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SUMMARY 

The optimization of retention in liquid-solid chromatography (LSC) is ex- 
plored in the present paper. Previously it was shown possible to calculate solvent 
strength (so values) for multi-component mobile phases, and specifically for quater- 
nary solvent mixtures A-B-C-D. With so held optimum and constant for a particular 
sample, the composition of A-B-C-D can be further varied for optimization of 
separation factors a (solvent selectivity) for various solute-pairs in the sample of 
interest. The selection of optimum pure solvents A-D for this purpose and the sys- 

tematic variation in the proportions of these solvents for optimum separation are 
approached here in terms of a fundamental description of how solvent selectivity 
arises in LSC. In this paper we discuss two major contributions to solvent selectivity: 
solvent/solute localization and solvent-specific localization. In a later paper we apply 
these findings for the development of a systematic approach to the optimization of 
retention in LSC separation_ 

INTRODUCTION 

Optimization in liquid chromatography (LC) refers to the selection of experi- 
mental conditions for adequate separation and acceptable elapsed time per sample. 
Most optimization strategies are based on eqn. 1 for resolution, R,‘: 

R, = ;-(a - I)-fi-[k’/(l -i- k’)] 

Here, Q is the separation factor (k,/k,), N is the plate number of the separation 
system (column or bed) and k’ is the average capacity factor for bands X and Y (k, 
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and kv). It is customary to separately optimize the terms a, N and k’ of eqn. 1 for a 
given separation_ The optimization of N in column chromatography (so-called high- 
performance liquid chromatography, HPLC) is now on a sound theoretical basis’*, 
which allows calculations of preferred conditions for the best compromise between 
large N and short separation time, t. The optimization of retention (k’ and a) is less 
well understood, and is usually approached more empirically. 

Strategies for retention optimization in LC fall into one of three groups: 
(1) empirical (trial-and-error) approaches guided by experience and whatever 

theory is available’ 
(2) statistical-design or computer-search routines which allow intelligent 

guesses for successive trial-and-error changes in conditions- 
(3) development of an overall theory of retention as a function of separation 

conditions; this would then allow the development of optimization schemes based on 
preselection of a small number of well-chosen LC systems, followed by interpolation 
to an optimum system for a given sample. 

Several LC variables are discontinuous in nature (e.g., selection of mobile 
phase solvents A, B, C, . . _, choice of a particular adsorbent, etc.) so that only the third 
approach above offers the possibility of absolute optimization, i.e., choosing con- 
ditions that provide the best possible separation of a given sample. 

In this paper we consider the third approach to optimizing LC separation_ 
Earlier papers5v9 have illustrated how optimization in this fashion might proceed, 
based on partial theories of retention for reversed-phase LC. However, adequately 
complete theories of retention -particularly as regards sample a values- have not yet 
been presented for any of the LC methods. Here we examine one particular LC 
method: liquid-solid (adsorption) chromatography (LSC). Retention for LSC is 
better understood at present than for the remaining LC methods’“-‘4; LSC therefore 
offers a better opportunity for exploring the possibility of the third approach to 
optimization_ Aside from being of value in its own right, optimization in LSC may 
offer guidance for a similar approach to the other LC methods. 

A PRACTICAL SUMMARY OF THE PRESENT PAPER 

A general approach to optimizing retention in LSC is as follows: 
(1) determine the best solvent strength E’ of the mobile phase for optimum k' 

values (OS < k' < 20) of the given sample; this is done by varying the composition 
(% v/v B) of a mobile phase A-B which consists of a weak solvent A and a strong 
solvent B. 

(2) while holding E’ constant, further vary conditions for an optimum spacing 
of sample bands within the chromatogram (maximum a values); this can be done in 
various ways: (a) vary the mobile phase composition by substituting other strong 
solvents (C, D, . . .) for solvent B (Ch. 9 of ref. 1); (b) vary the adsorbent chosen as 
column packing; silica is the usual first choice, but alumina offers different selectivity 
for some samples”; (c) vary the temperature of the column; often temperature has no 
significant effect on a values; however, exceptions have been noted”; (d) take ad- 
vantage of special chemical effects via change in mobile phase pH or the use of com- 
plexing agents (e.g., silver ion for olefins); this approach is limited to samples that are 
acidic or basic, and/or can undergo complexation. In this paper we consider only the 
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theory of LSC solvent strength as a function of mobile phase composition (1, above), 
and the variation in a values as a result of change in mobile phase composition (2a). 
This will in turn allow a major improvement in our ability to develop final LSC 
methods with a minimum of experimental effort. Further improvement in this ap- 
proach (options 2b-d above) can best be attempted after we achieve a good under- 
standing of steps 1 and 2a. An optimization scheme based on steps 1 and 2a is 
presented in a later paperi6. 

Once a mobile phase composition (A-B) has been found that has the optimum 
co value for the sample of interest, we need to be able to calculate other mobile phase 
compositions (A-C, A-D, . . .) that give the same value of so. These new mobile phases 
will then allow us to vary separation selectivity for improved resolution_ It has been 
found elsewhere’*’ ‘-I9 that mobile phases containing more than two solvents (e.g.. 

A-B-C) are required for the maximum exploitation of selectivity in reversed-phase 
LC, when the sample contains several components (this is not the case for a two- 
component sample). This is true of LSC as well. Therefore, a general theory is needed 
for the calculation of co for any multi-component mobile phase. In practice, ternary 
and quaternary-solvent mobile phases will be used. Previous papersi3*” have shown 
that it is possible to calculate the strength of multicomponent mobile phases in LSC 
with adequate precision. 

Changes in a which result from a change in the mobile phase composition are 
presumably due to various physico-chemical phenomena that affect sample retention_ 
These changes in z are very much affected by the particular sample (mixture of 
solutes) selected for study, and there are an almost unlimited number of possible 
mobile phase compositions from which to choose. Consequently, the empirical study 
of mobile phase selectivity will be quite complex, and there is little hope that the 
results obtained will apply to all possible samples. On the other hand, there are a 
much smaller number of these discrete physico-chemical effects that can contribute 
significantly to sample TV values. If we can identify these effects and relate them to 
mobile phase composition in a way that is independent of the nature of the sample to 
be separated, we can bypass much of the potential difficulty in understanding and 
using mobile phase selectivity. 

