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A systematic approach is described for the optimization of solvent selectivity in 
liquid-solid chromatography (LSC). with emphasis on changes in selectivity as a 
result of variation of mobile phase composition. Major contributions to selectivity 
are provided by solvent-solute localization and solvent-specific localization_ Esploi- 
tation of these effects is achieved by the use of a mixture-design statistical technique 
to minimize the number of experiments to find an optimum solvent misture for LSC 
separation. Quaternary-solvent mobile phases are required for difficult separations to 
invoke the full range of selectivity effects possible for LSC separation. The four 
preferred solvents for LSC optimization based on localization effects are hesane. 
methylene chloride. methyl tert.-butyl ether and acetonitrile. In the optimization 
process retention data are required for only seven mobile-phase systems_ and an 
overlapping resolution mapping (ORM) technique of data analysis is used to estab- 
lish the optimum solvent mixture for the highest resolution of all adjacent bands in 
the chromatogram. 

INTRODUCTION 

As the application of liquid chromatography (LC) has become more wide- 
spread, increasing interest has developed in practical procedures for optimizing sepa- 
rations. Such separations are increasingly used in areas such as quality control, pro- 
cess control and clinical analysis, where large numbers of samples have to be analysed 
each day. Such applications place special emphasis on the complete separation of 
samples of interest in a minimum time per sample. Adequate separation can be 
measured in terms of the usual resolution function Rs', where R, can be related to 
other separation variables by 
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R, = lj4 (a - 1) (Nr/‘) + 
( ) 

where x-’ is the average value of the capacity factors k, and k2 of two adjacent bands 1 
and 2, 3~ is the separation factor (&//cl), and N is the column plate number_ To a lirst 
approximation, these three terms of eqn. 1 are independent of each other and can be 
separately optimized. 

Sev-era1 workersr+ have discnssed the optimization of plate number N in LC 
In previous papcrs5*6 we discussed the prediction of sclvent strength in liquid-solid 
chromatographic (LSC) p se aration, which in turn determines values of k’; optimum 
values of k’ generally lie in the range 1 c k’ -z 10. Finally, values of cc in LSC can be 
systematically varied by changing the composition of the mobile phase’. 

It has been demonstrated for reversed-phase LC separations* that large chang- 
es in values of a are possible as a result of change in the mobile phase or,tic 
modifier_ For example, a change from methanol-water to acetonitrile-water or tet- 
rahydrofuran-water can greatly intluence Ehe cc values or the sclectivities among 
solutes. Often, however, various binary solvent mixtures are incapable of separating 
all compounds in a given mixture_ In such cases, it has been found”’ that the use of 
ternary-solvent mobile phases is generalIy advantageous_ However, for these more 
complex mobile phases, the systematic optimization of values for every pair of ad- 
jacent bands in the chromatogram becomes more complicated_ 

Recently, we have introduced a mixture-design statistical approach for the 
efficient optimization of selectivity in reversed-phase LC13. The potential of this 
scheme for retention optimization using quatemary-solvent mobile phases has been 
demonstrated in the successful separation of complex mixtures of both substituted 
naphthalenes’ 3 and phenyltbiohydantoin (PTH) amino acids’” using reversed-phase 
LC. The latter optimization procedure is based cn the solvent-triangle classification 
of solvents according to their separation’selectivity’5.‘6. For bonded-phase LC, soi- 
vents can be categorized according to their proton donor, proton acceptor or dipole 
interactions_ With the three “extreme” soivents from the comers of the solvent 
triangle (methanol, acetonitrile, tetrahydrofuran) plus water as carrier, the mixture- 
design procedure then requires a continuous variation of [x values for all peak pairs in 
the chromatogram. The approaches which have been described for reversed-phase 
LC should also be applicable to Iiquidsolid chromatography (LsC)_ We have re- 

cently reported’ on the tl-reoretical background ncccssarjr for the optimization of the 
mobile phase in LSC_ We report here experimental results in support of this theory 
and describe approaches for the systematic optimization of mobile phases in LSC. 

