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Abstract

Retention models are usually compared by how well the model equation fits retention data for one solute taken over a
range of mobile phase compositions. Even when retention data for multiple solutes are used, the quality of the fit is often
judged by the statistical goodness-of-fit alone. This study compared four different RPLC retention models, encompassing
three distinct mathematical forms. Each model was fit to the retention data of multiple solutes and the sets of best-fit
parameters were examined in terms of the underlying physico-chemical assumptions of the models. Next, for the linear and
quadratic models, some of the model parameters were calculated a priori and the rest of the model parameters were then
obtained in subsequent fittings. The sets of best-fit parameters obtained in this manner were more consistent with the
underlying assumptions of these models than were the sets of parameters obtained entirely through regressions to the
experimental data. Thus, the extraction of parameters by fitting a model to the retention data of a single solute may result in
unreliable values for those parameters, even in the case of a fit that would be considered good when judged by conventional
statistical criteria. That is, although parameters extracted in such a fashion may be suitable for optimization or similar uses,
they may not be suitable for determining the appropriateness of the underlying assumptions of retention models. [0 2001
Elsevier Science BV. All rights reserved.
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1. Introduction

Any successful theory for reversed-phase liquid
chromatography (RPLC) should predict the effect of
the mobile phase composition on retention. Numer-
ous chromatographic models have been proposed for
this purpose and particularly for mobile phases
consisting of binary mixtures of organic solvents and
water. Excellent reviews of these models are avail-
able [1-4].

Retention models are often evaluated by the
statistical goodness-of-fit, such as the value of the
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reduced y?, the correlation coefficient, or the re-
siduals themselves, to retention data using the pa
rameters from each model as adjustable fitting
parameters (e.g., Refs. [5—7]). The objective of this
study is to show that the statistical goodness-of-fit
for the retention data of a single solute alone is not a
reliable criterion in assessing the appropriateness of
the underlying assumptions of retention models.

In this work, retention models involving three
different functional forms were selected from among
the many models reported in the literature. Each
model was then fit to several sets of retention data
and the resulting sets of best-fit parameters were
examined in terms of the model’s underlying as-
sumptions. Next, some model parameters were calcu-
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lated a priori, thus reducing the number of adjustable
parameters for each model. and the fittings then
repeated. These new sets of best-fit parameters were
also examined in terms of the model’s underlying
assumptions.

The most widely applied model in the optimi-
zation of separations, particularly for gradient elu-
tion, is the linear solvent strength (LSS) model
developed by Snyder and co-workers [8—11] Accord-
ing to the LSS model, the retention factor, k, of a
solute is related to the solvent composition, ¢, by:

Ink=1Ink, — Se (1)

where S is the solvent strength parameter, ¢ is the
volume fraction of the stronger solvent and k,, is the
retention factor of that solute in pure water. (Note
that Eq. (1) is usually presented as log k rather than
Ink) Generally, S increases with increasing solute
size for a given mobile phase and column [12-14].
Wang et a. have shown that S can be considered to
be the standard free energy of solute transfer from
pure water to pure organic eluent divided by —RT
[15]:

AG?
S=Rr (2)

where AG? is the standard free energy of transfer of
solute from pure water to pure organic eluent, R is
the gas constant and T is the absolute temperature.
Carr notes that this requires the assumption that **the
stationary phase is not modified by sorption of
mobile phase” [15].

Several quadratic models have been proposed [16—
24]:

Ink=Ap’+Bg +C 3)

where the model parameters A, B and C can be
calculated from interaction indices [20], from solu-
bility parameters [16—19], or from normalized con-
tact free energies [21-24]. In order to determine
interaction indices [20], it is necessary to define a
scale based on standard compounds. Since our study
used published retention data and since the retention
data for these standard compounds was not available
in that study, we did not consider the interaction
indices model in our comparison.

