
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 24 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Journal of Liquid Chromatography & Related Technologies
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713597273

Quantitative Retention - Eluent Composition Relationships in Liquid
Chromatography
E. Soczewinskia

a Department of Inorganic and Analytical, Chemistry Medical Academy, Lublin, Poland

To cite this Article Soczewinski, E.(1980) 'Quantitative Retention - Eluent Composition Relationships in Liquid
Chromatography', Journal of Liquid Chromatography & Related Technologies, 3: 12, 1781 — 1806
To link to this Article: DOI: 10.1080/01483918008064770
URL: http://dx.doi.org/10.1080/01483918008064770

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713597273
http://dx.doi.org/10.1080/01483918008064770
http://www.informaworld.com/terms-and-conditions-of-access.pdf


JOURNAL OF LIQUID CHROMATOCRAPHY. 3(12). 1781-1806 (1980) 

QUANTITATIVE RETENTION - ELUENT CWPOSITION 

RELATIONSHIPS I N  LIQUID CHROMATOGRAPHY 

E .  Soczswinski 

Dcpartment o f  Inorganic and Analytical ChemiStzy 

nedi cal Academy 

S tasz i ca  6 S t .  

20-081 Lublin. Fvldnd 

ABSTRACT 

Mechanistic molecular models o f  liquid-liquid and liquid-solid equil- 
ibria are discussed for  common types o f  liquid chromatography systems. In  
spite o f  the assuned simplifications (e.g., use o f  concentrations i n  the 
def ini t ion o f  equilibrium constants) the apjxoximate formulas fo r  retention- 
eluent composition relationships are satisfactory fo r  the preliminary opti- 
mization o f  TLC and HPLC systems; the molecular structure o f  the solute i s  
indirectly expressed by the equilibrium constdnts and slopes o f  the plots 
so that graphical analysis o f  the relationships may provide information 
about the chromatographed compounds. I t  i s  denvnstrated tha t ,  depending 
on the system type, the RM (log k') vdues  dre of tan a linear function o f  
concentration o f  the modifier either i n  linear or i n  logarithmic scale. 

INTRODUCTION 

The goal of chromatographic processes, resolution, i s  described by 

the well-known Purnell equation: 

R s -  . a-1 . k' 
4 a 1 + k' 

the three t e r m  o f  which re fer ,  respectively, t o  the colunm e f f ic iency  

(n - number o f  theoretical p la tes ) ,  select iv i ty  o f  the system and the 

fraction of the more retained analyte i n  the stationary phase. The 

third term, which varies from 0 to  1 ,  can be most easi ly  controlled i n  liquid 

chromatography by the cornpsition o f  the eluent; i n  f a c t ,  practically a l l  

eluents used are mixed solvents, since even the so-called pure solvents con- 
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SOCZEXLNSKI 1782 

t a in  water which can s t rongly inf luence eluent  s t r eng th ,  even a t  the ppm 

leve l  fo r  nOn-polar Solvents (1, 2 ) .  The range of  optimal k '  values i s  

r a the r  narrow s ince ,  for too low values,  the t h i r d  term a l s o  becomes low 

and, for  high k '  values. the re t en t ion  times a r e  too long and the pe&s 

become mere diffuse.  

The second tern, s e l e c t i v i t y ,  is a l s o  a function of e luent  cornpsit ion; 

even l o w  concentrations o f  certain reagents which inf luence the s e l e c t i v e  

equ i l ib r i a  of ionizat ion,  ion pair ing,  solvat ion or o the r  complexation 

react ions can s t rongly increase the  s e l e c t i v i t y  o f  re tent ion.  

The first term is less d i r e c t l y  r e l a t ed  t o  the eluent  composition, whose 

effect on the column efficiency can, f o r  instance,  be analyzed i n  terms of  

changes i n  viscosi ty  and k '  values (3,  4 ) .  

Therefore, i t  is e s s e n t i a l  t o  formulate, wherever p s s i b l e ,  p a n c i t a t i v e  

relat ionships  between the  r e t en t ions  o f  ana ly t e s  and the eluent  composition. 

There are several  l e v e l s  of descr ipt ion o f  chromatographic s y s t e m s .  

In t he  period of donunation o f  paper chromatography and thin- layer  chroma- 

tography, many recipes were published for e luen t s  which were frequent ly  

mixtures of  3-5 solvents ,  chosen a t  random from Lie eluocropic series. r.be 

S y s t e m s  were of ten not su i t ab le  for other  kinds o f  paper or adsorbent and 

required correct ions.  Some recipes  were found to be s u i t a b l e  aLso for ocher 

analytes  of  analogous propert ies  and, thus,  c e r t a i n  e luen t s  l e .g . ,  the Parrridqe 

s y s t e m ,  butanol-acetic acid-water; or chloroform-echanol-diethylamine) were 

accepted a s  typical for whole groups of  compounds. :ome solvent s y s t e m s  

found su i t ab le  f o r  paper chmmdtography were adapted t o  TLC on s i l i c a ,  although 

t h e y  were not optimal ones from the viewpoint o f  s t a b i l i t y ,  v i scos i ty ,  t o x i c i t y  

ecc. 

