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SUMMARY 

The retention volume of a peak that is neither retained nor excluded from the 
mobile phase space in the column is required for determination of retention (capacity) 
factor and related thermodynamic quantities. In liquid chromatography with mul- 
ti-component eluents, however, the mobile phase space is theoretically indeterminate 
owing to interaction between the individual components and the stationary phase 
and therefore definition and measurement of the mobile phase necessitates that an 
appropriate convention be found. Here the following four conventions are examined: 
(i) “all mobile phase components are present in the solvation layer”; (ii) “no solvation 
layer exists”; (iii) “one given eluent component is not present in the solvation layer”; 
and (iv) “the most weakly bound solvent component is not present in the solvation 
layer”. Whereas all conventions appear to be acceptable for a thermodynamic de- 
scription of the interaction between mobile phase components and the stationary 
phase in most cases, they yield different values of retention factors and associated 
thermodynamic properties for eluites. Furthermore, the use of some conventions can 
give rise to practical problems, e.g., experimental determination of void volume by 
use of the first convention is ill-defined in general and the second and third conven- 
tions can lead to negative values for the mobile phase space. The present work sug- 
gests that the fourth convention is free of these problems and provides retention 
factor values which are more appropriate for use in liquid chromatography than 
those obtained by the other conventions. 

INTRODUCTION 

Retention factors, k’, are probably the most important experimental data in 
chromatography, because they are used as a dimensionless measure of retention for 
the calculation of band velocities, relative retention and other parameters. As di- 
mensionless measure of the free-energy change under certain conditions, retention 
factors are also employed for the calculation of thermodynamic properties, such as 
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enthalpy or entropy, associated with the chromatographic process. The evaluation 
of retention factors requires a knowledge of the chromatographic void volume of the 
column, i.e., the mobile phase space that is explored by the eluite in the course of the 
chromatographic process’. Ideally, the column void volume is obtained as the elution 
volume of an inert “homomorph” of the eluite that explores the same mobile phase 
as the eluite but does not interact with the stationary phase. 

In liquid chromatography, numerous difficulties are encountered in accurately 
mapping the appropriate mobile phase space in the column. Generally, no completely 
inert tracer substance is available that would qualify as a suitable homomorphic 
probe for the measurement of the relevant mobile phase hold-up volume. None- 
theless, as long as the pore dimensions of the stationary phase matrix are much 
greater than the molecular size of the eluite(s), it may be satisfactory to use the actual 
mobile phase space as the chromatographic void volume. 

When the eluent contains only a simple component, the volume of mobile 
phase space can be measured in a straightforward manner, e.g., by weighing the 
column filled with a solvent of known density2-4 or by the elution time of a tagged 
solvent species2,5s6. However, the mobile phase in liquid chromatography is more 
often composed of more than one component, and in such cases, both the definition 
and the measurement of the appropriate mobile phase space is encumbered by specific 
solvation of the stationary phase by components of the eluent. 

Recently, the problem received considerable attention in the context of re- 
versed-phase chromatography, which is the most widely used branch of high-per- 
formance liquid chromatography (HPLC). In this technique, silica-bound hydrocar- 
bonaceous stationary phases are used with hydro-organic eluents, and the organic 
solvent is preferentially bound to the stationary phase surface over a wide compo- 
sition range. A plethora of substances have been suggested for use as inert probes7-I4 
but the most convincing case was made for 2H20 by McCormick and Karger2, who 
investigated the practical aspects of the “void volume problem” in great detail. 

A comprehensive theoretical study on the subject was presented by Riedo and 
Kovats’ 5. In applying Gibbs’s thermodynamic treatment of interfaces16, they con- 
cluded that no absolute method exists for defining and measuring the volume of the 
solvation layer at the interface that has a composition different from the bulk mobile 
phase. In order to evaluate the mobile phase space of uniform composition, therefore, 
a convention must be applied with respect to the composition of the solvation layer. 
The consequences of two conventions, “no solvation layer exists” and “one given 
eluent component is not present in the solvation layer”, have been examined in great 
detail by Riedo and Kovats15, as well as by Ha et d.“, without unambiguously 
suggesting the superiority of any of them in chromatographic practice, Martire and 
Boehmi8 have shown on the basis of statistical thermodynamic arguments that the 
assumption of no solvation layer gives rise to incorrect results. The use of 2Hz0 as 
a probe in evaluating the mobile phase space in reversed-phase chromatography, as 
suggested by McCormick and Karger2, is tantamount to applying the convention 
“one given eluent component is not adsorbed”. Krstulovic et al.19 have found, on 
investigation of the retention behavior of homologous series, that in many cases this 
method gave consistent results, although significant failures were noted. 