In the quadratic solubility parameter model [17—

19], retention depends on the solubility parameters of
the solute, the stationary phase, and the mobile phase
components. The coefficients of this model are given
by the following expressions:

A= (V/RT)(&, - 8,)° (4)
B= — (A/RT)(®, — 8)(6y — &) ®)
C=lInk,

= (/RT)[(, — 8)° — (6.~ 8)°] + In(n,/n,,)
(6)

where § is the solubility parameter; i, s, o and w
denote the solute, stationary phase, organic modifier,
and water, respectively; V, is the molar volume of the
solute; R is the gas constant; T is the absolute
temperature; and n,, and n, are number of moles of
solute in the mobile (m) and stationary (S) phases.

In the quadratic interphase model [21,22], the
parameters A, B and C depend on the normalized
contact free energies (y) as follows:

A= X (7)
B= Xsb ~ Xsa =~ Xab (8)
C=Ink, )

where a and b denote the two mobile phase solvents,
s denotes the solute, and k, is the k when the volume
fraction of solvent b is zero. The normalized contact
free energy can be estimated from the free energy of
transfer, i.e, y,, is the free energy of transfer of
solute x from pure x to infinitely dilute y divided by
the product of the Boltzmann's constant and the
absolute temperature [22]. A subsequent modifica
tion to this theory [23,24] includes a size correction
factor in A and B: A=ny,, and B=n(xy, — Xsa— Xap)
where n is the ratio of the size of a solute molecule
to the size of a molecule of either solvent a or b.
A logarithmic dependence of retention to modifier
concentration has been also proposed [25]. This
stoichiometric displacement (SD) model assumes the
existence of five equilibria involving the solute, the
alkyl bonded phase on the support surface, and the
free organic solvent. The retention factor expression
derived from these five equilibria can be written as:
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Ink=1In1+ZIn(1/[D,]) (10)

where Z is the number of solvent molecules required
to displace the solute from the surface, [D,] is the
molarity of the organic modifier and In| contains the
equilibrium constant for solvation of bound solute,
the concentration of ligand—solvent complex, and the
phase ratio. The authors state, *“ The physical mean-
ing of Z is the total moles of the displacing agent
[organic modifier] released as one mole of
solute is adsorbed ...” and ‘logl contains a
number of constants which relate to the affinity of
one mole of the solute to the stationary phase’ [26].
The SD model has been applied to proteins [25,27]
and small solutes [26] in RPLC and to nucleic acids
in anion-exchange chromatography [28].
Eg. (10) can be recast as:

Ink=1—-Zlng (11)

since ¢=[D]V when the volume change upon

mixing is negligible and where V is the molar

volume of the modifier. In Eqg. (11), the parameter |
contains the Inl term of Eq. (10) and the molar

volume term above. The functional form of Eq. (11)

(rather than Eq. (10)) is used in a recent comparison

study [5].

In the current study, the models were compared by
examining the results of two methods of fitting
model parameters as well as two methods of direct
estimation of selected model parameters. These
methods were
1. unconstrained fittings, where al model parame-

ters were used as fitting parameters. In uncon-

strained fittings, the linear regressions of Eq. (1)

(the LSS model), Eq. (3) (the solubility parameter

model and the interphase model), and Eq. (11)

(the SD model) onto a set of retention data were

performed;

2. constrained fittings, where the parameter A of the
quadratic models was estimated using Eq. (4) or
Eq. (7) for each solute prior to the fitting to the
same set of retention data by the eguation below:

Y=Ink— Ap’=Bg¢ +C (12)

3. estimating the LSS model parameter S using Eq.
(2) and

4. estimating the interphase model parameter B (in
addition to A) using Eq. (8).

Note that the SD model (Egs. (10) or (11)) does
not contain parameters that can be estimated a priori.