Fur thBr  descr ipt ion of  e luent  is obtained when the solvent  s y s t e m s  of  

a given type a r e  mre f u l l y  characterized i n  the form of quan t i t a t ive  r e l a -  

t ionships b e t w e e n  t h e  re tent ion pardmeters (RF, VR, k', l og  k', etc.) and 

the eluent  composition. T h i s  form of character izat ion (e.q. ,  re tent ion 

versus concentration o f  e thyl  ace t a t e  for series of  s y s t e m s  o f  the type 
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RETENTION-ELUENT COHPOSITION RELATIONSHIPS 1783 

s i l ica  - heptane + ethyl acetate) g i v e s  a very good orientation i n  the prop- 

er t ies  o f  the systems and i n  the optimization o f  retention and se lec t iv i ty  

f o r  varying conditions o f  chromatographic ,analysis. 

The development o f  HPLC has denvnstrated that the eluent wmps i t ion  

can frequently be simplified t o  binary mixtures ( 5 ,  6 )  (composed of solvents 

o f  d i f ferent  p o l a r i t y ,  e.g., diluent + polar solvent f o r  s i l i ca ,  or water + 

methanol for  Om-silica); only subtle twntml of se lec t iv i ty  may require the 

addition o f  a third component ( 7 ) .  For p r a c t i c a l  reasons i t  is advisable that 

retention and eluent composition are expressed i n  simple, convenient uni ts;  on 

the other hand, i t  i s  advantageous to  have simple linear relationships which 

would permit interpolation and even extrapolation o f  the data. 

Examples o f  early retention-eluent composition relationships can be 

found i n  Ref. ( a ) ,  ( R F  o f  amim acids as function o f  percent water i n  eluent) 

and ( 9 / ,  (R v s .  pH curves of amino acids). For fundamental processes, such 

a s  liauid-liquid partition, such relationships were reported s t i l l  earlier 

(10, 11) .  

F 

I t  i s  the purpose o f  the present review t o  sumnarize s o n  quantitative 

retention versus eluent composition relationships reported for  commonly used 

rypes o f  liquid-liquid and liquid-solid chromatography systems. The theoreti- 

cal ,models w i l l  be limited to the simplest ones fe .g . ,  l a w  o f  mdss action 

considered i n  terms o f  concentrations), bearing i n  mind the reluctance o f  

practical chromatographers to  study more sophisticated and, t h u s ,  complex 

rheories as well as the complexity o f  the chromatographic processes i n  general 

which cause the physical parameters t o  bewme l e s s  def ini te .  T h e  considerations 

arr, thus, largely limited to  the f i r s t  stage o f  optimization of the chromato- 

graphic system. 

The fundamental theory o f  retention i s  common for  TLC and HPLC; however, 

l n  rhe former technique the spec i f ic  phenomna such as solvent denuxing and 

preadsorption o f  solvent vapours introduce spec i f ic  distortion o f  the process 

(5, 1 2 - 1 4 ) .  Retention 'yersus eluent composition relationships are frequently 

expressed by one of  two equations ( 1 5 ,  1 6 )  : 
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log k' - a + b log c ( T y p a  I) (1) 

l o g k ' - d + b c  (Type I I )  ( 2 )  

SQCZElJINSIU 

where c i s  concentration o f  the modifier i n  the eluent ( p o l a r  solvent, ion- 

pairidg reagent. hydrogen ions, counter ions etc . )  . 
t y p i c a l  for  sys tem i n  which the additive (modifier) interacts w i t h  the analyte 

i n  a reversible reaction obeying the l a w  of mass action or the analyte and 

m d i f i e r  cornpate f o r  active s i t e s  i n  an adsorbent or ion exchanger. 

Equation o f  Type I i s  

LIQJID-LIQUID PARTITION SYSTEMS 

Although mixed retention mechanisms are tho rule (even adsorption + 

partition + ion exchange + size  exclusion:) ,  under certain conditions one 

predominates; i t  i s  thus permissible t o  discuss, separately, l i q u i d - l i q u i d  

and liquid-solid system. 

tiquid-liquid systems can be f o m d  in-situ by preferential sorption 

o f  one of t h  eluent components which f i l l s  the pores o f  the active solid 

or forms a gel stationary phase ( p o l y d m i d e ,  cel lulose):  or b y  impregnation 

of the support w i t h  the stationary, non-volati.Ie liquid diluted with d 

w l a t i l e  solvent. 