EXPERUMENTAL 

The apparatus, materials and procedures used in this study have been de- 
scribed previously. In this work, three 15 x 0.46 cm I.D. coIumns of Zorbaxa-SIL 
chromatographic packings (Du Pont Analytical Instruments Division, Wihnington, 
DE, USA.) from the same Iot were used_ MobiIe-phase solvents were 50% water- 
saturated’. Solvents were vacuum degassed individually and then tied before water 
saturation- Solvents with 50 o/0 waterAsaturation were obtained by adding equal vol- 
umes of water-saturated solvent (obtained using 30% water in silica gel as in ref_ 1) 
and water-free solvent. 
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RESULTS 

The basis of sekctivity and the variation of a values with change in mobile 
phase composition is substantially different in LSC than in other LC methods. in 
bonded-phase LC methods, interactions between solvent and solute molecules in the 
mobile phase are of primary importance, and the solvent triangle serves as a useful 
guide for selecting extreme solvents of very different selectivity. However, for most 
LSC separations, we have shown’ that localization effects in the stationary phase are 
of greater importance. These localization effects, which involve competition between 
mobile phase and sample molecule3 for a position directly over adsorption sites on 
the surface of the stationary phase (e-g., silanol groups in the case of silica), can be 
subdivided into solvent-solute localization and solvent-specific localization_ The 
degree of solvent localization can be measured by a mobile phase p ammeter m, which 
increases as the concentration of some polar solvent in the mobile phase increases. We 
have shown previously’ that methyl tert.-butyl ether (MTBE) and acetonitrile (ACN) 
are solvents that give large values of IX for mobile phases which contain these sol- 
vents 

Solvent-specific localization appears to involve dire& hydrogen bonding of a 
basic, polar solvent with surface sites on the adsorbent. Thus, basic polar solvents 
such as MTBE yield additiona! selectivity effects as opposed to less basic polar sol- 
vents such as ACN- Therefore, values of Y can be further varied by changing the ratio 
of concentrations of MTBE to ACN while holding m constant_ 

These considerations have led us to the desia of an LSC selectivity triangle 
(Fig_ 1) based on solvent localization for use in the present optimization scheme. This 
selectivity triangle is analogous to that used previously for optimization in reversed- 
phase LCx3_ In Fig. 1 it can be seen that the corners of the triangle, corresponding to 
solvents of extreme selectivity, consist of (1) a non-Localizing solvent (methylene 

NON-LOCAL I ZED(NL) 

LOCALEED DIPmE LOCAL I Ml BASE(B) 

Fig_ 1. Solvent Iocalization triande for major selectivity effects in LSC. 
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chioride, MC), (2) a basic, localizing solvent (MTBE) and (3) a non-basic localizing 
solvent (ACN). Adjustment of the ratios of these three solvents in the final mobile 
phase allows the systematic, continuous variation of a values in LSC over very wide 
limits. A fourth “inert” solvent such as hexane (HEX) or Freon@-1 13l’ is the carrier 
used to adjust the solvent strength of the mobile phase. The four solvents for LSC in 
Fig_ 1 may be compared with the use of methanol, acetonitrile and tetrahydrofuran 
plus water in reversed-phase LC13. 

tice the extreme selectivity sofvents of Fig. 1 have been sekcted for optimiza- 
tion studies, a strate,T for the development of a given separation by LSC can be 
planned. As with other LC methods, the first step is the selection of a column, flow- 
rate and temlzrature for the sample of interest. These variables will be held constant 
while retention is optimized by a change in mobile phase composition. These initial 
choices largely determine the plate number N of the column. The optimum solvent 
strength for the given separation can next be determined by trial-and-error, using the 
binary-solvent mobile phase MC-hexane and varying the concentration of MC. 