Several of these physico-chemical effects have already been identified in LSC 
systems”.’ ’ : 

solvent/solute localization 
solvent strength 
hydrogen-bonding in the stationary phase 
hydrogen-bonding in the mobile phase 

In this paper we examine solvent-solute localization. At this time we believe that their 
contribution to sample c( values is generally more important than are hydrogen- 
bonding effects. Later papers will discuss hydrogen-bonding and its exploitation in a 
total-optimization scheme for LSC. Table I summarizes such an approach. 

Solvent strength and tttobiie phase cornposition 
Preceding papersi3*14 have described a general model of solvent strength in 

LSC for the case of mobile phases that contain two to four solvent components. This 
model is based upon a displacement mechanism of solute retention in LSC. Thus, for 
adsorption of a solute X from a mobile phase B, it is assumed that one molecule of X 
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TABLE I 

RETENTION OPTIMIZATION IN LX: CLASSIFJCATLON OF A TOTAL APPROACH 

hex = Hexane; MC = methylene chloride; MTBE = methyl ferr_-butyl ether: ACN = acetonitrile; 
TEA = triethylamine; M = methanol. 

Effect Solvent variables 

1 Optimize solvent strength in terms of k 
2a Optimize selectivity in terms of polar solvents 

(B, C, B-C, etc.) selected for the mobile phase 
Optimize solvent/solute localization (value 

of nz) 

2b 

2c 
2d 

Optimize solvent-specific localization 
Fine-tune solvent strength 
Create solvent-solute hydrogen-bonding 

in stationary phase 

Use proton-acceptor (basic) solvent 
Use proton-donor (acidic) solvent 

Create solvent-solute hydrogen-bonding 
in mobile phase 
Use proton-donor (acidic) solvent 
Use proton-acceptor (basic) solvent 

Optimize column packing (adsorbent type) 

Optimize separation temperature 
Optimize pH, add complexing agents 

A-B hex-MC 

A-B-C hex-MC-MTBE 

A-B-CD hex-MC-MTBE-ACN 
A-B-C-D vary NA 

A-B-C-E hex-MC-MTBE-TEA 
Less effective 

A-&C-F hex-MC-MTBE-M 
Less effective 
Silica, ahnnina; repeat 
steps I and 2a* 
After step 2af* 
After 2a- 

* Solvent strength and selectivity must be reoptimii when adsorbent is changed. 
* Increase N* to compensate for lower k’ at higher temperatures; maintain other N values in same 

ratio (e.g., NcJNa constant)_ 
- Do not change N,, Na, etc. 

in the mobile phase (X,) displaces some number, n, of solvent molecules B from the 
stationary phase (B,) 

X, + n B, s X, -I- 11 B, 

to give a molecule of adsorbed X (X3 and n molecules of B in the mobile phase (B,). 
The effect of solvent strength, e”, on sample retention is then given as 

log (k,/k,) = a’ A, (Ed - q) 

where for a given solute X, k, and k, refer to k’ values for mobile phases 1 and 2, s1 
and c2 refer to solvent strength (EO) values for mobile phases 1 and 2, a’ is an ad- 
sorbent activity parameter and A, refers to the cross-sectional area of the molecule X. 
Values of e” for multicomponent mobile phases can be related to the mole fractions, 
Ni, of each solvent component i in the mobile phase, and to the so values (Ei) of each 
pure solvent i. For so-called “localizing” solventsj (see next section), the value of fj 
varies with the mole fraction, Oi, ofj in the stationary phase. The stationary phase 1s 
assumed to consist of a monolayer of adsorbed solvent molecules. Values of sj are 
relatively constant (.si = E’) at low values of 6j, but J+ decreases as ej approaches a 
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value of 0.75 (toward a lower limiting value E” for Si > 0.9). The condition ej z 0.75 
corresponds to the approximate completion of a “localized” layer of solvent mole- 
cules j in the stationary phase. Further filling of-the monolayer by j (ej > 0.75) 
corresponds to adsorption of non-localizedj molecules. The treatment of refs. 13, 14 
yields values of Bi for all mobile phase components i_ The next section suggests that 
solvent selectivity is also dependent upon values of ei for different mobile phase 
components i. 

Fig. la plots experimental values of co vs. values calculated according to ref. 13, 
for 98 different binary-solvent mobile phase compositions and 22 different strong 
solvents (B, C, . . .). Similarly, Fig. 1 b plots data calculated according to ref. 14 for 
mobile phases consisting of ternary and quaternary-solvent mixtures. The experi- 
mental data are taken from the review13 as well as from ref. 14 and the present paper. 
These data suggest that the procedures of refs. 13, 14 allow the prediction of a0 in LSC 
within to.02 units. This is adequate for selecting optimum-strength mobile phase 
compositions, since resolution, R,, is not a sensitive function of k’, when k’ > 1. 

0.1 02 0 3 0.4 05 0.6 
CALCULATED E’ CALCULATED E’ 

0.1 02 0:3 0.4 0.5 0.6 

Fig. 1. Comparison of experimental solvent strength values for multi-component mobile phases with 
calculated values as in refs. 13, 14 for alumina and silica as adsorbent% a, Binary-solvent mobile phases 13; 
b, mobile phases containing three (0) or four (Cl) solvents (from ref. 14 and present study). 