RddtiOnShipS o f  Type II were reported f o r  numerous systems of the type 

paraf f in  o i l  - water + mthanol ( F i g .  1) (17) and the l ineari ty  o f  the plots 

was utilized to determine R values beyond the optimal range by extrapolation 

( 1 8 ) .  A c t u a l l y ,  the relationship, derived originally for  ideal mixtures of 

sdvanu ( l o ,  1 9 ) ,  w u  found t o  describe *all such strongly non-ideal mixed 

M 

phases dS Water + dimthyl  sulphoxide ( F i g .  2 )  ( 2 0 ) ,  Water + dCt?tOne, Water + 

methanol, water + acewnitr i le  (also for  liquid-solid systems, see below) 

(16) * 

Relationships of Type I are also popular, especially i n  cases where 

the overall partiticn equilibrium involvas secondary equilibria which CM 

be described b y  the l a w  o f  Iws action. The fOllOWing types O f  Systems can 

b. givm u exrmples:  
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40 50 00 m I 
Meth-1 wmumnion , I% v h t  

F i g u r e  1 .  R vs.  % MeOH p l o t s  of p r o m z i n e s .  S t a t i o n a r y  p h a s e :  
o f e y l  a l c o h o l  ( 1 7 ) .  
and f o l l o w i n g  f i g u r e s ,  see o r i g i n a l  p a p e r s .  

For e x p e r i m e n t a l  d e t a i l s  for  t h s  

b 

1 
0 '  20 40 64 80 100 

x n20 (loox DMS) 

F i g u r e  2 .  Analogous  p l o t s  of d i h y d r o x y d i b e n z o f u r a n s .  P a r t i t i o n  
s y s t e m :  H 0 + Me SO ( s t a t i o n d r y  p h a s e )  - Bu20 ( e l u e n t )  
( 2 0 ) .  2 
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1706 SOC ZEWINSK I 

a .  Buffered aqeuous phase as eluent ! J P  system) 

The partition equilibrium can be represented as follows: 

kd 
HA" org ( s ta t )  k = [HA] org d 

the overall equilibrium i s  represented by the reaction 

with extraction COMtant 

E = [HAlorg [A-l- i[@l-i  ( 3 )  

D = [HAlorg fA-1- l  = E [ H + I  

Thus, the distribution coe f f ic ien t  ( for  [HA] >> [HAIw)  or9 

( 4 )  
W 

The constant in equation 5a includes the p a r t i t i o n  coef f ic ien t  of 

the unionized electrolyte ( k d )  and I ts  ionization constant .qA 50 t n a c  3.1~ 

differences in these parameters determine the selectivry of separation ( 2 1 ,  

2 2 ) .  

For bases, a s y m t r i c a l  equation IS obtained 

RM = log k'  = const + pH (5bl 

Analogous relationships were also reported f o r  straight-phase systems, 

the signs before pH being th?n reversed (21-23). For pH values i n  the prox- 

i m i t y  of pKA,  the straight l ine  deviates t o  a horizontal asymptote owing t o  

suppression o f  ionization o f  the electrolyte. 

of t h i s  type i s  given i n  Figure 3 .  

with buffered aqueous phase, see Ref. (22 ) .  

An example o f  relationship 

For a detailed discussion of systems 
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RETENTION-ELUENT C W O S I T I O N  R E U T I O N S H I P S  

Figure  3. RM vs. pH p l o t s  o f  Sedum a c r e  L .  a l k a l o i d s .  
s y s t e m :  benzene ( e l u e n t )  - aqueous  b u f f e r  s o l u t i o n  (23). 

P a r t i t i o n  

b .  S o l v a t i o n  s y s t e m s  ( e . g . ,  n o n - p l a r  d i l u e n t  + m l a r  solvent - 
formamide)  

By impregna t ion  o f  c e l l u l o s e  o r  s i l J c a  w i t h  formamide and 

e l u t i o n  w i t h  binary solvents composed o f  a non-po lar  d i l u e n t  N 

i h e p t a n e )  and a solvent c a p a b l e  o f  H - h n d z n g ,  S ( e . g . ,  c h l o r o f o r m )  

a series o f  s y s t e m s  w i t h  a broad range  o f  p d r t z t i o n i n g  p r o p e r t i e s  

is o b t a i n e d .  The mlecular mechanism for a s o l u t e  Z c a n  be rep -  

r e s e n t e d  as f o l l o w s :  
0 

N + S (mob.) 
2% 

2 + ns (- ZS, 

kd FA ( s t a t . )  

B y  ana logous  c o n s i d e r a t i o n  we have 
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SOCZEWINSKI 

&quatian 9 is i l l u s t r a t e d  i n  Figures 4 (24) and 5 (251 ,  i n  which the 

Rn ax i s  is directed downward so that the plots have positive slopes. 

slopes depend on the dbilzty of the solutes to  form lower or  higher solvates, 

i .e.,  on the presence o f  polar g m u p s  and their mutual pasitions (e.g., intra- 

mlecular H-bond between the p o l a r  groups prevents them from forming a double 

Solvdte). Further examples Cdn be found in Refs. 2 6 ,  2 7 .  