Wells and Clark’s published isocratic retention
data for 18 homologous N-akylbenzamides [29]
were used in this study. These data were used
because the numerical values of the retention factors
are reported (rather than an equation describing a fit
to the retention factors or as a figure), the retention
factors span the range of mobile phase compositions
from O to 100% acetonitrile in water, and the
retention factors are all greater than 1.5 (minimizing
the error in k associated with the choice of void
marker). Also, more importantly for the purposes of
the current study, this set of data, being the retention
data for a homologous series taken over a wide range
of mobile phase compositions, alowed a closer
examination of the extracted model parameters. That
is, the obtained best-fit parameters must show sys-
tematic relationships and Wells and Clark’s data are
particularly suitable for examining underlying as-
sumptions of these models. However, there is no
estimate of the uncertainty in the retention factors.

In the unconstrained fittings, all three sets of
regressions gave small values of reduced y* (x?).
The quadratic eguation showed the best overal
performance as judged from y?. The resulting sets of
best-fit parameters, S A and B values for the
homologous series did not show the trends predicted.
The Ink,, parameters and the Z parameters did show
the predicted trends.

In the constrained fittings, where the model pa-
rameter A for each of the two quadratic models was
fixed prior to fitting, the interphase model gave
smaller residuals than the solubility parameter
model. The trend in the set of best-fit C values of the
interphase model was consistent with the underlying
assumptions of that model. The trend in the set of
best-fit B values of the solubility parameter model
was found to be consistent with the underlying
assumptions of that model.

When the estimated S parameters from Eq. (2)
were used for the LSS model, the resulting average
Ink, values increased regularly with the solute size
as expected. Similarly, when the estimated A and B
parameters (from Egs. (7) and (8), respectively)
were used for the interphase model, the resulting
average In k,, values increased regularly with the size
of the solutes as expected.
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2. Calculations and data analysis

Both the unconstrained and constrained fittings
were performed using the published retention data of
Wells and Clark [29]. Their measurements were
performed on an Altex Ultrasphere ODS column
using acetonitrile—-water mixtures as the mobile
phase.

The regressions were performed using Axum
(version 5.0, MathSoft, Cambridge, MA, USA,
1996). The goodness-of-fit is discussed in terms of
the x?, which is the sum of the squares of the
residuals divided by the degrees of freedom.

The A parameter for each solute given by Eq. (4)
was calculated using the molar volume of the solute
and 5=24.55 (cal/cm®)"'? for water and §=12.50
(cal/cm®)*? for acetonitrile [16] (1 ca=4.18 J).
The molecular volume of each solute was obtained
by the AM1 [30] geometry optimization routine in
Spartan PC Plus (Wavefunction, Irvine, CA, USA).
The molecular volume was assumed to be the
volume contained in the isodensity surface of 0.002
electrons/bohr®, which is equivalent to the volume
defined by the van der Waals radii [31]. Molar
volumes obtained by this method were lower than
the experimental molar volumes estimated from the
densities and the molecular masses of the molecules
tested. For example, the molar volume of naph-
thalene is 125 cm®/mol at 20°C, calculated from the
density and the molecular mass. The molar volume
calculated by AM1 geometry optimization was 86.2
cm®/mol. All other small molecules we tested
showed similar trend and thus, our calculated molar
volumes are likely to be about 70% of the actual
molar volumes.

A detailed description of estimating the normal-
ized contact free energy (y) from the free energy of
transfer is given by Dill [22]. Following the descrip-
tion given in Ref. [22], A (Eg. (7)) and B (Eqg. (8))
were estimated from the standard free energies of
solvation.

The standard free energy of solvation was calcu-
lated by the SM5.0R model [32—34] using the AM1
optimized gas phase geometries. The SM5.0R model
achieves a mean unsigned error in the calculated
standard free energy of solvation of about 0.57 kcal /
mol using the gas-phase AM1 optimized geometries
when water is the solvent [32] and about 0.4 kcal/

mol from either Hartree—Fock level optimized
geometries or from AM1 optimized geometries [33].
The SM5.0R model is discussed elsewhere [32,33].