Solvent selectivity: solvent/solute localization 
This selectivity effect has been discussed previously’2*20, but not developed 

to the degree required for optimization as in a later paperi6. Localization refers 
to the direct interaction of the most polar substituent group, k, in a molecule of solute 
or solvent with a corresponding polar adsorption site which forms part of the ad- 
sorbent surface. Localization of a polar solvent molecule, C, is illustrated in Fig. 2a- 
d. In the case of silica as adsorbent, the polar surface sites are silanols ( E Si-OH), as 
illustrated in Fig. 2a for a side view of the silica surface. These silanol groups are 
shown as asterisks in Fig. 2b from an overhead view of the silica surface; they are 
randomly distributed across the surface, which accords with the current belief that 
porous silicas are non-crystalline’“. Adsorbing solvent molecules C are shown in Fig. 
2c, d as discs, with the polar group k centered on one face of the disc (this assumed 
molecular shape is arbitrary). Fig. 2c shows a side view of the adsorbed monolayer of 
solvent C, with two of the three C molecules (i), shown centered over adsorbent sites, 
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i.e., these molecules (i) are adsorbed with localization_ The third molecule of C in Fig. 
2c (ii) cannot assume the optimum con@uration required for localization and is 
therefore delocalized. Fig. 2d shows an overhead view of the monolayer of adsorbed 
solvent C. Molecules of delocalized C are shown as broken curves, while localized 
molecules are shown as full circles. Delocahzation can be the result of either (a) 
imperfect alignment of the solvent group k with a surface site (ii in Fig. 2c, iia in Fig. 
2d), or (b) crowding of adsorbed C by adjacent molecules in the monolayer (iib in Fig. 
2d, i.e., steric hindrance to adsorption). Localized molecules (i) are held much more 
strongly to the adsorbent surface than are delocalized molecules (ii). 

(a1 (b) 

?H 9” * * * * * * 

* * 

* 
* * 

* * * 
** * 

(c 1 

;** **c-n 

k = -0-, -CHO,-C02CH3, etc. 

(d) 

iio’ - 

(el 
PURE SOLVENT B 

r-y-1 r-3 
* 
L-J L%: :,A 
r,: =--&r-1 

L,JL::_: 

Fig. 2. Visualization of adsorbed solvent monolayer on silica, showing the localization of a polar solvent 
C. a, Side view of silica surface, showing silanol groups; b, overhead view of silica surface, with silanols 
shown as *; c, side view of monolayer of adsorbed solvent molecules C, with polar solvent-group k shown; 
d, overhead view of solvent monolayer in c; e, overhead view of adsorbed monolayer of solvent B (non- 
localizing). See text. 

When a molecule of solute or solvent possesses no strongly polar group k, there 
is no reason for that molecule to prefer a specific position or configuration within the 
adsorbed monolayer, i.e., all molecules will be delocalized. This is illustrated for a less 
polar solvent molecule, B, in Fig. 2e, where molecules of B in the adsorbed monolayer 
are shown as squares. Since all molecules of B are delocalized, they are shown as 
broken squares with no tendency toward centering of the molecule with respect to 
surface sites (vs. Fig. 26 for the localizing solvent C). Polar groups k which can cause 
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the localization of either solvent or solute molecules include such substituents as -O- 
(ether), -COR (ketone), -CO,R (ester), -NR2 (amine) and other functional groups of 
similar polarity. Non-localizing solvents B are less polar compounds such as chloro- 
form, dichloromethane, benzene and RCl, RBr or RI (monohaloalkanes). Localizing 
solvents C include ethers, esters, nitriles and alcohols. 

In LSC separation, moderately polar solvents B and/or polar solvents C are 
generally used in admixture with a non-polar solvent A such as hexane, heptane or 
isooctane. Fig. 3 shows the resulting arrangement of adsorbed solvent molecules 
within the monolayer, for the solvent system A-B (Fig. 3a) and A-C (Fig. 3b). 
Adsorbed molecules A are shown as broken (i.e., delocalized) triangles. The adsorp- 
tion of a solute molecule X (localizing) or Y (non-localizing) from the mobile phase 
A-B is illustrated in Fig. 3c. In either case, because B is non-localizing, the adsorbing 
solute molecule displaces a non-localized molecule of B (or A). In the case of the 
adsorption of X or Y from a mobile phase A-C that is localized (Fig. 3d), X adsorbs 
with localization and must therefore displace a preadsorbed molecule of localized C. 
Because Y is non-localizing, it adsorbs by displacing a non-localized molecule of A 
(or Cj. If we assume that X and Y have the same k’ values (a = 1) in the system A-B 
(Fig. 3c), then the I?’ value of X must be less than that of Y (a + 1) in the system A-C 
(Fig. 3d). The reason is that the free energy required to displace a solvent molecule in 
Fig. 3c is the same for both X and Y, because for each solute the displaced solvent 
molecule (A or B) is delocalized. In Fig. 3d, however, solute X (but not Y) must 
displace a localized molecule of C during adsorption, and the energy required for this 
will be greater than for displacement of a delocalized molecule of C (or A) by an 
adsorbing molecule of Y. 

As a result of solvent/solute localization, a change from a localizing mobile 
phase (A-C) to a non-localizing mobile phase (A-B) can create large differences in 
solvent selectivity and the a values of various solute-pairs. The effect is limited to 
solutes which show some degree of localization, and is therefore more pronounced for 
more polar samples and the stronger mobile phases that are required for their op- 
timum separation. 

A quantitative model: binary-solvent mobile phases. In the general case, both 
solutes and solvents will exhibit varying tendencies toward localization, rather than 
being characterizable as simply “localizing” or “non-localizing”. Thus, the effects of 
solute/solvent localization will increase with increasing tendencies toward localiza- 
tion of solute and solvent (i.e., increase in polarity of the localizing group k in each 
molecule). The effect of solvent localization will also be more pronounced for higher 
mole fractions, N,, of the localizing solvent in the mobile phase A-C, as illustrated in 
Fig. 4. Here, for a lower value of Nc and a resulting value of 0, = 0.5, a molecule of X 
can adsorb with localization by displacing a delocalized molecule of A. However, for 
a higher value of Nc, such that 8, = 0.75, localized adsorption of X requires displace- 
ment of a localized molecule of C. The reason is that with increase in 0, from zero to 
0.75, all adsorbing molecules C can localize onto the surface; when 0,exceeds a value 
of 0.75, additional molecules of C adsorb without localization’3. Therefore, the effect 
of solvent localization on selectivity will increase in magnitude with increase in IV, 
and 6c, until 0, > 0.75. 