After the appropriate concentration of MC in the mobile phase has been de- 
termined, the value of E, the mobile phase strength, can be caIcuIated5. This, in turn, 
defines the various mobile phase compositions in the selectivity triangle of Fig. 1 for 
that value of a as caIcuIated by the procedure in ref. 6. Corresponding values of m for 
this particular selectivity triangIe can also be calculated from the various mobile 
phase compositions represented in the triangle (as in ref. 7) Thus, points within the 
triangIe represent mobile phase compositions that can be described as follows: (1) al1 
compositions have the same value of E; (2) values of m for these compositions vary 
linearly from a maximum and equal value for the bottom comers (MTBE and ACN) 
of the triangle to a minimum value for the top comer (MC); (3) the concentration 
ratio [MTBEZ/([MTBE] + [ACNE) varies linearly along any horizontal line of the 

1 

(10.0) 

Fig_ 2 Simplex design for three solvents (A, B and C) and mixtures. Values for each point are t&ezr 
coordinates ofAjB/C. 
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triangk; (4) all solvent compositions are miscible (note that this particular system 
requires addition of MC as co-solvent for some mixtures of hexane and ACN; with 
Freon-l 13 carrier”, no MC co-solvent is required)_ Fig. 2 also classifies the seven 
standard solvents for the soivent selectivity triangle in terms of values of IPI aEd R = 
[MTBE]/([lMTBE] I [ACNJ)_ H ere the relative value of m is arbitrarily set equal to 0 
for the MC comer and 1 for the MTBE/ACN comers. 

The statistical approach used here represents an efficient procedure for iden- 
tifying the point or points in the selectivity triangle which will optimize the resolution 
of the sample, i-e., yield the largest value of a and I?, for the most pooriy resolved 
band-pair in the chromatogram. Fig. 2 illustrates the application of the statistical 
approach in terms of the use of the seven prescribed mobile phases from the selectivity 
triangle. These seven mobile phases are seiectkd for approximately equal spacing of 
values of log k’ for any solute pair within the sample of interest. For example, solvent 
7 in Fig. 2 is a quatemary mixture of the four standard solvents in Fig. 1. The 
composition of the quatemary mixture is chosen to give approximately equal contri- 
butions from the three comer-solvents (Fig. 1) to iog k’. Thus, the value of m for this 
composition is the average of the IZI for MC, MTBE and ACN or 0.67. The value of 

’ [MTBEl/([MTBE] -i- [ACNJ) is 0.5.. 
After the compositions of the seven reference mobile phases in Fig. 2 have been 

calculated according to the above principles, the sample is then separated in each of 
TAJJLE I 

k’ DATA FOR SEVEN MOBILE PHASES iN FIG. 2 AND OPTIMUM PREDICTED BY PROGRAM 

Zorba..-SIL 15 x 0.46 cm I.D. column; 3YC; 2.0 ml/min. 

‘Molar Mobile plum= No. 
fiacrionP 

I 2 3 4 I 6 7 8 (OPa 

IV, 0.422 0.870 0.955 0.686 0.920 0.765 0.887 0.913 
IVa 0.575 0.100 0.000 0.300 0.048 0.220 0.090 0.060 
iVc 0.000 0.030 0.000 0.014 0.016 0.000 0.012 0.020 
ND 0.000 0.000 0.042 0.000 0.016 0.012 0.011 0.007 

2-OCH, 0.58 0.57 0.59 0.65 0.67 0.54 0.67 0.70 
l-NO, 0.86 1.20 1.62 1.10 1.36 0.90 1.30 1.4s 
12-(OCH,), 1.15 O-82 1.00 1.02 095 0.91 1.02 1.09 
l,YNO,), l37 397 3.70 29s 3.62 2_63 3.63 4.13 
ICHO 2.75 1.69 2.45 2.22 2.11 2.27 2.33 2.20 
2-COzCH, 3.29_ 249 2_s3 3.00 2_99 2.78 3-25 3.23 
I-CO&H, 3.31 2-71 3.07 3.13 3.33 zss 3.57 3.67 
2-CHO 3.97 2.22 3.25 3.19 2.53 3.12 3.17 2.97 
l-CH&N 4.06 4.73 7.23 4-86 6.09 423 6.30 6.55 
l-OH 4.44 8.17 6.65 6.77 7.14 6.27 5.00 8.96 
I-COCH, 5.17 2.58 354 3.71 3.25 3.72 3.72 3.42 