In this study we examined both the theoretical and practical aspects of the 
“void volume problem” in reversed-phase chromatography. In order to define the 
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mobile phase space in the column, we suggest the use of the convention “the most 
weakly bound solvent component is not present in the solvation layer”. As the solvent 
component that is most wea_kly bound to the stationary phase may vary over a wide 
range according to this convention, it follows that the mobile phase space is given 
by the elution volume of the least retained solvent component, as measured by la- 
belled species. This approach can be considered as an additional convention and as 
a correction to the method concomitant with the “one given solvent component is 
not adsorbed” convention. 

In essence, it yields the smallest mobile phase space in the column that is 
measured with a tagged eluent component. Analysis of retention data obtained with 
homologous series showed the most consistent behavior when this approach to the 
determination of the mobile phase hold-up volume is used for the calculation of 
retention factors. 

THEORETICAL 

In liquid- solid chromatography, components of a multi-component mobile 
phase are known to be adsorbed differentially on the surface of the porous stationary 
phase2*“. The volume occupied by the adsorbed species is generally believed to de- 
crease the actual mobile phase space of the column from its maximum possible value, 
given by the geometrical void space available for the mobile phase molecules in the 
column matrix. As the total volume of the column and that of the stationary phase 
are fixed, determinations of geometrical void space and of the volume of the bulk 
mobile phase having uniform composition yield the volume of the adsorbed species. 

In principle, differences in the bound masses of various species are readily 
obtained, whereas an unambiguous determination of surface concentrations is im- 
possibilezO. The essential difficulty in assigning the masses of each component be- 
longing to each phase is the definition of where one phase begins and the other ends. 
The problem was first treated by Gibbs16, who recognized that, although heterogen- 
eous masses in contact might be considered as having mathematical surfaces for the 
sake of simplifing the mathematics of the analysis, this proposition could not be 
rigorously true, because “if it were so with respect to the densities of the components, 
it could not be so in general with respect to the density of energy, as the sphere of 
molecular action is not infinitely small. But we know from observation that it is only 
with very small distances of such a surface that any mass is sensibly affected by its 
vicinity -a natural action- and this fact renders possible a simple method of taking 
account of the variations in the densities of the component substances and of energy 
and entropy, which occur in the vicinity of surfaces of discontinuity”i6. 

Nevertheless, Gibbs has defined a mathematical surface in order to assign all 
molecules to one of two domains -the mobile phase or the stationary phase- in 
the context of chromatography. In considerations of liquid-solid interfaces, the di- 
viding surface -if it is a plane- can be arbitrarily placed with respect to its distance 
from the geometric surface of the solid. Whereas the placement of the dividing plane 
defines the surface concentrations of each species from the mobile phase, they can 
take on any value according to the location of the plane. However, the mathematics 
of the analysis can be reduced by either of two choices of the definition. The approach 
recommended by Gibbs for practical work was to define the dividing surface so as 
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to set the concentration of one species in the stationary phase domain equal to zero. 
A definition that provides equal simplification for binary solvents, given in eqn. 514 
in ref. 16, is that the surface concentrations of components of a binary solvent are 
equal in absolute magnitude and opposite in sign. Each of these definitions reduces 
the number of variables in the governing thermodynamic expressions by one and, 
hence, reduces the complexity of the analysis. Before the formulation of these defi- 
nitions for use in chromatography can be made and insight can be gained from that 
into the definition of the mobile phase space in the column, it is necessary to examine 
the general theory of chromatography for its implications regarding sorption to the 
surface. 

Chromatographic veIocities 
In order to relate these definitions of the locations of stationary phase mobile 

phase interface to chromatographic practice, the use of the velocity frame is perhaps 
the most convenient. It is necessary to note that chromatographic movement of one 
species is characterized by two velocities. Injection of a sample different in compo- 
sition from the mobile phase brings about perturbations in the the mobile phase 
concentrations of species; the disturbances move down the column at the concentra- 
tion velocity that is given by 

Q,,, = UOl(l +  acS,i/acM,i) (1) 

where Cs,i and CM,j are the respective concentrations of species i in the stationary and 
mobile phases, respectively, and u. is the mobile phase velocity. Therefore, the rate 
of movement of a zone of constant composition, &, is determined by the slope of 
the adsorption isotherm of CM,i. 

However, if no compositional change occurs, as is the case when the compo- 
sition of the injected sample is identical with that of the mobile phase, except that 
one or more components is isotopically enriched, the species in the sample move with 
the species velocity’, given by 

UT = UO [cM,i/(cM,i + Gdl (2) 

= uO/(l + CS,i/Chl,i) (3) 

Thus, components of the mobile phase also move with their particular species veloc- 
ity, which can be determined by using their isotopically labelled forms if they have 
the same retention factor as the unlabelled species 21. In the case of first-order systems 
that manifest linear sorption isotherms for the species in consideration, the species 
and concentration velocities are the same. The definition of both velocities stems 
from the work of DeVaultz2 on the conservation of mass in a chromatographic 
system. Peaks pertinent to eluent components are conveniently termed “eigenpeaks” 
and “solvent peaks” when they move with concentration velocity and species velocity, 
respectively. 