The x,, (Eq. (7)) for acetonitrile (ACN)—water
mixtures was calculated to be 2.37. This value was
obtained using the AM1 optimized geometry of
acetonitrile and calculating the free energy of trans-
fer of acetonitrile from pure acetonitrile to water,
divided by RT. This value is very close to the
experimental value of 2.21 given in Dill’s work [22].
Similarly, the normalized free energy of transfer
(Xsp — Xsa) Was taken to be the difference in the
calculated free energies of solvation of each solute in
two solvents (ACN and water) divided by RT.

In a similar fashion, the S value for each solute
was estimated using Eq. (2), where AG7 was taken
to be the standard free energy of solvation of the
solute in acetonitrile minus the standard free energy
of solvation of the solute in water.

3. Results and discussion
3.1. Unconstrained fitting

The results of the unconstrained fittings of
Egs.(1), (3), and (11) to each solute’s retention data
are presented in Table 1. The fitting results given in
Table 1 indicate that all three equations are excellent
in terms of fitting the data points with relatively
small residuals. Plots of representative regressions
and the corresponding residuals are shown in Figs.
1-3. All three equations render noticeable trends in
their residuals in the low ¢ region. Trends are also
apparent in the residuals of the linear and the
quadratic equations in the intermediate region, a-
though these residuals are smaller in magnitude than
in the low ¢ region. Trends in the residuals indicate
a failure of the model to account completely for the
observed behavior.

The linear and quadratic models allow several
useful indices for direct comparison of the models to
experimental data. The « values (in water) calculated
from the best-fit k, values serve as a convenient
index for comparison of the models. The experimen-
tally determined In k,, values for N-methylbenzamide
and N-ethylbenzamide are 4.506 and 5.439, respec-
tively [29]. The Ink, values for solutes larger than



Table 1
Unconstrained fitting results for linear (Eq. (1)), quadratic (Eq. (3)), and logarithmic (Eq. (11)) equations®

Number of akyl carbons 1 2 3 4 5 6 7 8 9 10 11 12 13 14 16 17 18 19
Number of data points 10 9 8 8 7 6 6 6 7 7 7 6 10 10 9 8 7 7

¢ range (%) 0-30 0-30 335 1045 1545 25-60 30-60 3560 35-70 40-70 45-80 50-80 55-100 60-100 65-100  70-100  75-100  75-100
Best-fit S for Eq. (1) 137 146 128 10.7 116 9.92 105 110 105 10.7 9.65 9.46 7.68 797 8.90 9.29 9.79 105
Best-fit Ink,, for Eq. (1)~ 4.00 478 5.27 5.65 6.68 6.76 757 832 8.75 9.28 9.15 944 8.69 9.24 10.7 113 121 130
)(,2 for fit to Eq. (1) 0177 0226  0.130 0.040 0.025 0.041 0.037 0.013 0.037 0.023 0.031 0.013 0.042 0.027 0.017 0.015 0.015 0.014
Best-fit A for Eq. (3) 413 448 278 148 155 135 16.7 142 144 146 116 9.36 8.97 8.24 712 773 9.81 8.84
Best-fit —B for Eq. (3) 25.1 273 231 18.9 20.9 214 256 245 257 26.7 241 216 217 213 20.8 225 271 26.0
Best-fit C for Eq. (3) 430 517 5.87 6.57 792 9.01 10.8 114 125 135 135 133 14.0 145 155 16.9 196 19.8
x? for fit to Eq. (3) 0024 0032 0009 0.002 0.000 0.001 0.000 0.001 0.001 0.001 0.003 0.002 0.005 0.007 0.008 0.010 0012 0.012
Best-fit Z for Eq. (11) 0971 103 1.65 2.56 322 403 4.60 515 540 5.80 590 6.06 591 6.36 7.34 7.90 8.58 9.18
Bestfit | for Eq. (11)  —0410 -0247 -0341 -0882 -089%0 -108 0947 -0834 -0414 -0179 0.248 0.613 111 1.35 185 2.10 2.33 2.58

x? for fit to Eq. (12) 0156 0117  0.069 0.011 0.006 0.000 0.003 0.002 0.003 0.003 0.004 0.001 0.012 0.010 0.008 0.009 0.010 0.010

