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REVERSED-PHASE LIQUID CHROMATOGRAPHY 
WITH MIXED ELUENTS: PARTITION MODEL 

OF RETENTION FOR IONOGENIC SOLUTES 

M. Borbwko, M. Jaroniec, and J .  Piotrowska 
Department of Theoretical Chcmistry 

institute o f  Chemistry 
M.  Curie-Skladowska University 

20031 Lublin, Poland 

ABSTRACT 

Basing on t h e  ure p a r t i t i o n  model o f  so lu te  re ten-  
t i o n  new theoretica! equations f o r  ionogenic so lu tes  are  
discussed. Theae equet lons de f ine  dependence of  the  ca a- 

r a c t e r i s t i c  f o r  the reversed-phase l i q u i d  chromatography. 
c i t y  r a t i o  on the mobile phase composition, which i s  c R a- 

INTRODUCTION 

The reversed-phsee l i q u i d  chromatography, RPLC, 

becomes one o f  the most popular methods o f  ana lys is  o f  
b i o l o g i c a l l y  a c t i v e  compounde. Many o f  these compound6 
have ionogenic character.  The i r  r e t e n t i o n  mechanism i s  
s t i l l  incomplete ly  described. Experimental s tud ies  o f  
RPLC were focused on t h e  system w i t h  aqueous b u f f e r s  used 
as the mobi le  phase /3.-7/. Recent ly,  the mixed organic/  
aqueous e luente are  more and more used f o r  separat ion of 
these compounds /1,8/. 
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2034 BOROWKO. JAKONIEC, A N D  PIOI'ROWSKA 

Theore t ica l  approaches t o  RPLC were c r i t i c a l l y  d is -  
cuaeed by Horvath and Melander /9/. However, Jaroniec and 
M a r t i r e  / lo/  propoaed a simple u n i f i e d  theory o f  l i q u i d  
chromatography, LC,  w i t h  mixed mobi le phases. The i r  t r e -  
atment i s  formulated on the bas is  o f  the quasichemical 
approach t o  LC /11,12/. They propoaed general  expression8 
f o r  the d i s t r i b u t i o n  c o e f f i c i e n t  o f  a so lu te  i n v o l v i n g  
concurrent adsorpt ion and p a r t i t i o n  e f fec ts .  

RPLC w i t h  the mixed mobile phase was app l ied  f o r  descr i -  
b ing the r e t e n t i o n  o f  ionogenic solutes.  However, i n  t h i s  
paper the so lu te  d i s s o c i a t i o n  e f f e c t s  a re  discussed f o r  
RPLC systems, i n  which the p a r t i t i o n  mechanism p lays  
a predominant r o l e  i n  the so lu te  re ten t ion .  

I n  our previoua paper /13/ the adsorpt ion model of 

THEORETICAL 
Le t  us consider a chromatographic system c o n r i r t i n g  

o f  the s- th  so lu te ,  aqueous/organic e luant  and adsorbent 
w i t h  chemical ly  bonded phase o r  aovered by a nonpolar 
s t a t i o n a r y  l i q u i d ;  s- th  eo lu te  may be a weak a c i d  o r  
a weak bare d i ssoc ia t i ng  CIS f O l l O W 8 :  

AH # A -  + n+ 

BH+ p B + H+ (2) 

where BH' l a  the protonated base. 
The d i ssoa ia t i on  e q u i l i b r i a  e re  usua l l y  character ized by 
the a c i d i c  I o n i z a t i o n  constant L* : 

a a +/ao /acid/ 

/base/ 
L*P { " 

a O'H+/~ 1 

where aH+ 
and tha oc-th form o f  the 80th s o l u t e  i n  the mobile phase, 

and ad:/6C=0,1/ a re  the a c t i v i t i e s  o f  i o n  H+ 
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RPLC w i n i  MIXED ELUENTS 2035 

respec t i ve l y ;  QC PO r e f e r s  t o  the n e u t r a l  molecules 
/AH or B/, whereas ce=l denotes i ons  /A- or en+/. 
A f t e r  8imple t ransformat ione we ob ta in  /13/: 

where 
e- th  so lu te  i n  the mobile phase; the  func t i on  
def ined ae fo l l ows :  

x(:)ir the mole f r a c t i o n  o f  the d-th form o f  the 
F‘l) is 

where 

pL - -log L 

and 
i n  the mobile phase. I n  severa l  equations a double eign 
appears; then the upper s ign  r e f e r s  t o  the a c i d  whereas 
the lower s i g n  18 connected w i t h  the baee. 

by /13/: 

fH+, frJ denote the s u i t a b l e  a c t i v i t y  c o e f f i c i e n t 8  

t h e  capac i ty  f a c t o r  o f  the s - th  801Ute i s  g iven 

where 
s - th  so lu te  i n  the s t a t i o n a r y  phage, and q 18 a cons- 
t a n t  c h a r a c t e r i e t i c  f o r  the ohromatographic bed /14/. 