The elution volume of i corresponding to the concentration velocity, I&, is 
given by 

Va,i = VO (1 + ZC&j/aCM,j) (4) 
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whereas the retention volume of species i in the column, Vk,i, is 

v*,,i = VO (1 + CS,ilchi,i) 

where V. is the mobile phase space in the column. Thus, the use of appropriately 
labelled eluent components as probes yields Vk,i. 

Conventions for use in liquid chromatography 
Eqns 225 describe the movement of eluent constituents and can be used to 

evaluate the sorption isotherms of mobile phase components, if the mobile phase 
space is known. Alternatively, they can be used to evaluate the mobile phase space, 
if the masses of each species bound to the stationary phase are known. In principle, 
V. could be determined by application of eqn. 5 to the species velocity of the various 
eluites. The obstacle to its use is that it requires an arbitrarily assigned value for the 
bound volume of one component. However, it is apparent from Gibbs’s work that 
determination of absolute concentration at the surface is impossible; the problem 
becomes experimentally tractable only after an arbitrary value is assigned to the 
surface concentration of at least one species. The most general results occur if the 
concentration of the least-retained species is defined by some non-zero value, and the 
adsorbed volume of every species, vs,+ is related to it by 

VS,i = (G,i - vk,O + VS,O/rPOh 

where VK,i, P!,. and vs,o are species retention volumes of species i and of the least 
retained species, and the sorbed volume of the least retained species, respectively. 
This might be called an “everything is adsorbed” convention. It is unsatisfactory 
insofar as no insight or guidance into the choice of the vs,i value is given. Conse- 
quently, other conventions, which can be regarded special cases of this, have been 
introduced. 

In their analysis of adsorption and chromatography, Riedo and Kovats’ 5 pro- 
vided two general conventions, which they called “J is not adsorbed”, JNA, and 
“nothing is adsorbed”, NA. The void volume in the JNA convention is given as the 
species retention volume of a given mobile phase component regarded as unadsorbed, 
and in the NA convention the void volume is a function of the species retention 
volumes and the concentration of each species in the mobile phase. The final form 
of the results depends on the concentration scale used. 

Inspection of Fig. 7 in ref. 17 suggests that the JNA convention should be 
taken to mean that one given mobile phase component is arbitrarily chosen to have 
zero concentration on the stationary phase over the entire range of mobile phase 
composition of the multi-component eluent. Indeed, Gibbs in his thermodynamic 
analysis16 has suggested that the surface concentration of one species be set equal to 
zero. For practical applications, the suggestion of McCormick and Karger2 that 
2Hz0 be used as a probe to measure V. in reversed-phase chromatography with 
hydro-organic mixtures as mobile phases anticipated this formulation of more general 
scope. In the NA convention, the sum of the surface concentrations of sorbed mobile 
phase species is set equal to zero. This is seen to be similar to the second form of 
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simplification suggested by the equations presented in Gibbs’s analysis. One great 
advantage of this convention is that, if the volume fraction of each component is 
used for the mobile phase concentration scale, I’, obtained by this rubric is identical 
with the geometric void volume and is therefore related to the maximum possible 
porosity. For that reason, we denote as Va,,,, that mobile phase space which is 
obtained as 

V 0,max = C CpiK 

where rpi is the volume fraction of component i in the mobile phase, and the sum- 
mation is taken over all species. 

Complications follow from the use of either of these conventions. In the NA 
convention, the surface concentration of at least one component is negative. If JNA 
is taken to mean that the reference species has a surface concentration equal to zero 
across the entire range of mobile phase compositions, then the surface concentrations 
of the other species can range in value from greater than zero to less than zero so 
that the sign of the surface concentration in the JNA convention may also change. 
This leads to complications in the thermodynamic analysis of the system insofar as 
chemical potentials, which are functions of the logarithm of the surface concentra- 
tions, will become undefined quantities. Ha et aLi escaped this conundrum by de- 
fining a minimum surface layer thickness having the property that the concentration 
of any mobile phase component in it never equals zero or less. In fact, this is a special 
method for transforming adsorption data, calculated by use of the NA convention, 
to values consistent with the “everything is adsorbed” convention. However, this 
device implies that the volumes of mobile phase components, regarded as sorbed for 
the purpose of adsorption measurements, are different and larger than those con- 
sidered for evaluating the mobile phase space in the chromatographic column. 