The 

A c t u a l l y ,  gradual S h L f t S  o f  SOlVdtion equilibria shu ld  be taken l n t O  

acmunt ( e . g . ,  1 6 ,  2 4 ) ,  with the slope increavzng from zero (low concentratlons 

of solvent S) to the tughest vdue  ( t u g h  concentrations). However, for the 

tal 1 

Figure  4. RM vs. log t T B P  plot of phenols. P a r t i t i o n  system: 
cyclohxane + tri-n-butyl phosphate (eluent) - water 
( 2 4 ) .  
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-0.5 

0.0 

-05 

-1.0 

R M  

Figure 5 .  R VS. l og  log t E t  CO p l o t  O f  P T H - d I I O  acids .  
P h i t i o n  system: 
(eluent) - f o m m i d e  ( 2 5 ) .  

goluene + dicthyl  ketone 

narrow range of  l o g  k' values e s sen t i a l  f o r  optimization, s t r a i g h t  l og  k' vs .  

log C 

to the predominance of a s ing le  so lva te  i n  the narrow concentration range 

considered. 

coe f f i c i en t s ,  varying mutual s o l u b i l i t y  o f  the two l i qu id  phases and o the r  

f ac to r s ,  the slopes of the l i n e s  usually do not correspond s t r i c t l y  to the 

nvlecular solvat ion mechanism. 

fragments of  t he  general r e l a t ionsh ip  a r e  frequently obtained, owing 

Since the model does not take i n t o  dccount changes of  a c t i v l t y  

Analogous r e l a t ionsh ips  a r e  obtained for s y s t e m s  i n  which the s t a t iona ry  

phase contdins a s t rongly in t e rac t ing  component, e .g . ,  the  Rn values of nitrogen 

bases a r e  l i n e a r  function of mnccntrat ion of formic ac id  i n  s y s t e m s  of  the 

t y p e  formamidc + formic acid (imaPbilized on cellulose o r  s i l i c a )  - w e a k l y  

polar  e luen t  (281 .  
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C .  Ion association systems 

The partition of  organic electrolytes can be varied i n  vide l imi t s  

b y  the addition of ion-pairing and a d d u c t  forming reagents ( 2 9 )  ; f o r  

hydrophilic, strongly ionized electrolytes (such as quaternary dmmo- 

nium sal ts ,  sulphoruc acids) an ion association mechanism i s  necessary 

t o  secure su f f ic ien t  extraction by the organic solvent. 

The simplest mechanism of partition o f  dnalyte ions Q+ i n  the 

presence o f  counterion X -  can be written as 

0: + x; + QXorg 

with the extraction constant 

and the distribution rat io  

As i n  the f o r m r  cases, the firm1 conclusion is then 

RM - l o g  k’ - comt log [ X - I  ( 1 2 )  

‘/here the sign depends on the system t y p e  (straight or reversed phase). 

The counterion can be introduced into the system in  the eluent or 

deposited b y  impregnation as the a c i d  H X  or i t s  sa l t ;  since the reagent 

distributes be tween  the two phases according t o  i t s  partitian coe f f ic ien t ,  

rq. 1 2  for  cases when the reagent is introduced w i t h  the less  polar phase 

can ba writtan in analogous form 

RM - log k’ - const 2 log [ H X I  (1 3) 
or9 

For a similar case of an anionic (acidic) analyte, quaternary ammonium 

sa l t s  are added as ion-pairing reagents. Examples of retention-composition 

relationships for  ion pair partition sys tem are  given i n  Figures 6-8  (30-32). 

This discussion refers  t o  the simplest case d n d ,  frequently, additional 

e f f e c t s  such do dissociation of ion pairs in t.be organic phase, association 
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I AEt 

Figure 6 .  RM vs. log [HDEHP] p l o t s  of p i p r r i d i n e  bases. 
sys t em:  chloroform + d i  ( 2 - e t h y l  h e x y l )  o r thophosphor ic  
a c i d  ( e l u e n t )  - 0 . 5  M aqueous H3FU4(30). 

P a r t i t i o n  

0.0 

6.0 

LO 

2.c 

- ~~ 

102 ca 1.6 2 . ~  CTBAt 

Figure 7 .  l / k '  v a l u e s  of su lphonic  a c i d s  p l o t t e d  a g a i n s t  
c o n c e n t r a t i o n  of teuabutyl-anmPnium hydrox ide  
in s t a t i o n a r y  phase .  E luen t :  chloroform ( 3 1 1 .  
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2.c 

( 

R M  

0.1 

- 1 . 1  

GIKaaidurofuc 
Acids 

$! -..o 

b::..: ...... *.....o 

Clucorldummc 
Methyl Esters 2; X 

\ F C E 

-1.6 -13 -1.0 -0.7 -1.6 -13 -10 -0.7 -1.6 - I  3 -10 -0.7 

Loq [TA-Cl] 

Figure 8 .  RM values of glucosidumnic ac lds ,  t h e i r  methyl esters 
and s t e r o i d s  p lo t t ed  aga ins t  concentration of cetraheptyl-  
anmonium chlor ide i n  chloroform (e luen t ) .  Stat ionary 
phase: formamide (32). 

of the i on  p a i r  o r  the ion-pairing reagent,  formation of mre complex ddducts 

causes deviation from the simple r e l a t ions tups  ( 2 9 ,  3 3 ) .  

