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A GRAPHIC REPRESENTATION OF BINARY MOBILE PHASE OPTIMIZATION 

I N  REVERSED-PHASE HIGH PERFORMANCE LIOUID CHROMATOGRAPHY 

Haleem J. Issaq*, Gary M. Muschik and George M. Jan in i * *  
Chemical Carc inogenes is  Program 

NCI-Freder ick Cancer Research F a c i l i t y  
F reder i ck ,  MD 21701 

ABSTRACT 

A method f o r  mob i l e  phase s e l e c t i o n  f o r  op t ima l  separa t i on  i n  reversed-  

phase h i g h  pressure  l i q u i d  chromatography i s  presented. 

a p l o t  o f  s o l u t e  r e t e n t i o n  t ime  versus b i n a r y  mob i l e  phase composi t ion.  

o f  f i v e  da ta  p o i n t s  a r e  requ i red .  

computer f o r  da ta  ana lys i s .  

The system i s  based on 

A t o t a l  

The method i s  s imp le  and does n o t  r e q u i r e  a 

INTRODUCTION 

The s e l e c t i o n  o f  t h e  mob i le  phase i n  h igh  p ressu re  l i q u i d  chromatography 

(HPLC) and t h i n  l a y e r  chromatography (TLC) i s  by f a r  t h e  most c r i t i c a l  s tep  f o r  

a success fu l  sample separa t ion .  The mob i l e  phase n o t  on l y  de termines  t h e  sepa- 

r a t i o n  o f  t h e  components i n  a m ix tu re ,  bu t  i t  a l s o  a f f e c t s  r e s o l u t i o n  and con- 

t r o l s  s e l e c t i v i t y  and t h e  t ime  o f  ana lys i s .  

U n t i l  r e c e n t l y  t h e  mob i le  phase was se lec ted  by t r i a l  and e r r o r  based on 

Sys temat ic  approaches t h e  p r o p e r t i e s  o f  t h e  s o l u t e  and t h e  s t a t i o n a r y  phase. 

Th is  work was supported by Cont rac t  No. N01-CO-75380, w i t h  t h e  Na t iona l  Cancer 
I n s t i t u t e ,  N I H ,  Bethesda, MD 20014. 

* Author  t o  whom correspondence shou ld  be addressed. 

**Present address, Univ. o f  Kuwait, Chemistry Dept., Kuwait .  
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260 ISSAQ, MUSCHIK, AND JANINI 

t o  the  s e l e c t i o n  o f  t h e  mob i le  phase t h a t  w i l l  g i v e  optimum separa t i on  u s i n g  

normal and reversed phase TLC p l a t e s  ( 1 )  and HPLC columns (1 -4)  have been pub- 

l i shed.  The methods a r e  based on s t a t i s t i c a l  c a l c u l a t i o n s ,  whereby peak p a i r  

r e s o l u t i o n  i s  p l o t t e d  versus mob i le  phase composi t ion.  The r e s u l t i n g  ove r lap -  

p i n g  r e s o l u t i o n  mapping (ORM) p l o t s  i n d i c a t e  areas o f  maximum p a i r  r e s o l u t i o n .  

The un ion  o f  t h e  peak p a i r  ORM p l o t s  w i l l  g i v e  t h e  r e g i o n  where a l l  r e s o l u t i o n s  

a re  above a l e v e l  predetermined by t h e  ana lys t .  Combinations o f  t h r e e  pure, o r  

mixed, so lvents ,  and t e n  chromatographic runs w i t h  mob i l e  phases o f  d i f f e r e n t  

so l ven t  p ropor t i ons  a r e  r e q u i r e d  t o  generate t h e  exper imenta l  da ta  base necessary 

f o r  t h e  subsequent s t a t i s t i c a l  ana lys i s .  

The (ORM) approach works ex t remely  w e l l  when t h r e e  o rgan ic  m o d i f i e r s  p l u s  

base so l ven t  a re  necessary t o  achieve optimum r e s o l u t i o n  o f  a l l  components o f  a 

complex mixture.  It has been shown t o  be o f  w ide r  a p p l i c a t i o n  than  t h e  chroma- 

tog raph ic  o p t i m i z a t i o n  f u n c t i o n  (COF)  method (2) .  The ORM approach can op t im ize  

r e s o l u t i o n  when on ly  two o rgan ic  m o d i f i e r s  and a base so l ven t  a re  used. Be l i nky  

( 5 )  used two organ ic  m o d i f i e r s  and wa te r  t o  ach ieve  separa t i ons  i n  reversed 

phase HPLC. H is  system r e q u i r e d  1 7  da ta  p o i n t s  t o  ach ieve  an optimum mobi le  

phase. A s imp le r  approach (6)  w i t h  two o rgan ic  m o d i f i e r s  was used which  re -  

q u i r e d  on ly  10 da ta  p o i n t s .  A computer program (1)  i s  used t o  s e l e c t  t h e  

mob i le  phase which w i l l  g i v e  optimum r e s o l u t i o n  o f  t h e  components i n  a mix tu re .  