Eqn. 3 already recognizes the localization of the solvent and solute. Thus, 
localization of the solvent leads to a predictable change in the value of co (ref. 13. 14), 
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MIXTURE A-B 

(b) 

MIXTURE A-C 

(cl 
LOCALIZING SOLUTE X 

NONLOCALIZING SOLUTE Y 

(d) 

LOCALIZING SOLUTE X 

NONLOCALIZING SOLUTE Y 

Fig. 3. Visualization of adsorption of localizing solute X and non-localking solute Y from mobile phases 
A-B (non-iocalizing) and A-C (locaking); overhead view in each case. a, Solvent monolayer A-B (non- 
localizing); b, solvent monolayer A-C (localizing); c, adsorption of X and Y from mobile phase A-B (with 
displacement of adsorbed solvent molecule); d, adsorption of X and Y From mobile phase A-C (with 
displacement of solvent molecule). See text. 

while localization of the solute leads to a change in its apparent A, value (silica as 
adsorbent”). However, eqn. 3 does not take into account the interaction of these two 
effects as in Fig. 3c, d. Therefore, for the case of polar (Le., localizing) solutes and 
solvents, a term A, must he added to eqn. 3: 

log (kJc2) = CL’ A, (&2 - El) + A, (4) 

The term A r corrects eqn. 3 for the interaction of solute and solvent localization, and 
its effect on k’. From our discussion of Fig. 3 (see also ref. 20), it is clear that AI 
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Fig. 4. Visualization of adsorption of solute X from localizing mobile phase AC Effect of surface 
coverage, 0c, on solvent molecule displaced by X. 

should depend upon both the nature of the solute (X) and the mobile phase (i); d I will 
become larger for increasing localization of both X and i. We therefore expect that d I 
will be a function of parameters d, (solute) and tni (mobile phase); dx measures the 
relative localization of X, and tq increases with both the degree of localization of 
some mobile phase solvent j and with its relative coverage of the adsorbent surface 
(Oj). A linear-free-energy relationship between d, and the parameters d, and i?zi is 
expected, because d, is a free-energy term which is the result of the interaction of 
effects produced by solute localization and solvent localization; such a linear-free- 
energy relationship was verified experimentallZo:* 

A, = -A, nzi (5) 

Because solute/solvent localization leads to decreased retention of the solute, the term 
d, is negative_ 

The expected increase of A, with increasing localization of X has been ob- 
served20. Thus, solute localization increases with the polarity or adsorption energy, 

QE of the most strongly adsorbing group k in the solute molecule, and d, is found 
to increase with QE. 

The solvent selectivity parameter, in, of eqn. 5 is of primary interest in terms of 
controlling separation_ Thus, the sample components in a given ISC separation (and 
values of A, for those solutes) are fixed, but we can vary mobile phase composition so 
as to change m and sample CL values. As described in a following section, values of PIZ 
can be related to mobile phase composition as follows. For the case of a mobile phase 
A--, where the weak solvent A cannot localize and the strong solventj can, the value 
of m is determined by the polarity of purej (m”) and by the mole fraction, 0,, ofj in the 
adsorbed monolayer 

nz = nz” f(Oj) (6) 

where f(ej) varies from zero for 0, = 0 to one for 0, = 1. Eqn. 6 is tested in Fig. 5a, 
where values of @z/m”) are plotted vs. 0, (data of ref. 20 for alumina) for several 
polar solvents. For a total of 35 mobile phases listed in Table II, it is found that m 
is predicted by eqn. 6 with an accuracy of + 0.07 units (1 SD.), for - 0.29 < IZZ d 1.16. 
The function f(e,) vs. (3, used in this calculation is shown as the solid curve in Fig. 5a, 
b, and is listed in Table III. This function was determined as a best fit to the data of 
Fig. 5. 

* Eqn. 5 is expressed in ref. 20 as d = do nt; we have changed the terminology here (see Glossary). 
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Fig. 5. Verification of eqn. 6 for dependence of solvent-selectivity function, m, on surface coverage, 0,, by a 
localiig solventj. a, Constancy of tn/nr IJ = f(ej) vs. f3, for different solvents C and mobile phases A-C 
(alumina, data of Table II). 0, Solvent j is acetonitrile; pyridine; 0, acetone; V, tetrahydrofuran; 
8, ethyl acetate (see Table LI). b, Dependence of f@i> on 0, ftor multi-component mobile phases and silica 
(data of this study and ref. 14, see Table v). 0, Solventj is MTBE; 0, acetonitrile. Solid curve in each 
case (a, b) is the function taken from Table III. 

As expected, the solvent parameter tar’ increases with the adsorption energy QE 
of the most polar solvent group k. Thus, as discussed in a later section, nz” is 0.6 or 
larger for solvents with QE > 3.5. For solvents with QF c 1.8, I,’ is less than 0.4. 
Therefore, more polar solvents j with large values of IN’ (and so) can provide larger 
valties of d, and greater solvent selectivity variation. With such solvents, eqns. 5, 6 
allow us to vary d, in continuous fashion over wide limits, by varying m via change 
in the concentration ofj (Nj). 

Consider next two solutes X and Y, with a referring to k,/k,. Assume two 
mobile phases 1 and 2 which have equal strengths (sr = ~a), let a1 and a2 refer to a 
values in each mobile phase, and let ‘“I and nz2 refer to their solvent selectivity (m) 
values. Further assume that the solvent selectivity m2 for mobile phase 2 is equal to 
zero. From eqns. 4, 5 we can write 

log aI = log a2 + (A, - A,) m, 
or 

log a = C, + C, m (7) 

The constants C, and C, are now defined by the particular pair of solutes (X, Y) 
selected. Eqn. 7 is tested for representative data from ref. 20 in Fig. 6. The agreement 
bf experimental data with the best fit of eqn. 7 in these plots is +0.05-@.06 log units (1 
S.D.), for a range in log a of -0.2 to +0.5. Other solute-pairs from ref. 20 show 
comparable agreement with eqn. 7. 

A quantitative model: mobile phases containing more than two solvents. Assume 
a mobile phase composed of solvents A, B, C, . . ., where A is non-localizing (m” = 0) 
and solvents B, C, . . . exhibit increasing localization -and therefore increasing values 
of m”. The coverage of adsorption sites, with localization of the solvent molecule, can 
be pictured as proceeding in steps: initial adsorption of the strongest solventj until its 
equilibrium surface coverage 0, is attained, then adsorption of the next strongest 
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TABLE II 

ANALYSIS OF SOLVENT-SELECTIVITY PARAMETER, m, FOR DATA FROM REF. 20 

Alumina as adsorbent, binary-solvent mobile phases. Solvent A is pentane. 