2 The retention data are from Wells and Clark [29]. The original retention data are reported as log k values and to the third decimal place. The x? is the reduced chi-squared,
which is the sum of the squares of the residuals divided by the degrees of freedom. The values are reported here to the third decimal place due to limited space. Estimates of the
standard deviations of the fitted parameters are not reported, again due to limited space. These can be provided to interested readers.
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Fig. 1. Representative unconstrained regressions and corre-
sponding residuals in the low ¢ region, from the fitting of Egs. (1)
(linear), (3) (quadratic), and (11) (logarithmic) to the measured
Ink of N-methylbenzamide.

N-ethylbenzamide were not reported [29]. The best-
fit Ink, values for the linear and the quadratic
equations were 4.00 and 4.78 (linear) and 4.30 and
5.17 (quadratic), respectively. The experimental «
value from the original retention data is 2.54. The
corresponding calculated o values for the linear and
quadratic models are 2.18 and 2.39, respectively. The
SD model does not contain Ink,, as a model parame-
ter.

It might be argued that this comparison gives no
insight beyond that afforded by simple comparison
of the y? for the two models; clearly, the quadratic
model has smaller residuals than does the linear
model. However, testability is a fundamental tenet of
the scientific method; whenever possible, testing a
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Fig. 2. Representative unconstrained regressions and corre-
sponding residuals in the intermediate ¢ region, from the fitting of
Egs. (1), (3), and (11) to the measured In k of N-nonylbenzamide.

model by direct comparison to experiment is desir-
able. The limited testing thus far described suggests
that both the linear and the quadratic models fit the
experimental data fairly well, although the quadratic
model offers dightly better performance than the
linear model.

The advantage of evauating the fits to the re-
tention data of a relatively significant number of
homologs is that the consistency of the sets of fitted
parameters to the underlying physicochemical as-
sumptions of each model can provide additional
insights into the appropriateness of the models.

For example, the S parameter in the linear model
is expected to roughly increase with increasing solute
size [12-14]. The best-fit S values in the linear
equation do not exhibit an observable trend but
instead fluctuate between 7.5 to 14.5 (see Table 1).
This behavior is inconsistent with the idea that S
increases with increasing solute size [12-14]. The
earliest applications of the linear model indicated
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Fig. 3. Representative unconstrained regressions and corre-
sponding residuals in the high ¢ region, from the fitting of Egs.
(1), (3), and (11) to the measured In k of N-octadecylbenzamide.

that S was approximately independent of the solute,
more consistent with the results seen here [8,9].

Similarly, according to the solubility parameter
model, A is a function of solute size and should
increase with increasing solute size while, according
to the interphase model, A should be independent of
solute in a given mobile phase mixture, i.e., it should
be constant. In the modified version of the interphase
model where the size correction factor is included
[23,24], A is predicted to increase with increasing
solute size also. However, as reported in Table 1, the
best-fit A values decrease with increasing solute size,
albeit with considerable fluctuations, in contradiction
to the predictions of either model.

According to Eg. (5), B should become more
negative as the size of the solute increases. Although

6, for solutes are unknown, they are expected to
decrease slowly as solute size increases within a
homologous series as, for example, benzene (6=
9.19), toluene (6, =9.09), and ethylbenzene (6 =
8.96) [16]. Thus, B is expected to become more
negative as the size grows. This trend was not
observed in our best-fit B values which, as shown in
Table 1, were essentially constant.

A short communication by Kowalska and Prus
points out the excellent applicability of the solubility
parameter model, even when adsorption is the major
retention mechanism [35]. As the solubility parame-
ter model is based on a partitioning mechanism, this
excellent fit must necessarily be considered fortu-
itous. Again, these workers do not attempt to relate
the extracted parameters to the underlying assump-
tions of the model.

According to Eq. (11) and the assumptions made
in the SD modd [25], Z should increase with the
surface area of the solute. This is observed in our
best-fit Z values with only one exception, where
N-dodecylbenzamide has a higher best-fit Z value
than does N-tridecylbenzamide.