Recent ly  ( 7 ) ,  ano ther  approach t o  so l ven t  o p t i m i z a t i o n  was pub1 i shed  based 

on t h e  l i n e a r  r e l a t i o n s h i p  between l o g  K '  and l o g  mole f r a c t i o n  o f  t h e  so l ven t .  

Th is  approach i s  no t  as sound o r  general  as t h e  s t a t i s t i c a l  approaches d iscussed 

e a r l i e r .  

I n  t h i s  study, a more p r a c t i c a l  approach t o  mob i le  phase o p t i m i z a t i o n  w i t h  

two o rgan ic  m o d i f i e r s  i s  presented. Only f i v e  chromatographic runs a re  r e q u i r e d  

f o r  t h e  data base,  and t h e  subsequent mathematical  t rea tmen t  o f  t h e  da ta  i s  much 

less i nvo lved.  The method i s  based on t h e  window diagram techn ique which was 

o r i g i n a l l y  developed by Laub and P u r n e l l  (8-11) f o r  t h e  o p t i m i z a t i o n  o f  sepa- 

r a t i o n s  i n  g a s - l i q u i d  chromatography. Recent ly,  a rev iew o f  t he  window 

diagram a p p l i c a t i o n  t o  GC, e lec t rochemis t r y  and spectroscopy was pub l i shed  (12).  

The techn ique has p r e v i o u s l y  been used f o r  t h e  o p t i m i z a t i o n  o f  r e s o l u t i o n  o f  
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BINARY MOBILE PHASE OYTIMIZATION 26 1 

h y d r o p h i l i c  compounds w i t h  v a r i a t i o n  o f  t h e  pH o f  t h e  mob i le  phase i n  l i q u i d  

chromatography (4,13). 

d ismissed t h e  window diagram technique, t h e  method i s  n o t  l i m i t e d  t o  l i n e a r  

r e t e n t i o n  behav io r  no r  t o  two-component so l ven t  systems. Peak c rossovers  

a re  a l s o  e a s i l y  handled. 

t h e  o p t i m i z a t i o n  o f  separa t i on  o f  a f ive-component m i x t u r e  i n  reversed 

phase HPLC w i t h  two o rgan ic  m o d i f i e r s  and water  base so lvents .  

Cont ra ry  t o  t h e  conc lus ion  o f  G la j ch  gt ( 2 )  who 

I n  t h i s  work t h e  i i iethod, is s u c c e s s f u l l y  a p p l i e d  t o  

EXPERIMENTAL 

M a t e r i a l s :  So lvents  were g lass  d i s t i l l e d  (Burd ick  and Jackson). The chem- 

i c a l s  were a n a l y t i c a l  grade ( A l d r i c h  Chemical Co.) and used w i t h o u t  f u r t h e r  

D u r i f i c a t i o n .  

Apparatus:  

cons tamet r i c  I and I 1  Pumps a t tached t o  an LDS Grad ien t  Master,  a Chromatronix 

dual-channel  uv absorbance de tec tor ,  a Rheodyne i n j e c t o r ,  and a s t r i p - c h a r t  re -  

co rde r  opera ted  a t  0.2 i n /m in  was used. 

A modular HPLC system c o n s i s t i n g  o f  Labora tory  Data Con t ro l  (LDC) 

( 

The RP-18 reve rsed  phase column was 250 mm x 4.6 mm prepacked w i t h  10 pm 

p a r t i c l e  s i z e  m a t e r i a l s  (Waters Assoc ia tes) .  10 u l  samples were i n j e c t e d .  Ex- 

per iments  were run  a t  room temperature us ing  a mob i le  phase f l o w  r a t e  o f  1 m l /  

min. 

a 3352A Labora tory  Data System (Hewle t t -Packard)  l i n k e d  th rough a Hew le t t -  

Packard 1865 A/D  conve r te r  t o  t h e  U V  d e t e c t o r  ou tpu t  o f  t h e  l i q u i d  chromatograph. 