Mobile phase A-B 

(% v/p) 
m* 

Exptl. Calc. 

&z* m0 Q,” 

1 Acetonitrile 
0.1 
0.14 
0.3 
0.4 
0.6 
0.7 

2 Pyridine 
2 
5 

3 Acetone 
0.2 
0.4 
0.6 
0.8 

4 Tetrahydrofuran 
2 
5 

5 Triethylamine 
5 

6 Ethyl acetate 
1 
4 

7 Diethyl ether 
2 
5 
9 

23 
8 1,2-Dichloroethane 

15 
9 Chloroform 

15 
30 

10 Dichloromethane 
13 
23 
35 
60 

100 
1 I Ethyl sulfide 

8 
15 

12 Chlorobenzene 
30 

13 Bromoethane 
40 

0.39 0.45 0.31 
0.46 0.57 0.47 
0.87 0.85 0.59 
0.95 0.91 0.64 
0.98 0.94 0.66 
1.09 1.04 0.68 

1.16 1.14 0.83 
1.14 1.17 0.87 

0.42 0.58 0.55 
0.79 0.74 0.64 
0.77 0.80 0.67 
0.91 0.83 0.70 

0.73 0.72 0.76 
0.77 0.77 0.84 

0.77 0.77 0.83 

0.65 0.65 0.73 
0.72 0.72 0.85 

0.32 0.26 0.47 
0.55 0.47 0.63 
0.47 0.53 0.73 
0.43 0.58 0.85 

0.33 0.33 0.85 

0.23 0.30 0.76 
0.41 0.33 0.90 

0.25 0.25 0.73 
0.26 0.27 0.85 
0.33 0.28 0.93 
0.22 0.29 0.97 
0.30 0.29 1.00 

0.18 
0.27 

0.12 

0.08 0.08 0.87 

0.20 
0.25 

0.12 

0.62 
0.76 

0.91 

1.31 5.0 

1.22 4.8 

1.02 5.0 

0.82 3.5 

0.82 4.4 

0.77 5.0 

0.62 3.5 

0.35 1.8 

0.34 0.7 

0.29 0.8 

0.29 2.6 

0.12 

0.08 

0.3 

2.0 

(Continued on p. 310) 
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TABLE II (continued) 

Mobile phase A-B 

(% VI&,) 
t?lf 

Exptl. Calc. 

I 

w+ Ill0 Q,” 

14 ZChloropropane 
35 
60 

15 Perchloroethylene 
100 

16 Carbon tetrachloride 
50 

17 Benzene 
15 
28 
50 
80 

18 Toluene 
30 

0.02 
0.02 

0.03 

-0.08 -0.08 

-0.04 
-0.02 
-0.25 
-0.29 

-0.15 

0.02 
0.02 

0.03 

-0.13 
-0.14 
-0.15 
-0.15 

-0.15 

0.02 1.8 
0.79 
0.91 

0.03 0.3 
1.00 

-0.09 0.3 
0.78 

-0.15 0.3 
0.72 
0.86 
0.95 
0.99 

-0.16 0.3 
0.90 

of ref. 20; calculated values from eqn. 6. 
alculated as described’3. 

solvent i until a surface coverage equal to (& + ej) is reached, and so on until 
completion of adsorption of the weakest solvent A so that 23 = 1 (completed mo- 
nolayer of solvent): At some point during the successive adsorption of weaker sol- 
vents (i, i, h, _ _ _) a value of C6 = 0.75 will be reached, beyond which localization of 
later solvents is not possible, and their contribution to /?I will be miror (Fig. 5). 

Based on the foregoing discussion, we can infer that IZZ for a four-solvent 
mobile phase A-B-C-D will be given as: 

In = 4 f@,> + dwk + 0,) - f(ed] + mo,[f(e, f e, + e,) - f(e, + e,)] (8) 

For a three-solvent mobile phase A-B-C, eqn. 8 can be ilsed with 0, and f(&-,) set 
equal to zero. In eqn. 8, r& I$ and nz?o, ref to values of IPZ’ for solvents B, C and D; 
f(0c + 0,) refers to the value off(eJ for 0, = (0, + 8,); f(R, + 0, + 0,) refers to the 

TABLE III 

VALUES OF THE SOLVENT-LOCALIZATION FUNCTION, f(ej), FROM EQN. 6 YS. THE FRAC- 
TIONAL COVERAGE, ej, OF THE ADSORBENT SURFACE BY LOCALIZING SOLVENTj (SEE 
FIG. 5) 

0.0 
0.1 
0.2 
0.3 
O-4 
0.5 

ffejl ej 

0.00 0.6 
0.04 0.7 
0.11 0.8 
0.20 0.9 
0.32 1.0 
0.47 

f (0,) 

0.68 
0.83 
0.92 
0.97 
1.00 
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-02 00 02 0.4 06 08 1.0 12 
m 

Fig. 6. Variation of log a values with m, and verification of eqn. 7; data for binary-solvent mobile phases 
and aluminazO. a, X = I-naphthaldehyde, Y = I-cyanonaphthalene; b, X = I-nitronaphthalene. Y = 
1,74methoxynaphthalene; c, X = 1.5-dinitronaphthalene. Y = I-acetylnaphthalene. 

value of f(ej) for 0, = (0, + 8, + 0,). In a later section we will see that eqn. S 
provides calculated values-of m. that agree well with experimental values for both 
ternary-solvent and quaternary-solvent mobile phases. 

The applicability of eqn. 7, which describes OL as a function of frz, is illustrated in 
Fig. 7 for silica as adsorbent and several mobile phases which consist of ternary- and 
quaternary-solvent formulations. Representative plots for three different solute-pairs 
are shown, based on experimental data from ref. 14 and the present study. The scatter 
of the data points in Fig. 7 around the best fit to eqn. 7 (kO.05 log units, 1 S.D.) is 
comparable to that for the plots in Fig. 6 for binary-solvent mobile phases and 
alumina. There are eighteen different polar solventsj represented in Fig. 6, and four 
such solvents in Fig. 7. 