Let  us de f ine  the  cepac i ty  r a t i o  o f  the d - t h  form o f  the 

y(r’ i r  t h e  mole f r a c t i o n  o f  the 6 t h  form o f  the 

8-th so lu te  as fo l lows:  

Combination o f  equations 4-0 g ives :  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
5
:
0
7
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



2036 BOHOWKO, JARONIEC, AND YIOTROWSKA 

Equation 9 may be r e w r i t t e n  i n  the fo l l ow ing  form: 

I n  a general  case L is a func t i on  o f  the so lvent  compo- 
s i t i o n  and pH o f  the bu f fe red  mobile phase because the 
a c t i v i t y  c o e f f i c i e n t s  depend upon these quan t i t i es .  The 
m a j o r i t y  o f  t h e o r e t i c a l  approaches t o  the r e t e n t i o n  o f  
ionogenic r o l u t s s  neglect  the dependence of L upon pH. 
Then, L is assumed t o  be constant f o r  a given concentra 
t i o n  o f  organic  solvent.  I n  t h i s  case the curves ke  ve. 
( kA1) -ks)/[H+J / f o r  ac id /  and k, vs.(k:" -k,)[H+] / f o r  
base/ have l i n e a r  coursee. 

e t  a1./15/ f o r  the  a c i d i c  Solute and bu f fe red  aqueous 
mobile phase. They proposed the chromatographic method 
fo r  determining the diSSOCiatiOn constant L* / i n  t h e i r  
t r e e  tment fH+ = f':)=l f o r  OC=O,I. so L*=L/. 
However, equat ion 10 a l lows ua t o  determine the  func t i on  
L d ( x o )  ; x 
i n  the mobile phase. 

capac i ty  r a t i o  o f  i o n i r e d  form /kA1)/ i s  coneiderably 
smal ler  than the capac i ty  r a t i o  o f  the  unionized one. 
Frequent ly the assumption kil) PO i s  s u f f i c i e n t l y  j u s t i -  
f i e d .  In t h i s  case we have: 

Equation analogous t o  10 has been der ived by Horvath 

is the mole f r a c t i o n  o f  the organic  so lvent  

I t  f o l ~ o w s  from exper imental  s tud ies  /15/ t h a t  the 

0 

k8 = kAo)F* 

where 

F*= F*(xO) = ( l + F  (") -' 
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RPLC WlTH MIXED ELUENTS 2037 

Equations 9 and 10 may be general ized f o r  po ly-  
t r o p i c  e l e c t r o l y t e s .  
The d i ssoc ia t i on  o f  the a c i d  AHn may be descr ibed by 
the fo l l ow ing  reac t ions :  

character ized by the stepwise i o n i z a t i o n  constants 
One can w r i t e  analogous reac t ions  f o r  the protonated 
base B(H~), . 
s o l u t i o n ,  we ob ta in  the fo l l ow ing  formula f o r  the capa- 
c i t y  rat io  of  the p o l y t r o p i c  a c i d  o r  base: 

rtn! 

Simp l i f y i ng  the problem by assuming i d e a l i t y  o f  t h e  

+ t i ) )  f o r  
-( ~PH-PL F ") I 10 

and kii) i s  the capac i ty  r a t i o  o f  the  ion w i t h  the 
charge equal t o  I. 
When kii) =O ( i ~ 1 . 2 ,  ..n) equat ion 14 becomes the form 
11 w i t h  the func t i on  F* given by:  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
5
:
0
7
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



2038 BOROWKO, JARONIEC, A N D  PIOTROWSKA 

The equationo f o r  monotropic e l e c t r o l y t e s  a re  the  l i m i t -  
i n g  case o f  the above expressions f o r  E( i )+O /acid/ 
o r  

The problem o f  an ana lys is  o f  p o l y t r o p i c  e l e c t r o l y t e s  by 
us ing l i q u i d - l i q u i d  chromatography was discussed i n  the 
paper by Soczewihski /16/. 

A l l  above discussed squatione are  t r u e  f o r  any 
mechanism o f  the so lu te  re ten t ion .  However, a dmpendence 
o f  the  cepac i ty  r a t i o  upon the mobi le phaee composition 
k,sks(xd may be obtained on ly  f o r  chosen model o f  the 
so lu te  d i s t r i b u t i o n  between the mobile and e t a t l o n a r y  
phases. Using the method propoaed i n  the paper /13/ one 
can c a l c u l a t e  the func t i on  ka=ks(xJ f o r  the chromato- 
graphic systems i n  which the compet i t ive ad8orpt ion p lay  
a considerable ro le .  