A study by Sadlg-Sosnowska and Sledzinska
found that among the models they compared (which
includes the linear and the quadratic eguation but not
the logarithmic equation), only the quadratic model
fits the data satisfactorily for all five steroid hor-
mones [6]. All other models in their study are
unsatisfactory for one or more solutes. The criterion
they employed is to examine the statistical improve-
ment by adding an higher order term to a model
equation, eg., testing if the fit would statistically
improve by adding a third-order term in the quadratic
model. It should be noted that their retention data is
not taken below 30% methanol or below 18%
acetonitrile.

A recent comparison study where r? is used as the
criterion includes a logarithmic model [5]. The
retention data of small solutes including deox-
yribonucleosides are fitted by the model eguations
compared. This logarithmic model performs most
poorly in the low ¢ region (0.05-0.3 for methanal;
0.05-0.15 for acetonitrile), which is in agreement
with what was found in the current study. In that
same study [5], the quadratic model performs better
than al other evaluated models compared over a
wide range of ¢, ¢=0.05 to ¢=0.7 for methanol—
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Fig. 4. Representative constrained regression of the interphase
and solubility parameter models to the measured Ink (solid
circles) of N-nonylbenzamide.

water mobile phase and ¢=0.05 to ¢=0.5 for
acetonitrile—water mobile phase.

Neither of the above-mentioned studies [5,6],
however, discusses any relationships between the

Table 2
Constrained fitting results for two quadratic models (Eq. (12))*

J. Ko, J.C. Ford / J. Chromatogr. A 913 (2001) 3—-13

best-fit parameters and the underlying assumptions of
the models.

3.2, Constrained fitting

Fig. 4 compares typical constrained fittings. In
these cases, the parameter A was first calculated
according to the appropriate definition (Egs. (4) or
(7)). Then the B and C model parameters were
determined by fitting to the data. The results of these
constrained fittings are shown in Table 2. The y?
values for the constrained fits to the interphase model
were excellent for the solutes with alkyl moieties>
propyl, and acceptable for the N-methyl, ethyl, and
propyl homologs. The y? values for the constrained
fits to the solubility parameter model were smaller
for the N-methyl, ethyl, and propyl homologs than
for the interphase model, but the fits of all other
homologs gave larger x? values. Overall, the average
x’° values for the constrained fits to the solubility

CN® Solubility parameter model

Interphase model, calc. A=2.37°

Calc. Best fit Best fit 8° x° Best fit Best fit X’
A B C B c
1 211 -195 415 19.2 0.058 -14.3 4.02 0.223
2 241 —-214 491 19.4 0.069 -152 4.80 0.206
3 271 -228 5.85 19.7 0.008 -137 532 0.110
4 30.1 -273 7.52 19.3 0.051 -120 5.79 0.035
5 33.0 -317 9.44 19.0 0.049 —-134 6.99 0.031
6 36.0 —406 12.8 18.0 0.148 -119 7.16 0.037
7 38.8 —454 15.0 17.7 0.086 -126 8.03 0.036
8 419 -50.8 17.5 17.5 0.061 -133 8.84 0.012
9 44.8 -57.7 205 17.1 0.201 —-130 9.37 0.033
10 47.8 -63.2 232 16.9 0.146 -133 9.97 0.021
1 50.7 -72.9 282 16.2 0.401 -126 10.0 0.025
12 53.6 -79.2 316 16.0 0.345 -125 10.4 0.010
13 56.6 -96.3 420 14.7 1.070 -114 10.1 0.025
14 59.7 -105 47.2 14.4 0.840 -118 10.7 0.017
16 65.5 -118 55.2 14.1 0.685 -128 12.3 0.012
17 68.5 —-127 60.9 13.8 0.444 -133 13.0 0.011
18 714 -136 66.9 135 0.253 -14.0 139 0.012
19 74.3 —141 70.0 135 0.285 —146 14.8 0.012

“The retention data are from Wells and Clark [29] and are for the retention of N-alkylbenzamides on an ODS column with

water—acetonitrile mobile phases.
® Carbon number of the alkyl group on the N-alkylbenzamide.
¢ Caculated from Eg. (7), as explained in the text.
¢ Calculated from Eq. (4), as explained in the text.