Based on the foregoing discussion, we can now select a pair of polar solvents (B 
and C) with different values of nzz and nzc. O These can be blended with a non-polar 
solvent A in ternary formulations-to allow the continuous and independent variation 
of both e” and I?Z for the mobile phase. This then allows the simultaneous optimiza- 
tion of both solvent strength and solvent selectivity (based on solvent/solute localiza- 
tion) as described in ref. 16. 

Sotvevzt selectivity vs. mobile pfzase composition: solvent-specific solvent/solzzte locaka- 
tiotz 

Eqn. 7 shows us to predict values of a for given solute-pairs as a function of the 
mobile-phase nz value, once we know the values of C, and C, for that solute-pair. 
However, although the correlations of Fig. 6 confirm the importance of ~PZ in de- 
termining solvent selectivity, there is still significant scatter of experimental data 
around these plots (+0.05-0.06 log units, 1 S.D.). Consequently, two mobile phases 
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06- (a) 
0 

0.4 - 

I 1 
0.1 0.2 0.4 06 08 

n-l 

Fig. 7. Variation of log c1 values with nt; data for multi-component mobile phases and silica (this study and 
ref. 14). a, X = I-nitronaphthalene, Y = 2-methoxynaphthalene; b, X = 1,5-dinitronaphthalene, Y = 
1,2_dimethoxynaphthalene; c, X = methyl I-naphthoate, Y = 2-naphthaldehyde. 0, Solvent j is 
chloroform or dichloromethane: q , solvent j is MTBE; q , solvent j is acetonitrile. 

which have the same value of nz can still exhibit somewhat different selectivities 
toward different solute-pairs. Thus, once we have optimized selectivity in terms of 
choosing the best mobile phase m value, the use of different mobile phases of similar 
IIZ value may lead to further improvement in selectivity. It is therefore of interest to 
explore the basis of these deviations from eqn. 7 so that we can use them to practical 
advantage. 

Deviations from eqn. 7 of the type discussed above suggest similar deviations 
from eqn. 4. This additional selectivity effect -which we will call soiverrt-specific 
sofre/zl/soZrcre localization (see below)- requires the addition of a further term (A,) to 
eqn. 4: 

log (h-,/k,) = a’ A, (&2 - q) + A, + A, (44 

We have found that A, is a function of both the mobile phase composition and of the 
two solutes (X, Y) used to measure a. 

Deviations from eqn. 4 (non-zero values of AZ) were found in ref. 20 and the 
present study to occur for sample-solvent combinations that do not include proton- 
donor compounds. Therefore, hydrogen-bonding in the stationary or mobile phase 
can be ruled out as a possible cause of this effect. An alternative explanation is 
provided by the solvent/solute localization model per se. So far we have considered 
the degree of localization of solute and solvent molecules (values of Ax and mi), but 
have ignored the molecular details of the configuration of adsorbed solute and solvent 
molecules; that is, how do localized molecules of solvent or solute “fit” into the 
monolayer in relationship to surrounding molecules and to the adjacent silanol group 
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of the silica surface? Differences in configuration between solvent and solute mole- 
cules would be expected to lead to differences in the net adsorption energy of the 
solute, which translate into a further contributiqn to a (i.e., AZ). 

The configuration of localized molecules within the adsorbed monolayer is 
probably a function of the nature of the bonding between silanol groups and ad- 
sorbed molecules_ A later section in fact suggests that the relative basicity of the 
solvent is a major factor in determinin, 0 the magnitude of d, as a function of mobile 
phase composition. This in turn leads to a criterion for selecting two localizing sol- 
vents C and D, such that maximum differences in d, (and in solvent selectivity) can be 
achieved: the two solvents should have different relative basicities as defined by the 
selectivity triangle23. Thus, solvent C can be a less basic solvent from group VI of ref. 
23, such as acetonitrile or ethyl acetate. The second solvent D should then be selected 
from solvent groups I or III; e.g., tetrahydrofuran, methyl tel-t.-butyl ether, triethyl- 
amine, etc. The weakly localizing, moderately polar solvent B is ideally a solvent such 
as dichloromethane, with a small m” value. In this way, by varying the proportions of 
B, C and D in the mobile phase, E’ can be held constant while values of a are 
continuously varied over wide !imits through change in both solvent/solute localiza- 
tion (value of nr) and solvent-specific localization (A,); see ref. 16. 

The above hypothesis for solvent-specific localization suggests that the molecu- 
lar structures of the localizing solutes (X. Y) and solvent C will fogefller determine the 
values of dl in eqn. 4a. This in turn implies that eqn. 4 (which ignores AZ) should be 
more accurate when no is varied by changing the concentration of a strongly localizing 
solvent C (in a mixture A-B-C, where B is weakly localizing), rather than by chang- 
ing to another localizing solvent D *_ That is, for a given solvent C and solute X, the 
value of A2 will remain constant while Nc is varied. This conjecture is tested in Fig. 7 
for several solute-pairs from the present study and ref. 14. In the case of each solute- 
pair in Fig. 7, data for the two strongly localizin, 0 solvents used (methyl ter-t.-butyl 
ether, MTBE, and acetonitrile) are differentiated in these plots (Cl, MTBE; I, aceto- 
nitrile). It is clear that separate straight-line plots for each of these latter two solvents 
are generally better fit by eqn. 7 ( kO.02 log units, 1 SD.) than are the composite plots 
( f0.05 log units) for each solute-pair. This is expected in terms of the above discus- 
sion. That is. significant change in A2 and consequent failure of eqn. 7 (with larger 
SD-s) should occur when changing the localizin, (J solvent C, rather than when the 
concentration of C in the mobile phase is simply varied. The form of the experimental 
plots of Fig. 7 suggests that C, in eqn. 7 is only approximately independent of the 
localizing solvent j in the mobile phase. Thus. for maximum accuracy. C, in eqn. 7 
will be a function of the localizing solventj in the mobile phase A-- (or A-B-J’). 

EXPERIMENTAL 

All measurements were done on a DuPont Model 850 liquid chromatograph 
(DuPont, Wilmington, DE, U.S.A.) equipped with a Model 870 pump, a UV absorb- 
ance detector operated at 254 nm and a Model 845 refractive index detector. Sam- 
ples were introduced with a Model 725 Micromeritics Auto-Sampler (Micromeritics. 