When the pure p a r t i t i o n  model /lo/ is a more 
adequate one the capac i ty  r a t i o  may be ca lcu la ted  from 
equations 9 o r  14 by us ing the  fo l l ow ing  expressions 
for the capaci ty  r a t i o s  o f  the i on i zed  and n e u t r a l  forms 
o f  the o-th so lu te :  

C ( i ) 4 ~  /base/ ; i 3 2.  

where g:) I s  the a c t i v i t y  c o e f f i c i e n t  o f  the H- th  form 
i n  the s t a t i o n e r y  phase. 
According t o  the  paper / lo/  w e  can w r i t e :  

(19) 

where xw denotes the mole f r a c t i o n  o f  the water i n  the 
mobile phase, re i s  the r a t i o  o f  molecular s izes  o f  the 
so lu te  and so lvents  /molecular sizes o f  the so lvents  a re  
assumed t o  be equal/, 3dow is the i n t e r a c t i o n  parameter 
charac ter iz ing  the mixed e luent ,  whereas ks (j/cl / j=o,w/ 

(4 
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RPLC WITH MIXED ELUENT$ 2039 

represents p a r t i t i o n  o f  the a - t h  form o f  the s - th  
so lu te  between the j - t h  pure so lvent  and a s t a t i o n a r y  
phase conta in ing on ly  the immiscible w i t h  t h i s  so l -  
vent component c. 
Because a d i e l e c t r i c  constant o f  the component c 
chemical ly bonded w i t h  the surface i s  ra the r  smal l  the 
concentrat ion o f  i o n i c  forms tahould be low. Thus, we 
can assume t h a t  k r = O  f o r  d m 1  and use equat ion 11 
f o r  c a l c u l a t i n g  capaci ty  r a t i o  k,. 
Combination o f  equations 11 and 19 leads t o  the 
fo l l ow ing  expression: 

where 

A E 0.434 fa  xow 

Equations 20,21 and 12 o r  17 a l l ow  us t o  p r e d i c t  the 
f u n c t i o n a l  dependence o f  the capac i ty  r a t i o  upon t h e  
mixed so lvent  composition f o r  the ionogenic solutes.  
When d i s s o c i a t i o n  e f f e c t s  a re  not observed l o g  F*=O 
and equat ion 20 i s  analogous t o  tha t  der ived by Scho- 
enmakers e t  e l .  /17,18/. 

RESULTS AND DISCUSSION 

The mathematical ana lys is  o f  the equations 20 
and 21  leads t o  the fo l l ow ing  conclusions concerning 
the e s s e n t i a l  features o f  the dependence l o g  k, vs.xo 
f o r  the weak a c i d  o r  base: 
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2040 BOROWKO, JARONIEC, AND PIOTROWSKA 

1' when d i s s o c i a t i o n  e f f e c t s  may be neglected /low 
values o f  pH f o r  a c i d  and h igh  values o f  pH f o r  
base/ the dependence log ks va. xo I s  a parabola. 

e l e c t r o l y t e  /pH>pL+l f o r  a c i d  o r  pH<pL-1 f o r  base/ 
u n i t y  i n  t h e  func t i on  

2' I n  the range o f  almost completely d iasoc iated 

F" may be neglected, and: 

I f  we assume the fo l l ow ing  dependence f o r  pL /13/: 

PL  = ytxo + f 

then we a l so  ob ta in  t h e  parabola:  

(231 

log ka = A'x2  + B'x0 + C '  (24) 
0 

where A ' ,  B ' ,  and C '  a re  the constants equal t o :  

I t  is e a s i l y  t o  show tha t  the parebola 24 reaches 
min . . a minimum a t  p o i n t  xo 

x;In= -B ' /2A '  

3' Sometimes p~ is p r a c t i  11: independe 

(26) 

t on the mole 
f r a c t i o n  i n  8 wide concentrat ion range / ~ = 0 / ~  

/13119/. I n  t h i s  case l o g  F(xo)=const and the curve 
l o g  ks va. xo ca lcu la ted  f rom the general  equation 
20 is a parebola f o r  any value o f  pH. 
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4 O  Deviat ions from pa rabo l i c  course o f  the dependence 
g iven by equat ion 20 may be observed when pL i s  not 
a simple l i n e a r  func t i on  o f  the organic so lvent  mole 
f rac t i on .  Equation 23 approximates exper imental  data 
o n l y  f o r  ~ $ 0 . 6 .  When xJO.8 pL d ramat i ca l l y  
increases /19/. 