¢8 (in (cal/cm®)*'?) is extracted from the best-fit B value according to Eq. (5).
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parameter and the interphase models were 0.289 and
0.048, respectively.

As shown in Fig. 4, the solubility parameter model
predicted more curvature in In k than experimentally
observed, whereas the interphase model predicted
more linear behavior than observed. From this
observation, it appears that A given by Eq. (4)
overestimates and A given by Eq. (7) underestimates
the best value.

The overestimation of the solubility parameter
model A parameter has been noted and various
corrections to these values, including empirical cor-
rections, have been suggested [17]. No such correc-
tions were attempted in this study. However, the
calculated molar volumes in Table 3 are expected to
be about 70% of the actual volumes, as discussed in
Section 2. Thus, the calculated A values should be

11

lower than implied by Eq. (4). This underestimation
of the A parameter should improve the fitting. We
note that the intrinsic molar volume of Leahy et al.
[36], which is utilized by Kamlet et al. [37] and by
Hsieh and Dorsey [38], aso tends to be lower than
the actual molar volume. The intrinsic molar vol-
umes of several small molecules in the data tables of
Refs. [37,38] and the molar volumes calculated by
AM1 geometry optimization were compared (data
not shown). These were found to be similar, and thus
other methods to calculate the molar volumes were
not pursued.

Again, the experimentally determined Ink,, values
for N-methylbenzamide and N-ethylbenzamide are
4506 and 5.439, respectively [29], and the ex-
perimental « value is 2.54. The corresponding best-
fit values for the solubility parameter model are 4.15,

Table 3
Calculated model parameters and extracted Ink,, for the LSS and the interphase models®
CN°® AM1 geometry Calculated free LSS model Interphase model
optimization energy of solvation = Ink,° B’ co
Molecular Molar In In (SD) (SD)
volume volume ACN°® water®
(A?) (em?)
1 143 86.2 -83 -91 -11 2.4 (1.67) -13 2.6 (1.48)
2 163 98.4 -89 -90 -02 3.0 (1.68) -22 3.2(1.49)
3 184 111 -95 -9.0 0.9 3.1 (1.44) -33 35(1.26)
4 204 123 —10.0 -88 21 3.3 (1.07) —-4.4 3.7 (0.94)
5 224 135 —10.6 -87 33 4.2 (0.95) -5.6 4.7 (0.85)
6 244 147 -111 -85 4.4 4.6 (0.74) -68 5.1 (0.69)
7 263 158 -117 -83 5.6 5.4 (0.56) -79 6.0 (0.53)
8 284 171 -122 -82 6.8 6.3 (0.41) -92 6.9 (0.40)
9 303 183 -127 -83 7.4 7.1 (0.45) -98 7.7 (0.45)
10 323 195 —133 -8.0 9.0 8.3 (0.23) -11.3 8.9 (0.24)
11 344 207 —138 —-76 10.6 9.7 (0.20) —129 10.3(0.14)
12 363 219 —14.3 —-74 11.7 10.9 (0.26) —-14.1 11.4 (0.18)
13 383 231 —14.8 -72 12.8 12.8(0.87) —15.2 13.1(0.65)
14 404 243 —154 -71 141 14.3 (0.89) —16.4 14.6 (0.67)
16 443 267 —16.4 —-6.9 16.0 16.7 (0.91) —184 17.0(0.71)
17 464 279 -17.0 -6.8 17.2 18.2 (0.89) —19.6 18.5(0.70)
18 484 291 -175 -6.6 184 19.8 (0.83) -20.8 20.0 (0.66)
19 503 303 —-181 —-6.9 18.8 20.4 (0.80) —-21.2 20.7 (0.63)

“The retention data are from Wells and Clark [29] and are for the retention of N-alkylbenzamides on an ODS column with

water—acetonitrile mobile phases.
® Carbon number of the alkyl group on the N-alkylbenzamide.