The basis of an alternative convention for the definition of V. that avoids these 
problems comes from the observation that eqn. 5 actually implies that the mobile 
phase space is given by the species retention volume of that component which is not 
bound to the stationary phase, i.e. Csi = 0. In view of Gibbs’s analysis, the surface 
concentration of any of the species can be equal to zero by definition. If the surface 
concentrations of the other species are not to be negative and, thus, in order to avoid 
a physically impossible situation, the species chosen to have a zero surface concen- 
tration must have the greatest species velocity and the smallest retention volume. For 
this reason, we denote this volume by the symbol VO,min and, in accordance with the 
above requirement, 

VO,min = Knin 

where V;;lin is the minimum species retention volume observed at a particular mobile 
phase composition. This definition of the mobile phase space in the column is similar 
to one given by the JNA convention of Riedo and Kovats’ s and, thus, corresponds 
to the use of ZH20 as probe in reversed-phase chromatography over a wide range of 
eluent composition as suggested by McCormick and Karger2. However, this con- 
vention assumes that the “most weakly bound eluent component is not adsorbed” 
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and therefore implies that the mobile phase component that probes and defines the 
void volume may change with the changing proportions of the components that 
comprise a multi-component mobile phase. In reversed-phase chromatography with 
binary hydro-organic eluents, for example, the 2Hz0 probe is changed to the isotop- 
ically labelled organic solvent component when eluents sufficiently rich in organic 
solvent are used in order to follow this convention. 

EXPERIMENTAL 

Equipment 
An Altex Model 1OOA (Altex, Berkeley, CA, U.S.A.) HPLC solvent metering 

pump with a Rheodyne (Berkeley, CA, U.S.A.) Model 7010 sampling valve, having 
a 20-~1 loop, were used. In some experiments an automatic injector, Model 725 
(Micromeritics, Norcross, GA, U.S.A.), was also used. The column effluent was mon- 
itored with a Schoeffel Model 770 (Kratos, Westwood, NJ, U.S.A.) variable-wave- 
length UV detector and with a refractive-index detector (Perkin-Elmer, Norwalk, 
CT, U.S.A.). Chromatograms were obtained with a Model BD-41 strip-chart re- 
corder (Kipp and Zonen, The Netherlands). 

The 250 x 4.6 mm I.D. column, packed with lO+m Partisil ODS-3, was sup- 
plied by Whatman (Clifton, NJ, U.S.A.). The temperature of the column and of the 
flow cell of the refractive index detector was controlled by circulating water from a 
Lauda Model K-2/R constant-temperature bath (Messgeratewerk, Lauda, F.R.G.). 
Except when methanol or acetonitrile was used alone, the hydro-organic eluent con- 
tained 0.1 M acetic acid and 0.1 M triethylammonium acetate. The flow-rate was 0.5 
ml!min. 

Materials 
Samples that comprised the homologous series of n-alkylbenzenes (benzene to 

n-octylbenzene), fatty acid methyl esters (methyl formate to methyl nonanoate), oli- 
goalanines and 2-ketones (propanone to 2-tridecanone) were obtained from Aldrich 
(Milwaukee, WI, U.S.A.), Chem Service (West Chester, PA, U.S.A.), Sigma (St. 
Louis, MO, U.S.A.) and Theta Corp. (Media, PA, U.S.A.). Deuterated water was 
obtained from Baker (Phillipsburg, NJ, U.S.A.) and C2H3CN and CH302H from 
Sigma. All other chemicals and HPLC-grade solvents were obtained from Fisher 
(Fair Lawn, NJ, U.S.A.). Distilled water was prepared with a Barnstead unit in our 
laboratory. 

Procedures 
Samples were prepared by dissolving approximately 1 mg of each solute in 5 

ml of mobile phase. The column was equilibrated by passing at least 200 ml of mobile 
phase through it before sample injection. Retention time was evaluated from the 
position of peak maximum in the chromatogram. 

The total porosity or maximum void volume was determined gravimetrically2-4 
by use of water, methanol, acetonitrile, carbon tetrachloride and n-hexane as sol- 
vents. The densities of the solvents were measured with a 25-ml pycnometer at 25°C 
and were found to agree with the corresponding literature values. 

Mean retention volumes and their standard deviations were determined from 
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replicate determinations of retention volumes. When retention volumes were com- 
pared with void volumes according to a particular convention, t-statistics23 were 
used. In the analysis of homologous series, the void volume was calculated by mod- 
ification of the method of Berendsenz4, which determines the void volume from the 
slope and intercept of a plot of retention volume of one homolog against retention 
volume of the next highest homolog. In our analysis, numerous void volumes were 
determined for each set of homologs by systematic reduction of the number of re- 
tention volumes used in the calculation. The mean void volume value was determined 
by use of an algorithm for finding and eliminating those values that lie more than 
three standard deviations from the population mean. Retention factors were calcu- 
lated from retention volumes and void volume obtained by use of one or more con- 
vention. 