I l l u s t r a t i v e  model ca l cu la t i ons  were performed f o r  
a monotropic a c i d  according t o  equations 20 and 24. 
F igure  l a  ehows curves l o g  ks v8. x p l o t t e d  according 
t o  equat ion 20 f o r  pL=conet and d i f f e r e n t  values o f  pH. 
An Increase i n  the pH-value causes a t r a n s l a t i o n  o f  
the parabola toward lower values o f  the capac i ty  r a t i o .  
The opposi te e f f e c t  was obaerved f o r  basis. E l  Tayar 
e t  e l .  /20/  repor ted exper imental  parabo l ic  dependences 
l o g  ks vs. xo f o r  severa l  protonated bas ic  compounds 
measured f o r  t he  var ious  values o f  pH o f  the methanol- 
water mobile phase. 
I n  F igure l b  curves l o g  k, vs. xo ca lcu la ted  from 
equat ion 24 are presented. An i n f l uence  o f  type o f  the 
f u n c t i o n a l  r e l a t i o n s h i p  pL=pL(xo) on the capac i ty  r a t i o  
i s  shown here. when the parameter ‘2 increases /e.g. 
when pL f o r  a given so lvent  composition increases/ 
the capac i ty  r a t i o  a l so  increases and the minimum 
moves i n  d i r e c t i o n  o f  lower concentrat ions o f  the orga- 
n i c  solvent.  

as fo l lows:  

0 

Le t  us no t i ce  tha t  equat ion 26 may be r e w r i t t e n  

o r  
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0.5 0.5 

0 Figure 1. Theore t i ca l  dependences 
ca lcu la ted  f o r  log k,(w/c) 
A z 3 . 0  according t o :  
(a) equat ion 20 when pLE5.0 f o r  d i f f e r e n t  Values 

of  pHz6.0, 5.0, 4.0; the dashed l i n e  r e f e r s  t o  
non-dissociat ing so lu te  / F 4 /  

[b) equat ion 24 when pH17.0, 5 ~ 5 . 0  f o r  d i f f e r e n t  
values o f  the parameter ~=1.0, 2.0, 2.5 

log k, VQ. x 
( 0 )  -0.6 , log k, (0) (o/c) =O .2 

where 

/ ( 2 A ) -  0 . 5  ElP l o g  ks(o/c) 

For the se r ies  of  so lures heving the a i m i l a r  molecular 
sizes  /rl=r2=. . .rJ, s i m i l a r  capac i ty  r a t i o s  t n  a pure 
organic solvent end p a r a l l e l  l i n e a r  dependences 23 
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c 
C O  

X 

Figure 2. The example o f  exper imental  l i n e a r  
dependences: 27 f o r  pH=7.5 /2a/ and 28 f o r  
pHm6.5 /2b/, and t h e  fo l l ow ing  substances: 
t i a p r i d e  /1/, prosu lp r lde  /2/, su lp r i de  /3/, 
w l t o p r i d e  /4/, epiperone /5/, c lebopr ide / 6 / ,  
benper ldol  / 7 / ,  mezilamine / 0 / ,  sulmepride /9/: 

/20,21/. 

/‘ti= b= ...t/, the parameters G, 6 o r  F1 
I t  means t h a t  re la t i onsh ip8  26 and 27 are l i n e a r  ones. 
Figure 20 preeents the example o f  dependence 27 f o r  
protonated bas ic  compounds p l o t t e d  f o r  the exper imental  
data taken from l i t e r a t u r e  /20,21/. However, i n  Figure 
2b the l i n e a r  dependence 28 i e  ehown f o r  severa l  
so lu tee chromatographed i n  the water-methanol mobile 
phaee /19/. E l  Tayar e t  a1./21/ repor ted exper imental  
l i n e a r  dependence o f  the type 20 for q u i t e  a r b i t r a r y  
compounds. The above approach a l lows us t o  p r e d i c t  

a re  constant. 
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t h e o r e t i c a l l y  parameters T .  F, El 
o f  the so lu te  f o r  which the l i n e a r  dependences under 
considerat ion are  r i go rous l y  s a t i s f i e d .  

the desc r ip t i on  o f  so lu te  d i s s o c i a t i o n  e f f e c t s  i n  the 
RPLC w i t h  mixed e luents  and forms a background f o r  
f u r t h e r  s tud ies  i n  t h i s  f i e l d .  

and choose the c lass  

The treatment presented i n  t h i s  paper f a u l l i t a t e e  
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