i n  this fashion, metal ions having been separated on layers  

of ammonium molybdophosphate (55) and thorium tungs ta te  (56).  

gel impregnated w i t h  these  s a l t s  is  a l so  successful f o r  ion exchange 

separations of metal ions.  

lanthanum tungs ta te  (58) have been reported recent ly .  

of ca t ions  on hydrous Zr02 has a l so  been reported (59) .  

S i l i c a  

The use of  c e r i c  molybdate (57) and 

Separations 

Deacetylating c h i t i n  generates a polysaccharide w i t h  a primary 

amine group on each carbohydrate u n i t .  

separation of nucleosides and  nucleotides (60).  

T h i s  has been used f o r  t he  

SINTERED THIN LAYER CHROMATOGRAPHY 

As a f ina l  sec t ion ,  a promising technique f o r  b i n d i n g  t he  

s t a t iona ry  phase t o  the  p l a t e  should be mentioned. 

the coating w i t h  a binder which melts and flows on heating, i f  

ca re fu l ly  done, produces a very t i g h t l y  bound layer .  For example, 

s i l i c a  gel i s  mixed w i t h  sodalime o r  bo ros i l i ca t e  g lass  powder, 

spread on a p la te ,  and heated from 470-770°C. The re su l t i ng  p la te  

survives rough handling and can be recycled. Reuse o f  t he  p la te  

permits grea te r  reproducib i l i ty ,  espec ia l ly  a f t e r  recycing a few 

Mixing  
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STATIONARY PHASE 2171 

t imes.  

o r g a n i c  b i n d e r s  a r e  e l i m i n a t e d .  

Problems w i t h  v i s u a l i z a t i o n  reagents t h a t  cha r  o r  co r rode  

The use o f  a f l u o r e s c e n t  g lass  such as z i n c  s i l i c a t e  a l l o w s  

d e t e c t i o n  by f l uo rescence  quenching. 

The method has been extended t o  alumina, k i e s e l g u h r ,  f l o r i s i l ,  

ZnO, MgO, and t i t a n i a .  

one may b i n d  o r g a n i c  and c e l l u l o s e  i o n  exchangers and o t h e r  o rgan ic  

phases. 

Using p o l y o l e f i n  i n  p l a c e  o f  powdered g lass ,  

The techniques have been rev iewed by Okumura .(61) 
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