RESULTS AND DISCUSSION 

The four conventions for determining the mobile phase space in solid-liquid 
chromatography with multi-component eluents have been set out in the theoretical 
section. According to the most general convention, “everything is adsorbed”, and 
thus the concentration of each mobile phase species is greater than zero at the 
liquid-solid interface. The other three conventions are “nothing is adsorbed”, “J is 
not adsorbed” and “the most weakly bound eluent component is not adsorbed”. 
According to the last convention, the smallest species retention volume volume, as 
measured by labelled mobile phase components, is taken as the mobile phase space 
in the column. 

The theoretical basis for NA and JNA have been examined in detail by Kovats 
and co-workers15,17. The model underlying the NA convention is that the dividing 
plane between the mobile phase and stationary phase, including the species bound 
to the stationary phase, is chosen so that the net adsorbed volume is zero. The void 
volume obtained by use of this convention, given by eqn. 7 for use with volume 
fractions as concentration units, coincides with the void volume that is obtained from 
the weight difference when the column is filled with neat solvents of different density 
and then weighed2M4. This method gives the maximum possible value of the column 
void volume, I’,,,,,. On the other hand, JNA corresponds to the use of a dividing 
plane more distant from the stationary phase ligate of bonded stationary phase, 
chosen in such a way that the surface concentration of J, a given mobile phase com- 
ponent selected as the reference, always remains zero. However, if the species reten- 
tion volume of this component exceeds that of any of the others, the dividing plane 
is found to pass through the hydrocarbonaceous ligate or even through the siliceous 
substrate of bonded supports used in reversed-phase chromatography. In such cases, 
the ligate, and perhaps the silica, is regarded as part of the mobile phase. An addi- 
tional complication is that the first three conventions enumerated above can give rise 
to negative surface concentrations and undefined free energies of retention. 

To avoid these problems, we have proposed a fourth convention, which can 
be considered as a variant of the JNA convention and allows the chemical identity 
of the non-adsorbed species to change when required by the changing composition 
of the multi-component mobile phase. According to this convention, one mobile 
phase is regarded inert at each mobile phase composition as far as binding to the 
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stationary phase is concerned, but, in contrast to the JNA convention, that species 
is not specified in advance. Rather, the non-adsorbed component is always taken as 
the least retained of the species comprising the mobile phase. The applicability of 
this approach is not confined to binary mobile phase systems, and the definition of 
the void volume by the elution volume of the least retained, isotopically marked 
mobile phase species is derived generally from eqn. 5 when Cs,i is set equal to zero. 

Experimental results illustrating the difference between the three latter con- 
ventions are depicted in Fig. 1. The data were obtained with a Partisil ODS-3 column 
by using methanol-water and acetonitrile-water as the mobile phases. The species 
retention volumes of eluent components, Qi, were evaluated with deuterated species, 
normalized to VO,,,, and plotted against the volume fraction of the organic solvent 
component in the mobile phase. Eqn. 7 was used to calculate V,,,,, from the species 
retention volumes of 2Hz0 and deuterated acetonitrile, and I’,,,,,, thus obtained was 
found to be indistinguishable from the column void volume determined pycnomet- 
rically. This result is in agreement with that of Ha et d.“. The species retention 
volumes used for calculation of V,,,,, were applied to the evaluation of VO,,,, by 
always taking the smallest species retention volume at any mobile phase composition. 
It can be seen in Fig. 1 that they coincide over most of the mobile phase composition 
range and diverge only when the volume fraction of acetonitrile exceeds 80%. Similar 
results are obtained with water-methanol mobile phases for which the maximum 
difference in the magnitude of V O,max and l’o,min is much less than that with the 
wateracetonitrile system. 

The concept according to which the void volume is given by the minimum 
species retention volume can be considered as a precisely formulated extension of 
suggestions made by others for the choice of column void volume. Kovats and co- 
workers15’17 have shown that both the NA and JNA convention are valid, but have 
not stated which should be the preferred one. The convention that gives rise to the 
definition of l’O,min can be viewed as an extension of the JNA convention. The use 

3 05’ ’ I I I 11 
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Fig. 1. Dependence of the retention volume of ZH20, deuterated organic co-solvent, and VO,,i, and Vo,,,, 

on composition of (A) aqueous methanol and (B) aqueous acetonitrile as mobile phase. VO,min and V,,,,,, 

are marked by solid and dashed lines, respectively, in the lower frames. 
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Of vO,min may also be in agreement with the view of Martire and Boehml*, who found 
the NA convention, i.e., the use of VO,,,,, to be theoretically unsatisfactory on the 
basis of their statistical mechanics treatment of retention in reversed-phase chro- 
matography. McCormick and Karge? suggested the use of *HZ0 as the most suitable 
probe in reversed-phase chromatography; indeed, it measures VO,min, except at high 
concentrations of organic solvents in the eluent. This explains why Krstulovic et 
a1.19, in a recent critique of the NA convention, found V$o to be a more appropriate 
measure of the column dead volume in reversed-phase chromatography than the 
geometric volume. 