2-cocH, 7.33 3.33 4.76 5.14 4.39 5.16 5.10 4.67 
2-OH 7.9s 11X6 11.35 10.69 II.58 11.57 13-42 14.19 

* Molar fractions: IV, = hexane; IV, = methyIene chloride; IV, = acetonitrik; iv, = methyl ten.- 
butyi e&en - 

* Substituted tiaphthalenes_ 
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Fig. 3. k’ maps for each solute in eight different mobile phases. Each line represents one so!ute (data in 
Table I). -Mobile phases: optimum. 8; all, 3,?; CH,Cl,MTBE, 6; MTBE, 3; ACN-MTBE, 5; ACN, 2; 
CHIC&-ACN, 3; CH=CI,. 1. Solutes (in order for CHZCla: 17,2-OCH,: 0. I-NO,; A. 1,2-(OCH,)=; l . 

1,5-(NO,),; x, I-CHO; 0, X0&H,: 7. l-CO&H,; 
COCH,,z _ 2-C@CH,; iEzf, 2-OH. 

1. 2-CHO; C, I-CH&N: +. l-OH; 0, l- 

- - 

these mobile phases and values of Xr’ for each solute in each mobile phase are 
measured_ Where overlapping bands prevent the accurate determination of k’ values, 
individual solutes must be re-run separately_ 

The-above procedure for optimizing the mobile phase solvent was applied to 
the mixture of t-hirteen substituted naphtKalenes listed in Tabie I. The optimum value 
of E was determined as 0.23 for separating the substituted naphthalene mixture, and 
the mobile phase compositions for the seven standard solvents of this stren$h are 
shown separately in Table I_ Two conclusions can immediately be drawn from the 
data in Table I: (1) none of the seven standard mobile phases alone provides complete 
separation of the sample components; (2) there are large changes in CC values among 
the various mobile phases. These changes are evident when examining the k' values 
for the solute bands, which are plotted in Fig. 3_ 

With the retention data in Table I, sufhcient information is available to carry 
out the data analysis to locate the mobile phase composition within the selectivity 
iriargle of Fig. 2 that provides maximum resolution of sample components. This is 
acconplished by the resolution mapping procedure illustrated in Fig. 4. The resolu- 
tio~ values of peak pairs at the seven points on the triangle (Fig. 1) are calculated 
Cram the seven chroma%ograms for a single peak pair_ In this case, peaks 6 and 8 are 

illustra~d_ From these seven resolution Glues, a resolution surface of the solvent 
triangle can be calculated based)upon fitting the data to a second-order polynomial 
equationx3. The contour lines in Fig. 4 represent predicted resolutions for this peak 
pair within the selected solvent triangle. These results are pkented in a difkent 
manner in Fig.\ 5. Here, the R, = 1 .O contour is shown, and the shaded area of the 
solvent triangle indicates mobile phases for which the resdlution is less thti 1.0. The 
whk a&a within the solvent triangle represents mobile phases for which a resolution 
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LO LB 

GENERAL CONTOU?S 

Fis 4. Resolution map for peaks fi-8. Contours are predicted wlues of resolution .w between peaks-- 

of at least 1.0 is obtained for peaks band 8. Resolution maps are prepared for aI1 peak 
pairs within the chromatogam, and similar shaded areas in the solvent selectivity 
triangles are designated as solvents for which the derived resolution is nut obtained_ 
When these resolution maps for all peak pairs are manually overlayed and shaded 

NL 

LD 
SPEClFlC CoNTtlUR 

LB 

Fig 5- Specific COMOIU resolution map for peaks M_ shaded area represents mobile phase mixtures 
where the resolution for peaks 6-S is c 1.0. 
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areas intersected, regions which are unshaded (remain white) indicate a mobile phase 
which resolves all peak pairs to at least a resolution of 1.0. For convenience, this 
overlaying procedure may be carried out with a computerr3 to establish the optimum 
solvent region. 