The ou tpu t  f rom the  da ta  system was recorded on a 9866A thermal  l i n e  p r i n t e r  

(Hew1 e t t -Packard) .  

Re ten t i on  t imes,  peak w id ths  ( W )  and r e s o l u t i o n s  (R,) were determined w i t h  

Separa t ion  S t ra tegy :  

The s e l e c t i o n  o f  t h e  i n i t i a l  so l ven ts  (A and B )  i s  based on t h e  p r o p e r t i e s  

o f  t h e  s o l u t e  m i x t u r e  and t h e  s t a t i o n a r y  phase (normal,  reversed phase o r  i o n  

exchange). 

t o n i t r i  le /water ,  methanol /water and te t rahyd ro fu ran /wa te r .  The i n i t i a l  r a t i o s  

o f  o rgan ic /water  se lec ted  a re  approx imate ly  70-75% methanol /water,  60-65% ace- 

t o n i t r i  l e i w a t e r  and 40-50% te t rahyd ro fu ran lwa te r .  The s t r a t e g y  f o r  s e l e c t i n g  

For reversed phase, t he  t h r e e  most w ide ly  used so l ven ts  a r e  ace- 
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two of  these t h r e e  i s  i l l u s t r a t e d  below. For s i m p l i c i t y ,  assume t h a t  a f i v e  

component m ix tu re  i s  t o  be separated. 

a c e t o n i t r i l e / w a t e r  i s  t h e  mob i le  phase. 

a re  used t o  i d e n t i f y  t h e  two c o e l u t i n g  peaks. 

and e l u t e d  us ing  a d i f f e r e n t  so lvent ,  f o r  example, 50% te t rahyd ro fu ran /wa te r .  

Should two components be separated, t hen  d i f f e r e n t  mob i l e  phase compos i t ions  

a re  prepared us ing  60% a c e t o n i t r i l e  as so l ven t  A and 50% THF as s o l v e n t  6. 

Should 50% THF/HzO f a i l  t o  separa te  t h e  p a i r  c o e l u t i n g  t h e  percentage o f  THF i s  

ad jus ted  o r  another mob i l e  phase i s  se lec ted .  Th is  approach i s  s imp le  and t ime  

sav ing  because t h e  a n a l y s t  has o n l y  t o  separa te  t h e  p a i r  n o t  reso lved.  

t h e  i d e n t i f i c a t i o n  o f  two components i s  s imp le r  than i d e n t i f y i n g  a l l  components 

i n  a mix tu re .  

The sample i s  f i r s t  i n j e c t e d  where 60% 

Should f o u r  peaks be ob ta ined,  s tandards  

Only these two a re  then  r e i n j e c t e d  

Also,  

T h i s  separa t ion  s t ra tegy  was used t o  separa te  anthraquinone, E-methyl-  

anthraquinone, 2 -e thy lan thraqu inone,  naphthalene and b ipheny l .  The sample so lu -  

t i o n  was chroniatographed w i t h  60% AN/H20. 

Anthraquinone and naphthalene coe lu ted ,  as d i d  2-methylnaphthalene and b ipheny l .  

However, bo th  s o l u t e  p a i r s  were separated w i t h  40% THF/H20. 

t h a t  each o f  t he  f o u r  p a i r s  had been reso lved i n  a t  l e a s t  one o f  t h e  i n i t i a l  

s o l  vents. 

Only t h r e e  peaks were observed. 

Th is  demonstrates 

A f t e r  s e l e c t i n g  t h e  i n i t i a l  so l ven ts  and t h e  p r o p o r t i o n s  o f  each i n  the  

t h r e e  so l ven t  combinat ions,  t h e  r e t e n t i o n  t imes da ta  base i s  generated by r e -  

c o r d i n g  the  r e t e n t i o n  t ime  o f  each s o l u t e  i n  each o f  t h e  d i f f e r e n t  s o l v e n t  

combinat ions.  

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

The window diagram techn ique as presented  by Laub and Purne l l  (8-11) i s  a 

I t  was o r i g i n a l l y  developed g raph ica l  method f o r  rep resen t ing  r e t e n t i o n  data.  

f o r  t h e  o p t i m i z a t i o n  o f  separa t ions  w i t h  respec t  t o  t h e  b i n a r y  s t a t i o n a r y  phase 

compos i t ion  i n  g a s - l i q u i d  chromatography. We have used t h e  method t o  op t im ize  

separa t ions  i n  HPLC w i t h  respec t  t o  t h e  mob i le  phase compos i t ion  us ing  two 

o rgan ic  m o d i f i e r s  and a water-base so lvent .  