The arguments for adopting one convention in preference to another are not 
primarily thermodynamic in their nature, but are based on the ultimate convenience 
of use without loss of mathematical vigor. Therefore, it is useful to investigate the 
implications for chromatographic practice of some of these conventions. Insofar as 
the evaluation of both I’o,min and VO,,,X require that all species retention volumes be 
known for use with confidence, no choice can be made between them on the basis of 
the experimental efforts expended in the use of either. 

More interesting are the implications of these conventions for establishing 
quantitative structure- retention relationships for use in liquid chromatography. Lin- 
ear dependence of the logarithmic retention factor on the number of recurring mo- 
lecular units in homologous eluites is as well established in liquid chromatographyz5 
as it was earlier in gas chromatography 26,27 Such linear relationships have been . 
exploited to predict retentions from structures or to facilitate the identification of 
chromatographic peaks by use of retention indices, the best known of which is that 
of Kovats* 6.2 7 for use in gas chromatography. They are also used to predict physical 
properties and biological activity from chromatographic retention2”. In view of the 
extensive use of such relationships, it is of interest to determine the effect the choice 

Of VO,min convention has on the linearity of such plots of liquid chromatographic 
data. Linear regression was used to obtain the slopes, intercept and correlation coef- 
ficients of plots of logarithmic retention factor versus homolog number for which the 
retention factors had been calculated from the experimental retention volume and V0 
values, determined by the use of the VO,zHZq, VO,min and V,,maX conventions. The series 
that were chromatographed on ODS-3 with water-methanol or water-acetonitrile 
mixtures as mobile phases were alkylbenzenes, 2-ketones, fatty acid methyl esters 
and oligoalanines. The mobile phase compositions used for each family of homologs 
are specified in Table I. Linearity was evaluated by use of the correlation coefficients 
shown for the three conventions; the closer the coefficient to unity, the more linear 
is the plot. Methods designated as A, B and C in Table I used Vo,2n,o, Vo,,,, and 
Vo,min, respectively, for evaluating the column dead volume. Missing entries for cor- 
relation coefficients indicate those plots for which some retention volumes were less 
than the V, value in that convention so that In k’ was undefined. The gaps in Table 
I confirm the observation of Karger and McCormick2 that 2Hz0 cannot be used to 
probe V. over the entire range of mobile phase composition. In particular, it fails 
badly when the eluent is water-lean. For that reason, we shall focus on the compar- 
ison of the use of V&,,x and VO,min. 

The results shown in Table I indicate that the choice of convention for the 
mobile phase space has only a small effect on the linearity, as measured by the cor- 
relation coefficient of the dependence of log k’ on Nc under the conditions investi- 
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gated, which are representative of the practice of reversed-phase chromatography, as 
far as the choice of mobile phases is concerned. Correlation coefficients obtained by 
use of the two conventions are typically different in only the fourth or fifth decimal 
place. In view of this closeness, the observation that 60% of the data obtained with 
aqueous acetonitrile as the mobile phase had larger correlation coefficients when 
I/0,min is used would appear to be an inadequate basis for preferring the convention 
“the least retained eluent component is not in the solvation layer”. Only 50% of the 
data obtained with aqueous methanol were better fitted by use of T/o.min. This lower 
degree of discrimination is expected, inasmuch as the numerical values, obtained 
for the mobile phase space in the column according to both conventions, are nearly 
identical when aqueous methanol is used as the mobile phase. These mobile phase 
systems were selected because of their wide use in reversed-phase chromatography. 
Methanol and acetonitrile are relatively weakly solvating organic modifiers, but with 
strongly solvating organic solvents we expect much greater differences between the 
mobile phase hold-up volumes, as determined according to different conventions. 

Three sets of data that showed the worst deviation from linearity in Table I, 
as measured by correlation coefficients, are plotted in Fig. 2. The points calculated 
by use of VO,,,, are marked with crosses and those by use of vo,min with solid circles. 
Straight lines were drawn through the points, corresponding to the three largest In 
k’ values in each convention. Fig. 2A shows the results obtained for retention factors 
of 2-ketones, obtained with aqueous acetonitrile, (PAcN = 0.75, as the mobile phase. 
Whereas the data calculated by use of I’ O,min fall along a straight line, those calculated 
by use of VO,,,, form a slightly curved line. Figs. 2B and C show the plots obtained 
for data on retention of 2-ketones and alkylbenzenes, respectively, with aqueous ace- 
tonitrile, (PAch: = 0.50 as the mobile phase. The points calculated by use of I’e,min 
generally fall along the straight line generated from the largest retention factors. In 
contrast, the smaller retention factor values obtained by use of VO,,,, systematically 
deviate from a similarly generated curve. More pronounced deviations from linearity 
were observed when data obtained with hydro-organic mobile phases, containing 
tetrahydrofuran or isopropyl alcohol, were plotted in a similar fashion, because of 
the greater thickness of the solvation layer of these organic solvent components29~30. 

