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DESCRIPTION OF NON-SPECIFIC AND 
SPEC1 F IC SOLUTE-SOLVENT INTERACTIONS 

IN LIQUID CHROMATOGRAPHY WITH 
MIXED ELUENTS 

M. Jaroniec* and D. E. Martire 
Department of Chemistry 

Georgetown University 
Washington, D.C. 2005 7 

ABSTRACT 

A new description of solute retention in liquid chromato- 
graphy with mixed eluents is proposed. This description 
involves non-specific solute-solvent and solvent-solvent 
interactions in the mobile and surface phases as well as assoc- 
iation equilibria occuring in these phases. The general equation 
derived for  the distribution coefficient is discussed with 
respect to the displacement and partition mechanisms of solute 
distribution between the mobile and surface phases. 

INTRODUCTION 

Many attempts have been made to describe solute retention 

in liquid chromatography (LC) with mixed eluents [see reviews 

(1-7), papers (8-12) and references therein]. Usually, the 

* Permanent address: Institute of Chemistry, M. Curie-Sklodowska 
University, 20031 Lublin, Poland. 
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542 JARONIEC AND MARTIRE 

solute retention models are formulated in terms of classical 

thermodynamics (1,2) by considering only some factors governing 

the chromatographic process. Since this process is determined 

by many factors, such as: the competitive character of solute 

and solvent adsorption, non-specific and specific solute-solvent 

and solvent-solvent interactions in the mobile and stationary 

phases, multilayer nature of the surface phase and its structure 

involving different orientations of solute and solvent pnolecules, 

differences in r,iolecular sizes of solute and solvents, surface 

ana structural heterogeneitv of the adsorbents, etc., it is 

impossible to formulate a simple model of solute retention 

taking into account all the factors listed above. Up to now, 

theoretical studies of the LC process have focused on models 

involving the competitive character of solute and solvent 

adsorption ( 2 , 6 . 1 3 - 1 5 ) ,  non-specific ( 2 , 7 - 1 0 , 1 2 )  and specific 

(1,16--20) interactions in the mobile and surface phases, and 

adsorbent heterogeneity ( 2 1 - 2 4 ) .  It follows from these studies 

that the competitive character of solute and solvent adsorption 

and solute-solvent and solvent-solvent interactions in both 

phases play a dominant role in solute retention. While the 

role of competitive adsorption in the solute retention process 

is well recognized ( 2 , 4 , 6 - 1 0 , 1 3 ) ,  our knowledge about the role 

of solute-solvent and solvent-solvent interactions in the LC 

process is less complete. A full description of solute-solvent 

and solvent-solvent interactions in the LC process is very 

difficult and leads to complicated equations, which are of 

limited use for interpreting experimental data. 

Several treatments have been proposed to derive equations 

for the solute distribution coefficient involving non-specific 

(2 ,7 -10 ,12)  and specific (1,16-20) interactions between solute 

and solvent molecules in the mobile and surface phases. The 
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SOLUTE-SOLVENT INTERACTIONS WITH MIXED ELUENTS 543 

non-specific interactions were described in terms of solute 

and solvent activity coefficients derived from a lattice model 

of solutions (10,25), as well as in terms of statistical thermo- 

dynamics (6,9,26). The specific interactions were represented 

by suitable quasi-chemical reactions occuring in the mobile 

and surface phases and leading to formation of solute-solvent 

and solvent-solvent complexes (associates) (1,16-20). Especially 

simple equations have been derived for association models 

assuming formation of 1:l pure and mixed complexes in the 

mobile phase (1,18). It follows from these model studies ( 2 0 )  

that the assumption of an association model with 1:l complexes 

is already sufficient for quantitative estimation of the effects 

connected with specific solute-solvent and. solvent-solvent 

interactions. This indicates that LC models assuming formation 

of 1:l complexes should be useful for evaluating association 

effects in solute retention. Experimental verification of these 

models have confirmed their utility for interpreting LC 

data (27-30). 

In previous studies concerning interaction effects in 

solute retention (1 ,16-20,27-30) ,  non-specific and specific 

interaction effects were considered separately. While such an 

approach is fully acceptable for LC systems with negligible 

specific interactions, it may be inaypropriate in the case of 

LC systems with specific interactions because these systems 

also show non-specific (dispersive) interactions. Only in the 

case of strong specific interactions giving a considerably 

greater contribution to the total interaction effect than that 

arising from non-specific interactions, may solute retention 

models involving association and simultaneously neglecting 

non-specific interactions be used for approximate estimation 

of the interaction effects in the LC process. In other cases, 
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544 JARONIEC AND MARTIRE 

solute retention models taking into account the specific 

interactions in bot:? phases should also involve the non-specific 

interactions between solute and solvent molecules. This is 

especially inportant in the case of models involving solute- 

solvent specific interactions because it gives a usually 

smaller contribution to the total interaction effect than that 

arising from solvent-solvent interactions, e.g., strong assoc- 

iation of the polar solvent ( 2 7 - 3 0 ) .  Thus, for systems contain- 

ing 1:l solute-solvent complexes the contribution arising from 

dispersive (non-specific) interactions may also be significant 

in comparison to the association effect. Accordingly, this 

work represents an attempt at a simple theoretical description 

of a solute retention model involving both non-specific and 

specific solute-solvent interactions. 