Two points should be made regarding the resolution of peak pairs by this 
approach. First, the required resolution for the various peak pairs of interest is 
arbitrarily established by the operator. Another resolution value would produce sim: 
ilar contour maps, but unshaded resolved areas would be more limited or non- 
existent, as in this case, for R, = 1.2. In practice, the computer program used for these 
calculations determines the maximum R, value which still predicts some available 
mobile phase within the solvent triangle that satisfies the resolution requirement for 
al! the peak pairs. This mobile phase is then the optimum for the components in the 
sample of interest_ 

The second point of interest is the number of peak pairs which mxust be con- 
sidered in the ana!ysis. If there is no change in peak order with changing solvent 
compositions, it is only necessary to examine adjacent peak pairs for the desired 
resolution_ In most systems of interest, however, some peak crossovers will occur; 
that is, there -will be changes in the solute retention order. This situation appears to 
complicate the analysis, but in fact can be handled readily by considering all pairs 
(even non-adjacent pairs) for every chromatogram obtained for the seven statistically 
designed experiments. Although in principle this could be a formidable task, the 
actual number of possible peak pairs is not overly large and can be predicted asr3 

n 0 
1 

2 = (n -n;,! 2! 

where n is the number of peaks. For a thirteen-component system, this corresponds to 
78 possibie pairs, the data for which can be easily handled by a computer. 

In the case illustrated by the data used from Table I, overlapping resolution 
mapping (ORM) analysis reveals that there is one region of the solvent triangle which 
predicts a resolution of 1.0 or more for all peak pairs, as shown in Fig. 6. The white 
area is the acceptable result of the ORM of all of the contour maps (similar to Fig. 5), 
for all peak pairs in the mixture. Any shaded region of the triangle corresponds to a 
solvent mixture where at least one peak pair does not have a resolution of at least 1 .O_ 
The op’tium solvent for this system is indicated by x in Fig. 6, and corresponds to 
0.53 % ACN, 0.67 y0 MTBE and 3.05 % CH,Cl, (by volume) in hexane. 

A predicted resolution of 1.0, indicated for the peaks in the chromatograms 
shown in Fig. 7 for all three columns used in this work, is acceptable for most 
applications. However, the resolution could be increased, if desired, by increasing the 
column length by connecting columns in series. The total iength of column required 
to achieve a certain resolution may be calculated from the discussion in ref. 1 _ In Fig. 
7, the observed resolution of 0.9 should be increased to about 1.3 by doubling the 
column length (constant pressure). However, for this approach to be successful, the 
columns to be connected must have reproducible values of AP, and especially values 
of a and k, to insure reproducible separation. Note that the observed resolution of 0.9 
for. this experiment is -less than the predicted value of. 1.0, probably owing to the 
approximations u*iilized in the optimization approach phus experimental variation_ 
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TAELE II 

REPRODUCIBILITY OF k’ DATA FOR THREE COLUMNS 

Conditions as in Table I. 

S#IU.Ief CoIwnn No. R&rive sran&rd akvkttion (“/,, 

I 2 3 

2-0CH3 0.70 0.66 0.66 3.4 
l-NO, 1.48 I-42 I.42 2.4 
1,2-(OCH,)I 1.09 1.01 1.05 4_2 
I,5(NO,), 813 3.95 3.94 2.7 

- - I-CHO 720 2.12 213 2-o 
2-CO,CH, 3.23 3.09 3.08 2.7 
i-CO&H, 3.67 3-52 3.50 26 
I-CHO 297 2.85 2.86 2.3 
l-CHICN 6.55 6.21 6.19 3.2 
I-OH 8.96 5.42 8.45 3.5 
LCOCH, 3.42 3.35 3.33 1.4 
2-COCH, 4-67 4.55 452 I.7 
2-oH 14.19 EL21 13_2Y 42 
- 

+ Substitutednsphthakne deriuatives. 