When the s t a t iona ry  phase is formed by p re fe ren t i a l  adsorption of some 

components of the eluent ,  changes in  its cornpsition a l s o  causes var ia t ion of 

the composition of the s t a t iona ry  phase so t h d t  the r e t en t ion  - eluent  composition 

reidt ionstups become mre complex. for instance,  in the case o f  TLC on polyanude 

( 3 4 )  and UI HPLC - Wha ternary e i u a n t r  a r e  chosen with mmpsit ions corre- 

sponding to the b&nodal curve are used (35). Nevertheless, in these cases ,  

regular  log k' vs. log t S p l o t s  dre somtinns obtdzned (Fig. 9). 

LIQUID - SOLID ALSORPTION sr.sTmis 

In l iquid-sol id  TLC (and preparat ive HPLc) silica remains tha mst  

frequently employed adsorbent (36). derivdt ized s i l i c a  ( m o s e l y  of the C-8 6 
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Figure 9 .  RM vs .  log Xs plots o f  phenols f o r  the system cyclohexane 
+ diisoamyl e t h r  (S) - p o l y a m i d e  ( 3 4 1 .  

C-18 type) gaining gradunllg i n  importance. In analytical HPLC, the la t t e r  

types o f  adsorbents are now predominant (37, 381.  

For s i l ica as the adsorbent, the eluent strength can be varied over 

wide l imi t s  using binary mixtures of a non-polar diluent and a polar solvent 

( e . g . ,  ketone, es ter ,  alcohol e t c . ) ;  the retention v s .  eluent composition 

relat ionshp i s  then usually o f  the f i r s t  t y p e .  On the other hand, non-polar 

adsorhnts (octadecylsilyl s i l i ca ,  Amberlite XAD. carbosils) are usually 

eluted with aquo-organic solvents, i . e . ,  mixtures o f  water or aqueous buf fer  

solutions w i t h  methard, acetonitrile and other m d i f i e r s .  Linear relation- 

ships of the second t y p e  are then typical. In the case of electrolytes ,  

especially strongly ionized ones, ion pairing reagents are frequently employed, 

the retention being then controlled by the pH o f  eluent, concentration o f  mod- 

i f i e r  and concentration o f  ion p a i r i n g  reagent. 

a .  Systems o f  the type s i l ica - diluent + polar solvent(s) 

I t  i s  generdly accepted ( 5 ,  3 9 ,  40)  tha t ,  for these liquid-solid 

systems, adsorption o f  a solute mlecule  2 i s  accompanied by dis- 

placement o f  one or m r e  molecules o f  the p o l a r  solvents S from 
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SOCZEWINSKI 1794 

the surface in to  the bulk phase. The process can t h u s  be described 

for  the simplest situation, by the reaction 

A-S + 2 - A-2 + S - 
(adsorbent) (solution) (adsorbent) (solution) 

where A denotes an adsorption s i t e  (silanol group for  s i l i c a ) .  

The application o f  the l a w  o f  mass action to  th i s  reaction results in  

Thus, for  [AS] = const. ( i .e . ,  f o r  not too low concentrations of S, 

e.g., higher than 5 % )  

k' = [A21 [ZI-' K [ X I  lS1-l 115) 

RH log k' const. - log [Sl (1  6) 

The molecular mechanism o f  adsorption forms the basic assumption o f  

displacement mAels proposed b y  Snyder ( 6 ,  4 0 ,  4 1 )  and Soczewinski (14, 42-  

4 4 ) ;  the la t ter  model d i f f e r s  in  several points, e.q., def ini t ion of concen- 

tration units and formation of discrete silanol-solute and silanol-solvent com- 

plexes. For n-point attachment, the equation following from t h e  Snyder- 

Soczewinski model becomes 

R log k' Const. - n l o g  I S ]  (1 7) 
H 

In s t r ic t  approach, the concentration of polar  solvent S i n  the mobile 

phase should be expressed i n  mole fractions. Then 

where the constant, RH(s), corresponds t o  the extreme rzght-hand side o f  the 

plot (RH value for  pure solvent S ,  i . e . ,  Xs = 1 . 0 ) .  

deformations are obtained when the more convenient wlurne composition scale i s  

used ( 1 5 ) .  

However, only sllght 

Equation (18) has been cMfirrned for numerous solute-solvent-adsorbent 

systems, also zncluding associating (donor-acceptor) polar solvents such as 

alcohols and polar  adsorbents other than s i l ica  (florisil, alumna),  in  spi te  
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RETENTION-ELUENT COWOSITION RELATIONSHIPS 1795 

Of mre compler mleculdr mechanisms. 

l o g  % S p l o t s  r e p r t e d  by various autlmrs (Ed. 40 references, TLC and XPLC) 

is given i n  Ref.  ( 1 4 ) ;  t w o  plots are i l l u s t r a t e d  i n  Figures 10 ( 4 3 )  and 11 

( 4 5 ) .  

A tdbulaced s u r v e y  o f  l i n e a r  log k'  vs. 