* Nott that the somewhat scattered plots of Fig. 6 are based on a number of different localized 
solvents (Table II). with differing values of A,. 
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Norcross, GA, U.S.A.) using a 25-,ul sampling loop. A 15 x 0.46 cm column packed 
with Zorbax-SIL chromatographic packing was used for all studies. 

All solvents were distilled-in-glass grade (Burdick & Jackson Labs., Mus- 
kegon, MI, U.S.A.) except n-hexane, which was Spectrograde (Phillips Petroleum 
Co., Bartlesville, OK, U.S.A.). The mobile phases were 50% water-saturated using 
the procedure described in ref. 1. The solvents were all degassed individually, and 
then mixed before the water-saturation procedure. The substituted naphthalenes were 
dissolved in hexane. 

All retention measurements and k’ calculations were carried out with a PDP- 10 
computer system 22 Other calculations were performed on a PDP-1 l/60 minicom- . 
puter (Digital Equipment, Maynard, MA, U.S.A.) programmed in %ORTRAN. The 
C, measurements for accurate determination of k’ were done by injecting a sample 
aliquot of the mobile phase which had already passed through the column, but which 
had been diluted slightly with hexane. This had the effect of injecting a sample which 
was slightly weaker than the mobile phase into the system. Both short- and long-term 
reproducibility measurements of k’ values were shown to have a standard deviation 
of less than 2 %_ The k’ data for the mobile phases with silica as adsorbent discussed 
in this paper are shown in Table IV. 

RESULTS AND DISCUSSION 

Solverltlsohte iocalizatiotz 
Binary-solvent mobile phases and alarnina. The study of ref. 20 examines sol- 

vent/solute localization for alumina as adsorbent in considerable detail. The retention 
of 20 different solutes was studied in 44 different binary-solvent mobile phases A-B, 
involving 20 different polar solvents B. The 111 values foundZo are summarized in 
Table II. The measurement of these #II values and the verification of eqn. 5 for these 
LSC systems is further described in ref. 20. 

Best values of m” for each B solvent of ref. 20 were derived in the present study, 
along with the function f(ei) of eqn. 6. Values of ,n” are given in Table II; f(Oj) is 
plotted in Fig. 5 and listed in Table III. Table II also provides values of JIZ calculated 
from eqn. 6, using the ino values of Table II plus values of f(Oj) from Table III. These 
experimental and calculated values of t)z agree within +0.07 units (1 SD.), for -0.29 
< 111 ,( 1.16. 

Values of tu” correlate roughly with Qz for the solvent as required by theory. 
Thus solvents l-9 of Table II have Qz > 3, and their NZO values are greater than 0.6. 
Solvents 40-20 of Table II have Qt -K 2, and their m” values are less than 0.4. An 
exact correlation of m” vs. QE is not observed, possibly because of secondary effects of 
the type involved in solvent-specific localization. 

The shape of the f(ej) vs. ej curve in Fig. 5 is reasonable in terms of theory. 
Thus, we expect m/m” to increase only slowly with increase in 0,, until completion of a 
localized solvent layer at 6, = 0.75 is approached. The reason is that prior to com- 
pletion of the localized solvent layer, a localizing solute molecule can adsorb with 
displacement of a non-localized solvent molecule_ Under these conditions, solvent/ 
solute localization effects are less important in affecting solute a values. How- 
ever, as 0, approaches and exceeds a value of 0.75, a rapid increase in )>1/111O is 
expected. The ratio m/m” should then level out at a value of = 1 for 0, > 0.75. 
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Ternary and quaternary-solvent mobile phases and silica. Table V summarizes m 
values for several multicomponent mobile phases and silica as adsorbent. The ap- 
proach used in ref. 20 to determine values of d 1 cannot be used for silica as adsorbent, 
because the reference hydrocarbon solutes (for which d, = 0) have very small k’ 

values on silica, when .z’ %- 0. We therefore used eqn. 7 to extract values of 111 from the 
data of ref. 14 and the present study. Since the product C,m of eqn. 7 is obtained 
from plots such as those of Fig. 6, the ratio of CZ to m is arbitrary. We have chosen a 
value of this ratio such that m” values for silica and alumina are of similar size for the 
same solvents. The detailed procedure used by us to obtain HZ values in this study is 
given in Appendix I. 

The agreement of present data with eqn. 7 is illustrated in Fig. 7 for rep- 
resentative solute-pairs. Eqn. 7 calculates values of log a for silica and multi-compo- 
nent mobile phases with an accuracy of +O.OS units (1 S.D.)*, which is comparable to 
that found for alumina and binary-solvent mobile phases. 

Values of m for malti-component mobile phases. Calculated values of m from 
eqn. 8 are compared with experimental values in Table V, for silica as adsorbent. 
The agreement of these two sets of values ( +0.08, 1 SD.) is comparable to that found 
in Table II ( 20.07) for alumina and binary-solvent mobile phases. For ternary- 
solvent or quaternary-solvent mobile phases with only a single st’rongly-localizing 
solvent D, the term [HZ - IHO, f(0,)] of eqn. 8 is small, so that accurate values of f(0,) 
can be calculated from eqn. 8 for each value of HZ. Resulting values of f(8,) for 
different localizing so1vents.D are plotted in Fig. 5b with the solid curve from Table 
III superimposed_ Thus, the general relationship of f(0,) 1’s. Oj from Table III applies 
for both alumina and silica as adsorbents, and for binary-, ternary- and quaternary- 
solvent mobile phases. This in conjunction with the similar plots of Figs. 6 and 7 (eqn. 
7) for these various systems suggests that solvent/solute localization occurs in essen- 
tially the same manner in these various LSC systems. This similarity of effects and 
their quantitative adherence to a small number of simple mathematical relationships 
(eqns. 6, 7) serves as additional evidence for the correctness of the present model and 
of the displacement mechanism (eqn. 2) on which it is based. 

The calculation of IPI for any mixture of solvents is described in Appendix II. 

Solvent-specific localization 

Binary-solvent mobile phases and alumina. Values of A 1 for the mobile phases of 
Table II were reportedlO for nine standard solutes that do not include proton-donor 
compounds (compounds I-IX of Table III”‘). These A, values were determined ex- 
perimentally, using eqn. 4 and assuming that A, = 0. In fact, the values of A, 

reported20 are actually equal to (A, + AZ). We will refer to these latter values as 
“apparent A, values” equal to A;. These A; values can be used to further analyze the 
r61e of the solvent in affecting solvent-specific selectivity. 