¢ Cdculated standard free energies of solvation in corresponding solvent, as explained in the text.

4 Estimated S from Eq. (2), as explained in the text.

¢ The average extracted Ink,, using the estimated S and the measured In k.

" Estimated B from Eq. (8), as explained in the text.

9 The average extracted C value using the estimated A (=2.37), estimated B, and the measured Ink.
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491, and 2.13 («) and for the interphase model,
4.02, 4.08, and 2.18. Thus, the C parameters ex-
tracted from the solubility parameter model were in
somewhat better agreement with the experimental
values.

With constrained fitting, the best-fit B of the
solubility parameter model (see Table 2) behaved as
expected from the assumptions of the modedl, i.e, B
grew more negative as the size of the solute in-
creases. From this best-fit B value, each solute's
solubility parameter 8 was extracted and is also
shown in Table 2. The extracted 6 values showed
the decreasing trend expected. While the solubility
parameters of the N-alkylbenzamides are not avail-
able in the literature and those shown in Table 2
appear large, the & values of formamide and di-
methylformamide are 17.9 and 11.5, respectively
[39].

Again, with constrained fitting, the best-fit B
values of the interphase model (Table 2) were nearly
constant whereas the estimated B values (Table 3)
from the calculated free energy of transfer grew
more negative as the size of the solute increased, in
agreement with the trend expected from the inter-
phase model’s definition of the parameter B.

Thus, athough for constrained fitting, the y?
generally favors the interphase model, examination
of the self-consistency of the extracted B parameters
and direct comparison to the available experimental
Ink, values and « values favor the solubility
parameter model.

3.3 Estimating S of the LSS model

If the S value in the LSS model can be estimated
for a solute using Eq. (2), then In k,, can be obtained
from a single retention measurement at any mobile
phase composition and the retention factor at any
mobile phase composition can then be predicted. As
shown in Table 3, the S values estimated from the
free energy of transfer calculation increased with
increasing solute size, as expected. The Ink, value
of each solute was extracted using the estimated S
and the measured retention data. This estimated S
the average Ink,, (because more than one Ink value
per solute was available) and the standard deviation
of Ink, are given in Table 3. The LSS model
predicts Ink,, of 2.4 and 3.0 for N-methylbenzamide

and N-ethylbenzamide, respectively, and an « of 1.8.
Again, given that the corresponding experimental
data are 4.506, 5.439, and 2.54, respectively, this
approach was less successful than the constrained fits
to either of the quadratic models.

34. Estimating A and B of the interphase model

The C value (=Ink,,) of the interphase model can
be predicted from a single retention factor measure-
ment at any mobile phase composition, if A and B
are known. Thus, the C value of each solute can be
extracted from retention data using the A and B
values estimated as described above, and the mea-
sured retention data. Again, since there are multiple
retention data for each solute, there are multiple
extracted C values for each solute and Table 3 shows
the average extracted C and its standard deviation.
The Ink,, values that can be directly compared to
experimental data are 2.6 and 3.2, and the predicted
a was 1.8. These values are in only dlightly better
agreement with the experimental values than are the
LSS predicted values.

4. Concluding remarks

In this work, four popular retention models were
examined by fitting to the retention data of a set of
homologous compounds. When the fittings were not
congtrained, all four models fit the experimental
retention data of single solutes well. The extracted
parameters, however, were not consistent with the
underlying assumptions of the LSS, solubility param-
eter, and interphase models. Thus, the goodness-of-
fit criteria were not sufficient for comparing these
models. Direct comparison of predicted values to
experimental values, evaluation of sets of extracted
parameters for predicted trends, and, in particular,
evaluation of constrained fits in which one or more
parameters are obtained prior to the fitting, are all
useful approaches when comparing retention models.
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