It is theoretically possible to obtain the void volume from the retention vol- 
umes of members of homologous series if a linear relationship between In k and the 
number of recurring structural units exists24,3 l, Krstulovic et aE.’ 9 used this method 
for the evaluation of the mobile phase hold-up volume in order to assess the approp- 
riateness of VO,max or Vo,2n,o. 

We also determined the mobile phase space from the retention volumes of 
alkylbenzenes, 2-ketones, methyl esters of n-alkanoic acids and oligoalanines, ob- 
tained at selected mobile phase compositions by each of two modifications of the 
method of Berendsen et a1.14*24. 

The first modification was the convergence method of Krstulovic et a1.19 and 
the second involved the use of a laboratory-designed computer algorithm to remove 
from a data set all data that lie more than three standard deviations from the mean 
of the set. In each method void volumes were calculated by use of paired retention 
volumes of adjacent members of homologous series for all members of the seriesz4. 
Void volumes were then calculated for all subsets of the data obtained by successive 
elimination of the largest or smallest retention volumes remaining in the set. The 
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W. R. MELANDER ef al. 

+ CH,CN /Hz0 

4 6 8 IO 12 4 6 8 IO 2 4 6 8 

CARBON NUMBER 

Fig. 2. Plots of logarithmic retention factors against the carbon number of alkylbenzenes and 2-ketones. 
The retention was measured with the hydro-organic mixture indicated in each frame as the mobile phase 
on Partisil ODS-3. The retention factor values obtained by the use of Ye,,, and Vo,m.X are indicated by 

solid circles and crosses, respectively. The lines were drawn through the uppermost four points on each 
curve. 

values thus obtained were used to calculate the mean and standard deviation of the 
mobile phase space. In the first approach, all data that fell outside the range specified 
by the authorsI were eliminated, and a new mean and standard deviation were 
calculated. The values of this mean and its three standard deviation limit are given 
in Table I in the column marked Convergence method. In the second approach, data 
that were different from the mean by more than three standard deviations were elim- 
inatedz3. A new mean and standard deviation were calculated, and the process was 
repeated until no more outlying data existed by this test. The mean and three standard 
deviations, calculated by this method, are given in the column labelled three standard 
deviation method in Table I. 

As seen in Table I, the mean values of the mobile phase hold-up volume, 
calculated by the two methods, agree fairly well. The major difference between them 
is the smaller standard deviation in the method of Krstulovic et ~1.‘~ that forces the 
standard deviation to be no more than 2.5% of the mean. Inspection of Table I also 
reveals a generally good agreement between I’o,min and the void volume obtained by 
linearization; when the agreement with I’ O,max of the value obtained from retention 
data of homologous eluites is good, the agreement with I’o,min is equally good in all 
cases. Thus, if homologous series can be used to probe the void volume, these results 
can be taken to argue for the use of V O,min as the mobile phase space in the column. 
However, determination of dead volume by use this method is known to be unreli- 
able, because the volume obtained is very sensitive to errors in the retention vol- 
ume14,31 and because the requirement that a linear relationship exist between log- 
arithm of k and homolog number may not be satisfied. In fact, the data in Fig. 2 
suggest that linearity may not be found, even in mobile phases that generally appear 
to exhibit it19sz4. Strict linearity is almost certainly not found in isopropyl alcohol- 
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or tetrahydrofuran-containing mobile phasesz4Jg,30, inasmuch as the dead volumes 
obtained by linearization are much smaller than any species retention volume and 
can have a zero or negative value2g,30. 

This caveat notwithstanding, it is interesting to note that the mobile phase 
spaces obtained by use of the linear In k-homolog number relationships for the mo- 
bile phases investigated here are generally equal to VO,min. This is seen in Fig. 3, which 
shows the void volumes obtained by use of the method of Berendsenz4 with the 
modifications discussed above for the homologous series of alkylbenzenes, 2-ketones 
and fatty acid methyl esters. The data are plotted against the volume fractions of 
methanol or acetonitrile in the mobile phase. VO,,,, and Vo,min are given by the dashed 
and solid lines, respectively, which are indistinguishable in the methanol systems. The 
greatest divergence is found when the number of homologs is small and can be re- 
garded as an artifact due to the sensitivity of that method to experimental uncer- 
tainties in retention volume. For example, at qAcN = 0.5, the value of the dead 
volume obtained by linearization of alkylbenzene data is much different from VO,min, 
but the values obtained from data on 2-ketones and esters, which are based on more 
data points in the estimation of the dead volume, agreed well with the value given 
by vo,,in. 

f 6 Esters . 

0.5 ’ , I I I 

? 
15 I 1 I I I 15, I I T_ ~--. 