It follcws, a l so ,  from eq. ( 1 5 )  chat 

(k')-' = RF (1 - R F , - 1  - w n s t .  [S] (19) 

whch is a s impl i f i ed  form o f  d r e l a t ionsh ip  reported by S w t t  and Kucera 

(46) ,  also convenient for graphical a n a l y s i s .  

Further development of the mncep t s  were reported by Poppe and w-workers 

who took i n t o  dccount t he  d c t i v i t y  w e f f i c i e n t s  i n  the bulk phase ( 2 ,  4 7 ) ,  

H u b e r  et a l .  (48) and Ja ran iec  et d. ( 4 9 1 ,  wlm d e r i w d  general ized equations 

for r e t en t ion  - eluent  composition relat ionships .  Oscik and Rozylo published 

Figure 10 .  RM vs. l o g  X s  p l o t s  of a n i l i n e s  f o r  the s y s t e m  cyclohexdne 
+ di-n-butyl ether (eluent) - s i l i c a  ( 4 3 ) .  
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k’ 

figure 11. 

I0 

5 

3 

2 

1 

0.5 :.:I yyl , , , , , , 

0. I 
100 50 30 20 10 7 5 4  3 2 1 

€to& */w% 

log k‘ vs. log X s  plots o f  steroids €or the system 
+ ethyl acetate (eluent) - s i l ica .  HPLC 115) .  

n-hexane 

a series o f  papers ( 5 0 ,  51  and earlier references cited therein) i n  wtuch dn- 

other approach. based on the theory o f  regular solutlons, was used; the con- 

clusions were verified by TLC experiments. 

I t  should be emphasized t h a t ,  in  rea l i ty ,  the solute - diluant - F l a r  

solvent - adsorbent sys tem are very complex ( 3 9 ,  4 0 ) .  The chermdynamlc 

description i s  d i f f i c u l t  owing to  the wide ranges o f  concentrations of the 

p o l a r  solvent and mutual interactions o f  solute and solvent molecules; the 

arrangement o f  s i l aml  gmupo on the adsorbent surface i s  irregular and their  

surface concentration (about 20 nn? per one g m u p )  i s  greater than the possible 

coverage by sol Ute and sol vent molecules ( 4 0 ) .  Especial1 y f o r  donor-acceptor 

polar  solvents, solvation e f f e c t s  i n  the adsorbent and bulk phase are only 

p a r t i a l l y  cancelled. The slopes of the l o g  k’ vs. log % S l ines  are, therefore, 

only indirectly related to the molecular displacement mechanism and, in  wide 

eluant compsition ranges, deviations from l ineari ty  are natural. 

Equation 17 i s  not valid fo r  low concentrations o f  solvent S ,  when 

the condition [AS] = const. i s  not f u l f i l l e d  ( 4 9 )  ( the range o f  steep adsorp- 
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t i on  isotherm of S).  The nvre d i f f e ren t i a t ed  l o g  k' vs. l o g  % S r e l a t ion -  

s h i p s  i n  this range a r e  f a w r a b l e  from the viewpoint of s e l e c t i v i t y  ( 5 2 ) .  

b. N O n - p O l U  adsorbents - aclUO-OrgdniC elUenU 

Eluent composition effects are w a l l  d o c w n t e d  i n  colunm chroma- 

tography on non-polar adsorbents; RP adsorbents for TLC have o n l y  r ecen t ly  

became avai lable .  

f r o m  aqueous s o l u t i o n s  and a m  e f f s c t i w l y  e lu t ed  by polar so lven t s  (mthuvl, 

a c e t o n i t r i l e )  so tht  re t en t ion  can be control led over  wide ranges using aqueous 

so lu t ions  of m t h n o l  o r  a c e t o n i t r i l e .  

the r e t en t ion  - eluent  composition r e l a t i ansh ips  are frequent ly  described bell 

by t h e  formula of second typ . ,  although deviat ions from l i n e a r  l o g  k' vs. % 

H 0 p l o t s  b v e  also been reported. Apparently, f o r  water - methanol s y s t e m s ,  

the  p l o t s  a r e  nure of t en  l i n e a r  than f o r  water - a c e t o n i t r i l e  s y s t e m s .  For 

instance,  Karger et al .  ( 5 3 )  reported l i n e a r  r e l a t ionsh ips  for the  w h o l e  range 

of e luen t  composition f o r  water - methanol mixtures and p a r t l y  cu rv i l i nea r  

p l o t s  for the a c e t o n i t r i l e  s y s t e m s ,  although the deviat ions f r o m  l i n e a r i t y  

w e r e  observed f o r  the range o f  l o w  k' values. The shape o f  l o g  k' vs. t H20 

p lo t s  depends presumably a l s o  on t h e  nvlecular  s t r u c t u r e  o f  t h e  so lu t e .  Two 

examples of  l i n e a r  p l o t s  a r e  given i n  Figures 1 2  ( 5 4 )  and 1 3  ( 5 5 ) .  The effect 

of e luent  composition on r e t en t ion  i n  reversed-phase LC s y s t e m s  and i ts  mech- 

anism hds been discussed by Karger et al. ( 5 3 1 ,  Colin and Guiochon (38) and 

Horvath and Nelander ( 3 7 ) .  The l i n e a r  r e l a t ionsh ip  has  been used by Snyder 

et  al. ( 5 6 )  t o  formulate a theory  of gradient  e lu t ion  in RP s y s t e m s  (sea 

a l s o  R e f .  5 7 ,  5 8 ) .  An attempt t o  apply t b  displacement concept, analogous 

t o  that of the Snyder-Soczewihski model, has been reported ( 5 9 ) ;  hovcver, the 

application of  the l a w  of mass ac t ion  t o  these systems (aquo-organic e luents)  

seems t o  be less j u s t i f i e d .  