Table I shows t h e  compos i t ion  o f  so l ven ts  used and t h e  r e t e n t i o n  t imes f o r  

each of t he  f i v e  so lu tes  w i t h  each d i f f e r e n t  mob i le  phase. The r e t e n t i o n  da ta  
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F i g u r e  1 :  R e t e n t i o n  t i m e  vs m o b i l e  phase co1:rposi t ion f o r  f i v e  s o l u t e s .  

S o l v e n t s :  A = 60% a c e t o n i t r i l e / w a t e r  

B = 40% t e t r a h y d r o f u r a n l w a t e r  

S o l u t e s :  1 = a n t h r a q u i n o n e ;  

2 = 2 - n e t h y l a n t h r a q u i n o n e ;  

3 = n a p h t h d l e n e ;  

4 = 2 - e t h y l a n t h r a q u i n o n e ;  

5 = b i p h e n y l .  

a s  a f u n c t i o n  o f  m o b i l e  phase c o m p o s i t i o n  was f i t  t o  a p o l y n o m i a l  o f  t h e  f o u r t h  

order by  l e a s t  s q u a r e s  a n a l y s i s .  

F i g u r e  1 shows p l o t s  o f  tile c a l c u l a t e d  r e t e n t i o n  t i m e s  f o r  each  s o l u t e  as 

a f u n c t i o n  o f  m o b i l e  phase c o m p o s i t i o n .  The e x p e r i m e n t a l  p o i n t s  a r e  a l s o  i n d i -  

ca ted .  No te  t h a t ,  i n  c o n t r a s t  t o  gas -ch romatog raphy ,  t h e  p l o t s  a r e  n o t  l i n e a r .  

T h i s  i s  due t o  t h e  c o m p l i c a t e d  n a t u r e  o f  s o l u t e - m o b i l e  phase, s o l u t e - s t a t i o n a r y  

phase  and  m o b i l e  p h a s e - s t a t i o n a r y  phase  i n t e r a c t i o n s  (14). 
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F i g u r e  2: Window d iagrdm f o r  a l l  t e n  p a i r s  o f  f i v e  s o l u t e s ,  based on r e t e n t i o n  

d a t a  as i n  F i g u r e  1. 

F i g u r e  2 i s  a window d iagram showing p l o t s  o f  r e t e n t i o n  t i m e  r a t i o s  versus  

m o b i l e  phase c o m p o s i t i o n  f o r  a l l  t e n  p a i r s  o f  t h e  f i v e  s o l u t e s .  The r e g i o n  o f  

r e t e n t i o n  t i m e  r a t i o  v a l u e s  t h a t  a r e  h i g h e r  t h a n  t h e  minimum f o u n d  a t  each 

m o b i l e  phase c o m p o s i t i o n  i s  shaded. Note  t h a t  when t h e  r e l a t i v e  r e t e n t i o n  i s  

c a l c u l a t e d  t o  be l ess  t h a n  u n i t y  (peak c r o s s o v e r )  t h e  r e c i p r o c a l  i s  t a k e n  such 

t h a t  t h e  r a t i o  i s  a lways  g r e a t e r  than, o r  equa l  t o ,  u n i t y .  The t o p s  o f  t h e  w in-  

dows r e p r e s e n t  t h e  m o b i l e  phase c o m p o s i t i o n  g i v i n g  t h e  b e s t  s e p a r a t i o n  f o r  t h e  

l e a s t  s e p a r a t e d  p a i r .  Two windows a r e  seen i n  F i g u r e  2, one a t  27% B w i t h  a 

minimum r e t e n t i o n  r a t i o  = 1.1, and a c o n s i d e r a b l y  s m a l l e r  window ( p o o r e r  separa-  

t i o n )  a t  100% B. Thus t h e  optimum mobi le-phase c o m p o s i t i o n  f o r  t h i s  p a r t i c u l a r  

s e p a r a t i o n  i s  p r e d i c t e d  t o  be 27% B (10.8% THF/43.8% AN/44.4%H20), w h i c h  does, 

i n  p r a c t i c e ,  g i v e  base l i n e  s e p a r a t i o n  o f  t h e  components o f  t h e  m i x t u r e  ( F i g -  

u r e  5) .  