2-Ketones 2-Ketones 

$;I :rsT- 
0 0.25 0.50 0.75 1.0 0.25 0.50 Ok- IO 

Volume Fraction of Methanol, + Volume Fraction of ketonltrlle, $ 

Fig. 3. The ratio of the void volume, V,, obtained by linearization of the retention volumes of members 
of homologous series to Vo,,,,. The solid line marks IlO,min. The homologous series used were methyl esters 
of n-alkanoic acids, 2-ketones and n-alkylbenzenes. The data were obtained with (A) methanol-water and 
(B) acetonitrile-water mixtures as the mobile phase at 25°C and Partisil ODS-3 as the stationary phase. 

Simple, secondary probes of VO,min 
In the practical determination of mobile phase space, a determination of all 

species volumes may not be possible. For this reason, it is interesting to know of 
some simple eluite that would probe Vo,min. Nitrate8*13,32, urea and fructose3j were 
examined as probes of Vo,min for use with aqueous methanol and aqueous acetonitrile 
mobile phases. 

When methanol-water mixtures were used as mobile phases, the probes 
worked well within the following ranges of methanol composition: urea or fructose, 
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O-1; and nitrate ion, 0.25-0.75. These results are shown in Fig. 4A. When the mobile 
phase consisted of aqueous acetonitrile mixtures, I/ O,min was given by the retention 
volumes of the following eluites over the indicated range of (PACY: eigenpeak, 0.5- 
0.75; urea and fructose, O-0.75; and nitrate ion, 0.25-0.95. These results, shown in 
Fig. 4B, indicate that no single eluite can be used as a probe of mobile phase space 
over the entire composition range, although some do serve well over a wide range of 
compositions. As noted above, in our experience, nitrate ion (NaN03 or KN03) was 
an adequate probe, if the mobile phase contained between 25 and 75% of methanol 
or between 25 and 95% of acetonitrile and the ionic strength of the eluent was suf- 
ficiently high to avoid the effect of Donnan exclusion on the retention volume of the 
salt peak. 

CONCLUSIONS 

Consideration of the fundamental equation of chromatography, together with 
the general thermodynamic analysis of adsorption of Gibbs, leads to the conclusion 
that four conventions for the determination of void volume are possible. They are: 
“everything in the eluent is adsorbed”, “no solvation layer exists”, “one particular 
eluent component is not present in the solvation layer”, and “the least-retained mo- 
bile phase species is not in the solvation layer”. The first convention is not very 
useful, because it gives no explicit and unambiguous method for the evaluation of 
the mobile phase volume. The second and third conventions have been thoroughly 
explored by Riedo and Kovats 15. The use of the second and third conventions is 
clear; indeed, the third convention is consistent with the use of ‘Hz0 as a probe of 
mobile phase space in reversed-phase chromatographyZ, at least over a wide range 
of mobile phase compositions. However, calculations according to each of these con- 
ventions can lead to negative surface concentrations, complications in the thermo- 
dynamic analysis of the system or physically unrealistic, large values of mobile phase 
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Fig. 4. Elution volume of simple eluite probes, normalized to V,,,,,. The probes are fructose, urea and 

nitrates, proposed as unretained markers. The dashed and solid lines indicate Vo,,,, and VO,,i,, respec- 
tively. The data were obtained at 25°C with (A) methanol water mixtures and (B) acetonitrile-water 

mixtures as the mobile phase on a Partisil ODS-3 column (250 x 4.6 mm I.D.). 
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space. In the fourth convention, the mobile phase space is taken as the species reten- 
tion volume of the least-retained mobile phase component. This convention can be 
regarded as an extension of the third. It has the advantage that the problems en- 
countered in the use of the second and third conventions, such as negative concen- 
trations and undefined thermochemical quantities, are avoided. 

Insofar as no compelling thermodynamic argument for choosing between these 
conventions exists, the effects of these conventions on everyday chromatographic 
practice may be considered. Inasmuch as quantitative structureeretention relation- 
ships have a variety of uses, the effects of the conventions on the development of 
such relationships were examined on the basis of the linearity of plots of logarithmic 
retention factor versus homolog number; in the analysis, different values of the void 
volume were used according to these conventions. When retention data from homo- 
logs were plotted, the use of the fourth convention was found to give more linear 
plots of In k versus homolog number. Thus, its use will facilitate the development of 
quantitative structure-retention relationships for use in liquid chromatography. In- 
asmuch as its use allows escape from problems associated with the other conventions, 
and it yields -among the four conventions- the simplest structure retention 
relationships, its adoption for use in liquid chromatography is well merited, particu- 
larly if we accept as a guiding principle the rule of intellectual parsimony, attributed 
to William of Ockham and reformulated by J. Gibbs: “One of the principal objects 

of theoretical research in any department of knowledge is to find the point of view 
from which the subject appears in its greatest simplicity”34. 
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