Non-polar and w a k l y - p o l u  s o l u t e s  u e  s t rong ly  adsorbed 

As i n  a ~ l o g o ~ ~  l i qu id - l iqu id  RP s y s t e m s ,  

2 

c. Non-polar adsorbents - buffered e luen t s  

Iooruzation of  the solute s t rongly wedkenr its hydxophbic  i n t e r -  

ac t ions  with non-polar adsorbents so t h a t  its re t en t ion  can be varied acmss 
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Figure 12 .  €2 vs. t MeOH p l o t s  of  a r o m t i c  hydrocarbons. Adsorbent - s i l i c a  ( 5 4 ) .  

cn3cocn3 \ 
H 2 0  mole fraction 

0.40 0.30 0 20 0.10 

Figure 1 3 .  R values of pyrene p l o t t e d  against  mole f r a c t i o n  of water 
&r three m d i f i c r s :  
Adsorbent - OLS - s i l i c a  ( 5 5 ) .  

methanol, a c e t o n i t r i l e  and acetone.  
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1799 R E m I O N - E L U E N T  COHPOSITION RELATIONSHIPS 

broad ranges by using buffered e luen t s ,  kc i n  the case of l iquid- l iquid 

pa r t i t i on .  

Some r e t en t ion  of the ionized form of e l e c t r o l y t e  hds been reported (60, 61) 

so t h a t  k' > is obtained also for complete ionizat ion.  An exdmple is given 

i n  Figure 1 4 ;  s ince  t h e  k' values are p lo t t ed  i n  a lineax scale, the curves 

a r e  5-shallped (cf. R e f .  2 2 ) .  

Thus, r e l a t ionsh ips  analogous t o  Equation 5a, b should be obtdined. 

d .  

Ion associat ion s y s t e m s  have become v e r y  popular, especially i n  reversed- 

Non-polar adsorbents - e luen t s  containing i o n - w i r i n g  reagents  

phase HPLC; a review of their appl icat ions has r ecen t ly  been published by 

I 
4 0  S.0 2 0  0 "  

PH 
Figure 14. k' vs. pH p l o t s  of carboxylic ac ids  f o r  the s y s t e m  aqueous 

buffer solut ion (eluent)  - 00s s i l i c a .  HPLC (60). 
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1800 SOCZEVINSKI 

lbmlinron et  d l .  ( 3 3 ) .  

e s p e c i a l l y  by fornution o f  ion p d i r s  w i t h  h y d r o p h o b i c  counterions s u c h  a s  

C,HlSSO;, (C H ) N+. 

exchanger" t y p o  was f irst  r e p o r t e d  f o r  the chromdtography  o f  m e t a l  ions ( 6 2 ) ,  

for  some e a r l y  a p p l i c a t i o n s  i n  the chromatography of o r g a n i c  e l e c t r o l y t e s  cf. 

Ref. (63) (HPLC) and ( 6 4 )  (paper c h r o r m t o g r a p h y ) .  &pend ing  upon the e l u e n t  

c o m p o s i t i o n ,  awchurism r a n g i n g  f m m  a d s o r p t i o n  of ion pairs to l i q u i d - l i q u i d  

d i s t r i b u t i o n  betiman tho m o b i l e  p h a s e  and s t a t i o n a r y  p h a s e  ( f o r m e d  i n  the 

p o r e s  o f  the a d s o r t a n t )  cdn be ob fx ined .  

T h o  a d s o r p t i o n  o f  ionic species i s  g r e a d y  e n h a n c e d ,  

The u s e  o f  i o n - p a i r i n g  r e a g e n t s  o f  the " l i q u i d  ion 
4 9 4  

R e l a t i o n s h i p  o f  the first t y p e ,  E q u a t i o n  ( 1 2 ) ,  a r e  o b t a i n e d  o n l y  for  

the s i m p l e s t  C d S e  o f  i o n - p a i r i n g  e q u i l i b r i a .  As d i s c u s s e d  above  for l i q u i d -  

l i q u i d  p a r t i t i o n  s y s t e m ,  a d d i t i o n a l  e f f e c t s  c a n  f r e q u e n t l y  g i v e  nnre c o m p l e x  

r e l a t i o n s h i p s .  e s p e c i a l l y  in l i q u i d - s o l i d  s y s t e m s  (29 ,  3 3 ) .  Examples  of l o g  k '  

vs. log [ X - 1  p l o t s  are i l l u s t r a t e d  i n  Figure 15 ( p o l a r  a d s o r b e n t )  (651, w h i l e  