In this study, the three different sika columns were tested for reproducibility 
of k’ with the optimum mobile phase predicted by ORM data analysis; Table II 
shows that k’ data obtained for these three columns are sufficiently reproducible to 
permit the desired resolution increase_ Using the optimum mobile phase predicted by 
the statistically designed experiments, the two newest of the three columns were 
connected to produce the chromatogram in Fig_ 8_ The limiting or most closely 

Fig 8. Cbromatogram for columns 2 and 3 in series. Solutes zre naphtbalene derivatives substituted as in 
Fig. 7. 
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TmE(M!N) 

Fig. 9. Chromatogram for column 2 using step-flow pro _grmxning as dmibed in text Solutes numbered 
as in Fig. 8. 

spaced peaks (7, 11) now show a resolution of 1.22 compared with the initial resolu- 
tion of 1.3 as predicted by theory. It should be noted, however, that this increased 
resolution is obtained only with longer analysis, in this case from 14 min with one 
column to 30 min with the two-column series. If desired, the analysis time can be 
decreased by doubling the colunm pressure to adjust the column flow-rate to 4.0 
mI/min_ In this case, resolution of the limiting pair 7-l I slightly decreases, but analy- 
sis time is also decreased to 15 min. 

The analysis time can also be decreased by using step Ilow programming to 
increase flow-rates for peaks at the end of the chromatogram that are over-resolved_ 
As illustrated in Fig. 9, the flow-rate is set at 2.0 ml/min to achieve optimum resolu- 
tion in the early part of the chromatogram, then increased to 4.0 mI/rnin after 6 min 
to elute over-resolved later peaks at a much faster rate. In this case a resolution of at 
least 1.0 is maintained for all peak pairs, but the total analysis time is now 12 min 
instead of the 15 min in Fig. 7. This refinement for decreasing the separation time can 
be helpful in developing a final anaIysis. However, to use this approach effectively it is 
important that the solvent system first be optimized to achieve the best overall results. 

In addition to the determination of opt&mm solvent composition in the pre- 
ceding section by overlapping resolution mapping, it is also feasible to generate re- 
sponse surfaces for other separation parameters such as a and k’. The mapping of CC 
values can also be used as a means of determining optimum solvent composition for 
separating a mixture; our limited experience suggests that results equivalent to resolu- 
tion mapping are obtained. The mapping of k’ values can be of interest in-visualizing 
the absolute effect of various solvent modifiers on the retention of peaks of interest_ 

Finally, the use of the solvent optimization methods described here is not 
limited -to siiica as adsorbent and the four solvents discussed. For extiple, other. 
adsorbents such as alumina should provide equally useful results with this optimiza- 

tion method. A more basic localizing solvent, such as triethyhhnine, instead Of 
1MTBE may prove to be a desirable alternative for particuiar mixtures. However, 
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based on theory and the experimental work carried out to date, we feel that methylene 
chloride, acetonitrile and MTBE as modifiers should prove to be optimum for most 
LSC separation systems. 1,1.2-Trifluorotrichloroethane (FC-113) as an attractive 
alternative to n-hexane is currently under study and wih be reported shortly”. 

The optimization of mobile phase solvents is especially important in two other 
widely used forms of adsorption chromatography, namely, thin-layer and preparative 
chromatography. The present approach should be equally applicable-for these areas. 

CONCLUSIONS 

Quaternary-solvent mobile phases can be used for the systematic optimization 
of tl values in LSC. A mixture-design statistical technique using overlapping resolu- 
tion mapping requires retention data for only seven mobile phases to predict the 
mobile phase composition for optimum resolution. This approach greatly reduces the 
number of separate experiments with mobile phases which are required to establish 
an acceptable separation. Prediction of a and li’ values for any mobile phase is also 
possible. 

Once the mobile phase solvent composition has been optimized, increased 
resolution and/or decreased analysis time can usually be obtained by increasing the 
column length and mobile phase flow-rate together_ 
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