THEORY 

General considerations 

Let us consider the s-th solute chromatographed in the 

eluent (1+2), where 1 and 2 denote solvents. The molecular 

sizes of solute and solvents are different and ri denotes the 

number of segments in a molecule of the i-th component (solute 

or solvent). The non-specific (dispersive) solute-solvent and 

solvent-solvent interactions in the mobile and surface (statio- 

nary) phases will be described in terms of activity coefficients 

derived from a lattice model of solutions. The specific inter- 

actions will be considered in the mobile phase only. With solid 

surfaces that interact strongly with adsorbate molecules, e.g., 

a silica surface, the active centres (e.g., silanol groups of 

the silica surface) can compete with solute-solvent complexes. 
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SOLUTE-SOLVENT INTERACTIONS WITH MIXED ELUENTS 545 

Thus, the stronger interactions of solute and solvent molecules 

with the active centres of the solid surface should preclude 

formation of molecular complexes in the surface phase ( 1 9 ) .  

To simplify the theoretical considerations we assume that the 

only 1:l solute-solvent associates are formed. As was mentioned 

in the introduction this association model is sufficient (20) 

to represent the specific solute-solvent interactions in the 

mobile phase. 

According to the above assumptions, the mobile phase 

contains single molecules of the s-th solute, first and second 

solvents, and mixed associates consisting of one solute molecule 

and one molecule of the first solvent. However, the surface 

phase contains only single molecules of solute and solvents. 

Description of non-specific interactions in both phases 

Prom a molecular viewpoint the mobile phase may be 

considered as a four-component solution containing single 

molecules of the s-th solute, first and second solvents (three 

components) and 1:l solute-solvent complexes (associates) 

(fourth component). The subscript a is reserved to denote 

quantities referring to the solute-solvent associates composed 

of one molecule of the s-th solute and one molecule of the 

first solvent. Thus, each associate in question has ra = r +r 

segments, where rs and r 

molecules of the s-th solute and first solvent, respectively. 

Taking into account the considerations presented in the 

previous papers (10 ,25 ) ,  we can express the activity coefficients 

1 s  
denote the numbers of segments in 1 

y, ! L L  , y1 , y; and y R  referring to infinitely low concentration a 
of the solute (then the concentration of the complexes is also 
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546 JARONIEC AND MARTIRE 

1 1 .  where $i 1s  the volume fraction of the i-th component (i = s,a,1,2) 
L in the mobile phase, and xij is the interaction parameter defined 

by: 

R The symbol wij denotes the lion-specific interaction energy between 

two segments of the i-th and j-th molecules in the mobile phase, 

ze is the lattice coordination number in the mobile phase, and 

the superscript L denotes the mobile phase. Equations 1-4 define 

the activity coefficients for solute, solvents and associates by 

assuming ranaom mixing of molecules in the mobile phase. Although 

the assumption of association equilibria in this phase perturbs 

this random mixing, this perturbation is negligible because we 

assumed only formation of 1:l solute-solvent complexes, the con- 

centration of which is determined by infinitely low solute con- 

centration. [However, for models assuming solvent-solvent assoc- 

iation this perturbation may be significant and the equations 

should contain corrections for non-random mixing of molecules (31)] 
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SOLUTE-SOLVENT INTERACTIONS WITH MIXED ELUENTS 547 

R R 

R R R These parameters may be expressed by means of xlS , x2s and x12. 
To derive the suitable relationships, let us define the inter- 

R L R R action energies waa , was , ula and u2a ; they are (31): 

Equation 2 contains the interaction parameters xla and x~~ . 

R 2w L + 2 flfsOls + fs waa = fl W11 

w a  = f w R  + f OR 

SS 
R 

as s ss 1 Is 

a. R 
u!a = fswls + flu11 

wia = f 0 
5 2s + flw12 

R R 

where 

fl + fs = 1 

and 

fl = rl/ra = rl/(rl + rs) 

Taking into account the definition of and equations 

6-11 we have: 

R 2 R  

R R R R 

; fs = rs/ra = rs/(rl + rs) 

ij 

Xla = fs xis 

x2a = fsx2s + f1~12 - flfsXls 

(10) 

R Thus, the parameters xla and xR 2a 
replaced by equations 12 and 13, respectively. Then, equation 2 

may be rewritten as follows: 

appearing in equation 2 may be 
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548 JARONIEC AND MARTIRE 