Ln F i g u r e  16 ( 6 6 )  other d a t a  a r e  r e p r e s e n t e d  i n  a l i n e a r  c o o r d i n a t e  s y s t e m  

/ -1.0 

1/8 1/4 1/2 1 2 4 
'/b w/v Cetrimidr 

Figure 1 5 .  log k' valuor o f  d y e s t u f f s  and i n t e r m e d i a t e s  p l o t t e d  a g a i n s t  
log t o f  c o t r i m i d s  in 75% dqllwus p t o p a m l .  Adsorbent - 
s i l i c a .  HPLC ( 6 5 ) .  
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4 

3 

* 

2 

I 

0 20 40 60 
nExrLSuLFATE [mM] 

Figure 1 6 .  k' values of catecholamine derivatives plotted against 
concentrations of hexyl su l fa te  i n  aqueous eluent. 
Adsorbent - OLS s i l i ca .  HPLC ( 6 6 1 .  

(it f o l lows  from Equation 11 that ,  for  the simplest case of reversed-phase 

sjstems, k' = const. [ r l ) .  

An analogous association mechanism (however, of the liyand exchange 

type) has been reported by Karger e t  a l .  Solute molecules, e.g., DANS-amno 

acids, selective1 y form a complex with 4-dodecyldiethylenetriamne and ZnZ* 

ions, which i s  strongly adsorbed by the ODs-silica. The exchange and adsorp 

tion equilibria are su f f ic ien t ly  rapid and the se lec t iv i ty  o f  the system LS 

very good, even pernutting separation of enantiomers ( 6 7 ) .  

,- 

CONCLUDING REMARKS 

The survey of quantitative retention-eluent composition relationships 

i s  incomplete owing to  the great variety of adsorbent - eluent systems repr ted  

so f a r  i n  the l i terature (e.g., (68)). Frequently, m r e  complex systems are 
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1802 SOCZEKINSKI 

employed (for instance,  non-polar adsorbent - w a t e r  + methanol + ion pa i r ing  

reagent,  i n  w h i c h  the  eluent composition can be varied i n  tw dimensions). 

The discussion denunstrated that  l og  k' values (Rn corrected f o r  pre- 

adsorption e f f e c t s  i n  TLCl seem t o  be the most convenient r e t en t ion  parameter 

i n  the analysis  of quan t i t a t ive  retention-composition r e l a t ionsh ips ,  pre- 

sumably owing to  its simple r e l a t i o n  t o  tJm difference of standard chemical 

p o t e n t i d s  of ths solute .  The u s e  o f  t k  theore t i ca l ly  subs t an t i a t ed  p l o t s  

permits one not only to  describe,  simply, the p r o p e n i e s  of  the chromatographic 

s y s t e m ,  but a l s o  W obtain addi t ional  information about the mechanism of r e t en t ion  

and. thus,  about the mlecular s t r u c t u r e s  of t he  separated compounds. In a rb i -  

t r a r y  coordinate systems, the analogies and d i f f e rences  o f  s o l u t e  behavior a r e  

much less obvious (compare Fig. 17 and Fig. 4 ) .  

As s t a t e d  above, the formulas discussed dre approximate and l i n e a r  s ec t ions  

of p l o t s  obtained for narrow ranges o f  determinable k *  values and eluent  concen- 

t r a t i o n s  may, i n  f a c t ,  be p a r t s  o f  cu rv i l i nea r  p lo t s .  

0 2 4 e 0 
% TBP 

Figure 1 7 .  adta of Fig. 4 ,  RF vs. t TBP p l o t s  ( 2 4 ) .  
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F o r  t h i n - l a y e r  c h t o m d t o g r a p h y .  a d d i t i o n d l  PhenOnmnd,  w h i c h  d e p e n d  upon 

the technique a n d  experimental c o n d i t i o n s ,  may d i s t o r t  the theoretical relation- 

s h i p s :  however, u n d e r  certain c o n d i t i o n s ,  these e f f e c t s  can ha L i m i t e d  so that  

p h y s i c o c h e m i c a l  c o n c l u s i o n s  can also bc o b t a i m d  f r o m  the less accurate TLC 

d a t a  (14, 49 ,  6 9 ) .  T h e  e f f e c t s  are less s i g n i f i c d n t  f o r  RP d d s o r b e n t s .  

In the a u t h o r ' s  o p i n i o n ,  the ra t iona l  us. o f  c h r o n n t o g r a p h y  r e q u i r e s  an 

u n d e r s t a n d i n g  o f  the basic p m c e s s o ~ ,  even i n  s u n p l i f i e d  f o r m ,  j u s t  a s  it i s  

n e c e s s a r y  t o  u n d e r s t a n d  a c i d - b a s e ,  r e d o r  or ccmplerat'ion equilibria t o  a p p l y  

t i t r imtr ic  methods.  
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