Consider first the case where A, is in fact zero, and solvent-specific localization 
is unimportant. Further assume two different mobile phases p and q, with values of 111 
equal to 171, and ~1~. From eqn. 5 we then have 

(A 2, = (q,hJ (A 2, (9) 

l A single (average) value of C, is used for all solventsj in Fig. 7, corresponding to fitting data for 
each solute-pair to a silzg!e curve (rather than two curves as in Fig. 7). 
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tation of d, values and related values of m. For a given mobile phase i, we can sum 
the values of log ai for the ten solute-pairs A-J of Table VIII to’give: 

(i-l) 

The values of D, and D, are functions only of the ten solute-pairs selected (Table 
VIII), and moreover their absolute values are arbitrary. We arbitrarily define D, = 0 
and D2 = 3.3, so that: 

10 

ini = 0.3 C log ai 

As example, consider mobile phase 8 of ref. 14. The values of log ai for solute-pairs 
A-J are: 0.17, -0-07, 0.40,0.03, 0.06, 0.02, -0.04, 0.10, 0.00, 0.13, and their sum is 
0.80. The value of m is then 0.3 x 0.80 = 0.24. The present convention of assigning 
D, = 0 and D, = 3.3 gives m” values for silica which are similar in magnitude to 
values for alumina. 

Values of m for other mobile phases can be calculated from eqn. 7, using 
average values of C, and C, for any of the solute-pairs of Table VIII. However, it is 
seen that the complication of solvent-specific effects and varying values of d, can be 
minimized by selecting solute-pairs which have similar (relatively large) values of C, 
for both MTBE and acetonitrile (e.g., solute-pairs C, H, I of Table VIII). 

APPENDIX II 

Examples of the calculation of m for different mobile phases 
Binary solvent mobile phase. Consider mobile phase 17 of Table V, MTBE- 

hexane (A-B) with Na = 0.042. The value of 8, (or ej) for the polar solvent MTBE is 
calculated as 0.77 (refs. 13, 14). The value of f(ei> from Table III is then 0.89. From 
eqn. 6, with 111’ = 0.82, we then have nz = 0.89 x 0.82 = 0.73. The experimental 
value determined as in Appendix I is 0.68. 

Ternary solvent mobile phase. Consider mobile phase 5 of Table V, MTBE- 
chloroform-hexane (C-B-A) with Nc = 0.0135 and Na = 0.399. The values of 0 are 
calculated as in ref. 14; 8, = 0.39,8, = 0.50. Eqn. 8 is now used to calculate nz, with 
m” = 0.10 for chloroform ( = RZ”,) and nz ’ = 0.82 for MTBE (= N& Note that 
8n and f(&,) are zero. 

First, determine the function f(0c + 0,) = f(&) = 0.47 (Table III). Similarly, 
f(e, +~ ec + en) = f(o.89) = 0.97. Now inserting these values into eqn. 8. 

-. _.. 
m = 0 + 0.82 (0.47 - 0) + 0.10 (0.97 - 0.47) 

=- 0.44 
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The experimental value was 0.36 determined in Appendix I. 
Quaternary solvent mobile phase. Consider mobile phase 23 of Table V, aceto- 

nitrile-MTBE-dichloromethane-hexane (D-C-I&A). Values of 8 for each polar sol- 
vent (B-D) are given in Table V determined according to the procedure of ref. 14. 
The value of rrz” are 0.10 (B), 0.82 (C) and 1.19 (D). These data with Table III allow 

solution for m in terms of eqn. 8: 

III = 1.19 x 0.075 + 0.82 x (0.21 - 0.075) + 0.10 (0.96 - 0.21) 
= 0.28 

The experimental value was 0.37. 

GLOSSARY 

A, B, C D 

4 

B,, B, 

c,, c, 

i, _i 

k’ 

k,, k, 

k,, k, 
)?P 

r 

refers to specific solvents comprising the mobile phase; see Table I 
the cross-sectional area of a solute molecule as required on the ad- 
sorbent surface during adsorption; one unit is equal to 0.08 nm’ 
a solvent molecule B in the adsorbed (a) or non-sorbed (n) phase 
constants in eqn. 9; C, varies with the localizing solvent j in the 
mobile phase, as shown in Table VII 
constants in eqn. i-l 
a solvent-localization function (Table III) which varies with the 
fractional coverage 6 of the adsorbent surface by a localizing sol- 
vent B or j; eqns. 6, S 
solvent components of a mobile phase; j is always a localizing sol- 
vent 
solute capacity factor, equal to fraction of solute molecules in 
stationary phase divided by fraction in mobile phase 
values of k’ for solutes X and Y in a given LC system 
value of k’ for a solute X in mobile phases 1 and 2; eqn. 3 
solvent-localization parameter for pure solvent; e.g., i?z” = 0. 1, 0.1, 
0.82 and 1.19 for dichloromethane, chloroform, lMTBE and 
acetonitrile (silica); see Table II for alumina 
values of 111’ for solvents B, C and D 
methyl tert.-butyl ether 
number of solvent molecules B displaced by an adsorbing solute 
molecule X; eqn. 2 
column plate number 
mole fraction of solvents A, B, etc., in mobile phase 
mobile-phase-localization parameter 
value of m for mobile phase i; eqn. 5 
values of m for mobile phases 1 and 2; eqn. 7 
dimensionless free energy of adsorption (dG/RT) for a substituent 
group k on a solute molecule; k is normally the most polar or 
strongly-adsorbing group in the molecule 
correlation coefficient for least-squares regression analysis, as of 
eqn. 9 in Table VI 
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A’ 

A;, A; 

&O 

&i, &j 
E,. E2 
E’, E” 
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resolution function, equal to difference in retention times for two 
solute bands, divided by average band width 
a solute molecule X in the adsorbed (a) or non-sorbed (n) phase 
separation factor for two solutes X and Y; equal to k x /ky 
value of a for mobile phases 1 and 2; eqn. 7 
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