The surface activity coefficients will be presented only 

for solute and solvents, because according to our earlier 

assamption the surface phase does not contain associates. They 

are expressed Ly analogous equations to those defining the bulk 

where 

(17 

U x u .  = (zO/k Y ) [ W ? .  - 0 . 5 ( w ?  + w a . ) ]  ; x?. = x and i#j ( 2 0 )  
17 B 11 li 11 11 ji 

The superscript a refers to the surface (stationary) phase. 

qescription of solute-solvent specific interactions in the 

mobile phase 

The solute-solvent s?ecific interactions in the mobile phase 

may be represented by the following quasi-chemical reaction (1) z 

The equilibrium constant relating to this reaction is defined as 

follows: 
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SOLUTE-SOLVENT INTERACTIONS WITH MIXED ELUENTS 549 

where oL 
according to the reaction 21 , and ihe activity coefficients yk,  

y1 and yk are defined by equations 14, 3 and 1, respectively. 

denotes the volume fraction of the associates formed 

2 

Description of solute distribution between the mobile and 

stationary phases 

The solute can transfer from the mobile phase to the statio- 

nary phase according to the displacement or partition models, 

which are described elsewhere (10). This transfer may occur 

through distribation of single solute molecules and 1:l solute- 

solvent complexes between both phases. Since, the solute-solvent 

complexes interact weakly with the solid surface in comparison 

to the single solute molecules and their molecular sizes are 

greater than the solute molecular size, we assume that the solute 

distribution between both pnases is due only to single solute 

molecules. These energetic and sterical factors favor such a solute 

distribution mechanism. 

In general, the equation describing the distribution 

mechanism of single solute molecules between two phases may be 

written as follows (10): 

where Ksl denotes the thermodynamic equilibrium constant connected 

with the difference of adsorption energies of the solute and 

first solvent, and the bulk and surface activity coefficients of 

the s-th solute and first solvent are given by equations 1,3,17,18. 

Evaluation of the surface phase composition 

The surface (stationary) phase contains molecules of solute 

and solvents, i.e., 
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JARONIEC AND MARTIRE 

( 2 4 )  

Since, the solute concentration is infinitely low ($: -+ 0) we 

have : 

( 2 5  u u  91 + '2 .̂ 1 

The surface phase composition may be described by an equation 

analogous to equation 23; it is 

where K denotes the thermodynamic equilibrium constant connected 

with the difference of adsorption energies of the 1 - s t  and 2-nd 

solvents, and the bulk and surface activity coefficients of these 

solvents in both phases are given by equations 3,4,18 and 19. 

12 

General expression describing solute retention 

First, we calculate the total volume fractions of solute 

in the mobile and stationary phases (denoted by subscript 0 ) :  

they are: 

a . -  R Q  
' 0 , s  - ' s  + 'a 

Thus, the distribution coefficient ks is given by: 

Equations 27 and 22 give: 

Combining equations 29, 30 and 23 we have: 
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5 5 1  SOLUTE-SOLVENT INTERACTIONS WITH MIXED ELUENTS 

Equation 31 may be considerably simplified by application of 

equation 15 to express the ratio yty:/yk : 

ks = K s l  (Y,/Y,) 9 ° C  1 (@~Y'~)/(@~Y~) i! 9. 3 rs/rl (1 + C'AQb:)-l ( 3 2 )  

Equation 3 2  describes the distribution coefficient in terms of the 

assumed chromatographic model. This equation indicates that one 

must take into account the non-specific interactions in the 

mobile phase to extract a meaningful equilibrium cons~tant for 

association (C') . The volume fraction $; determining the surface 

phase composition may be evaluated according to equation 2 6 .  

The distribution coefficients ks(l) and k s ( 2 )  refer to pure sol- 

vents 1 and 2, respectively; they are: 

R c  where for 9, = @ 2  = 0 we have: 

Similarly 

where 
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552 JARONIEC AND MARTIRE 

In the above, yE(l) and 

coefficients yg and y: as q?l + 1: sirrilarly, azid y p  

P 
( p  = 5, 11) denote the activity coefficients 

y:(l) ( p  = o r  L) denote the activity 
P 

ys (2) 1(2) 
yi and y: as $2 + 1. 

Special cases of equation 31 

Xow, we consider the special cases of equation 31. If we 

neglect association in the mobile phase (CL = 0 )  equation 31 

reduces to the expression discussed in a previous paper (10); it is 

Then, the surface phase composition is determined according to 

equation 26. 

For the pure displacement model (all interaction parameters 

are equal to zero) (lo), equation 31 reduces to the following form: 

where the surface phase composition is defined by the following 

expression: 

If we assume identical molecular sizes of both solvents (rl = r2), 

then 

An analogous expression to equation 41, but written in terms of 

the mole fractions, is discussed elsewhere (1,19). 