The t h e o r e t i c a l  measure o f  s e p a r a t i o n  o f  a s o l u t e  p a i r  i n  chromatograph ic  

t e c h n i q u e s  i s  t h e  r e l a t i v e  r e t e n t i o n  ( a ) ,  which  i n  HPLC i s  d e f i n e d  as t h e  r a t i o  
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F i g u r e  3 :  k '  vs mobile phase c o m p o s i t i o n  f o r  f i v e  s o l u t e s .  Symbols f o r  sol-  

vents  and solutes as i n  F i g u r e  1. 

a 

1.20 

1.15 

1.10 

1.05 

1 .oo 
0 20 40 60 ao 100 
A 0 

Percent B 

F i g u r e  4 :  Window d iagram f o r  a l l  t e n  p a i r s  o f  f i v e  s o l u t e s ,  based on k' d a t a  

as  i'n F i g u r e  3. 
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F igu re  5: Chromatogram o f  t h e  f i v e  s o l u t e s  a t  optimum mobi le  phase compos i t ion  

(43.8% a c e t o n i t r i l e ,  10.8% te t rahyd ro fu ran ,  44.4% H20) as de termined 

f rom F igu re  1.  

of t h e  c a p a c i t y  f a c t o r  (k') o f  t h e  more r e t a i n e d  t o  t h e  l e s s  r e t a i n e d  so lu te .  

We c a l c u l a t e d  k '  f o r  a l l  so lu tes  a t  a l l  so l ven t  compos i t ions  by c o r r e c t i n g  f o r  

t h e  column dead-volume. The k' data  was t r e a t e d  i n  a s i m i l a r  way t o  t h e  re ten -  

t i o n  da ta  o f  Tab le  1. 

as a f u n c t i o n  o f  mob i l e  phase compos i t ion ,  and F i g u r e  4 g i ves  t h e  window diagram. 

F igures  1 and 3 and F igu res  2 and 4 a re  s t r i k i n g l y  s i m i l a r .  

phase compos i t ion  ob ta ined  from t h e  l a r g e r  window o f  F i g u r e  4 i s  e x a c t l y  t h e  

same as t h a t  ob ta ined  f rom F i g u r e  2. However, here  we can o b t a i n  t h e  minimum 

va lue  o f  a (1.15 a t  27%8). 

o f  p l a t e s  (Nreq.) f o r  separa t i on  acco rd ing  t o  P u r n e l l ' s  equa t ion  (15).  I n  t h i s  

ins tance,  and assuming a capac i t y  f a c t o r  o f  f i v e ,  Nre,. i s  c a l c u l a t e d  t o  be ap- 

F igu re  3 shows p l o t s  o f  t h e  c a l c u l a t e d  k' f o r  each s o l u t e  

The optimum mobi le -  

Us ing  t h i s  va lue  we can c a l c u l a t e  t h e  minimum number 
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prox ima te l y  2350 p l a t e s .  

volume" i n  HPLC i s  a d i f f i c u l t  problem w i t h  no easy s o l u t i o n  (16) .  Any o p t i m i -  

z a t i o n  techniques dependent on k '  da ta  s u f f e r  f rom t h e  u n a v a i l a b i l i t y  o f  accur -  

a t e  methods f o r  t h e  de te rm ina t ion  o f  column dead volume. 

method presented here  does no t  r e q u i r e  t h e  accura te  de te rm ina t ion  o f  k ' .  

demonstrated e a r l i e r  t h e  optimum so lven t  compos i t ion  can be determined f rom raw 

r e t e n t i o n  t ime  data. When r e t e n t i o n  t ime  i s  p l o t t e d  aga ins t  mob i le  phase com- 

p o s i t i o n .  i t  can be seen t h a t  a t o t a l  o f  f i v e  runs  (F igu re  1 )  w i l l  g i v e  t h e  

mob i le  phase t h a t  w i l l  separa te  a l l  t h e  components o f  t h e  m ix tu re .  It i s  c l e a r  

t h a t  t h i s  approach r e q u i r e s  no computer e v a l u a t i o n  and i s  s imp le r  t han  o the rs  

(1 -4)  when two o rgan ic  m o d i f i e r s  and a base so l ven t  a re  used. 

Note t h a t  accura te  measurment o f  t h e  column "dead 

The window diagram 

As 
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