In the case of pure partition model discussed in Ref. (lo), 

equation 31 gives: 
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SOLUTE-SO1 VENT INTERACTIONS WITH MIXED ELUENTS 553 

Combining this equation with equation 15 we have: 

In this case the surface phase composition is determined by: 

and 

Equation 45 is considerably simpler than equation 32 and may be 

useful for describing the data measured by reversed-phase liquid 

chromatography. 

According to treatments presented elsewhere (32 ,331 we can 

consider a mixed model of solute retention: then the solute dis- 

tribution may be described by equation 4 5  (partition mechanism 

for solute distribution) and the surface phase composition may be 

determined by equation 42 (solvent interaction parameters are 

equal to zero). Thus, the competitive solvent adsorption is 

assumed to establish the equilibrium composition of the surface 

phase. The surface phase composition for a nonideal solvent 

mixture may be determined by equation 2 6 .  When the solute- 

solvent association is neglected (CR = O), equation 45 reduces 

to a previously discussed equation (32,33): 

and the surface phase composition is determined by equations 

2 6  or 4 2 .  For the pure partition model without association in both 

phases equation 48 should be used together with equation 4 6  

describing the surface phase composition. 
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554 JARONIEC AND MARTIRE 

Determination of the surface phase composition from excess 

adsorption data 

The volume fraction @: appearing in equations defining the 

distribution coefficient ks may be evaluated from the excess 

adsorption data measured for the system: binary eluent + adsor- 
bent (14,24,34). The experimentally measurable adsorption excess 

is defined as follows: 

ne = nu(,: - xl) a. 
1 

where 

(49) 

and 

In the above, xp is the mole fraction of the first solvent in 1 
the p-th phase ( p  = u ,  a ) ;  nI,l is the surface phase capacity 

with respect to the pure component 1. Since 

xP = r4!/(r@; - $i + 1) for p = u ,  

we can express the volume fraction $; by means of ne as 

follows: 

(52) 1 

1 

Thus, equation 49 may be utilized to evaluate the volume fraction 

$I: appearing in equations defining the distribution coefficient 

ks. This equation assumes a sinple form for rl = r2 (then r = 1; 

identical molecular sizes of solvents); it is 
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SOLUTE-SOLVENT INTERACTIONS WITH MIXED ELUENTS 5 5 5  

and 

Equation 54 has been obtained from equation 53; for r = 1 the 

volume fractions are identical to the mole fractions. 

Determination of the parameters nu 

$: , is described in the literature dealing with adsorption from 
solutions (35,36). In general, these quantities may be determined 

from the excess adsorption data as well as from the single-vapor 

adsorption data (36). 

or no, needed to evaluate 
0 1 1  

Solute retention model with association in the surface phase 

Association effects in the stationary phase are generally 

weaker than those in the mobile phase but they may be significant 

in chromatographic systems in which the solute-adsorbent inter- 

actions are cornwarable to the solute-solvent interactions, e.g., 

reversed-phase liquid chromatography. If we assume formation of 

1:l solute-solvent complexes in the stationary phase, then we 

should write an additional equation for y z  ; it is 

or 

where 

( 5 8 )  

( 5 9 )  
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556 JARONIEC AND MARTIRE 

Similarly as in the mobile phase, the equilibrium constant 

describing association in the surface phase is equal to: 

where @' denotes the volume fraction of 1:l solute-solvent 

complexes in the surface phase. Thus, the total volume fraction 
a 

Equations 29, 30, 2 3  and 6 1  give: 

Equation 6 2  may be rewritten as follows: 

where 

L U  
and y1 , yI 
the surface phase composition is defined by equation 2 6 .  

Similarly as in the case of equation 32, a meaningful extraction 

of the equilibrium constants C R  and C' requires taking into 

account the non-specific interactions in the mobile and surface 

phases. It is readily seen that for C' = 0 (no association in the 

surface phase), equation 6 3  becomes equation 32 describing the 

solute retention model with 1:l solute-solvent complexes in the 

mobile phase. 

are defined by equations 3 and 18, respectively; 
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SOLUTE-SOLVENT INTERACTIONS WITH MIXED ELUENTS 557 

C_NCLUDING REMARKS 

Our previous description of the iC process (10) gives 

a geiieral eqaation for the distribution coefficient, which involves 

competitive solute and solvent adsorption as well as non-specific 

solute-solvent and solvent-solvent interactions in both phases. 

In the present paper this approach has been extended to a solute 

retention model involving additionally simple association 

equilibria in the mobile and surface phases. Of course, these 

consiuerations may be easily extended to the solute retention 

models involving more complex association equilibria in both 

phases but the final equations are even more complicated and of 

limited use for practical applications. 
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